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Abstract

Although ~209% of global carbonate occurs on extra-tropical

shelves, our understanding of these depositional
environments still lags far behind that of tropical carbonate
platforms. The Maltese shelf in the central Mediterranean
offers an opportunity to study 7n sifu facies distribution in a
light-dominated extra-tropical carbonate platform and the
factors controlling them. The Maltese shelf visually
exhibits three main facies: seagrass meadows; sand
flats/bedforms and maerl. While visually distinctive, the
allochem composition of the sediment does not offer a clear
differentiation of all three but rather a gradient. This
gradient is marked by increasing grain size with depth, a
transition from green to red calcareous algae and an
increase in the fraction of low Mg calcite. While some of
these features could be explained by changes in light
availability, other factors are also in play. Internal waves,
currents and baffling by seafloor vegetation appear to play
important roles in governing the sedimentary texture and
composition across the Maltese shelf. The role of vegetated
substrate is of greater importance in Mediterranean C-type
carbonate factories and could be an important marker to

identify them in the geological record.

Keywords: coralline algae, Malta, maerl, calcareous sand,
carbonate factories

Introduction

Carbonate factories represent both the space where
biological carbonate sediments are produced and the
associations of carbonate-producing organisms (Schlager,
2003; Tucker and Wright, 1990). Given the large
fossilization potential of most carbonate-producing
organisms, carbonate factories have a massive fossil record
that spans most of Phanerozoic, providing a powerful
archive for investigating the evolution or our planet
(Bosellini and Perrin, 2008; Coletti et al., 2022; Halfar and
Mutti, 2005; Kiessling et al., 1999; Kiessling and Fliigel,
2002; Perrin and Bosellini, 2012; Pomar et al., 2017). As such,
understanding of modern carbonate factories is essential
for quality reconstruction of past environmental conditions

(Bialik et al., 2023; Westphal et al., 2010).

The two most common shallow-water carbonate factories
in the modern ocean are considered to be the T-Type and C-
Type factories (Michel et al., 2019; Reijmer, 2021; Schlager,
2005). T-Type carbonate factories (T stands for tropical or
“top-of-the-water-column”) are the main ones associated
with modern carbonate platforms. They develop in warmer
waters photic zone by the likes of zooxanthellate corals and
calcareous green algae. C-Type carbonate factories (C
stands for cool-water or controlled precipitation) span a
much larger depth and temperature range with production
by bryozoan and coralline algae. Many studies have
addressed the depositional environment of C-Type

factories (Bassi and Nebelsick, 2010; Basso, 1998; Bosence
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al., 2023). Such a result is obviously related to
the employed data set which is significantly
skewed towards the better studied, low

latitude carbonate systems.

The benthic communities of the 1/C-type
factories are exposed to multiple stress
vectors, ranging from the large-scale effects
of global warming and ocean acidification
(Martin and Gattuso, 2009) to local activity
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such as fishing and trawling (Sciberras et al.,

and Pedley, 1982; Braga et al., 2012; Coletti and Basso, 2020;

Figure 1: : A. location map showing the position of the Maltese Archipelago
relative to the rest of the Mediterranean. B. Blowup shows the bathymetry for the
Maltese shelf and location of the study area (red frame). C. Representative profile

ofdensity ( o ), salinity, temperature and Brunt—Vaisila frequencies for the region

fiom CTD station SO277-02.
De MacEdo Dias and Villaa, 2012; Gaglianone et al., 2017;
Halfar et al., 2012; James et al., 2001; Nalin et al., 2006;
Nebelsick and Bassi, 2000; Rasser, 2000). Most of these have
examined geological deposits, with only a small fraction of
the work ground truthing with modern analogs. This stands
in stark contrast to T-Type factories, where modern
platforms have been extensively studied and their facies are
well constrained by modern analogues (Alongi, 1989;
Bergman et al., 2010; Gischler, 2006; Gischler et al., 2008;
Harris et al., 2015; Smith et al., 1998). This is further
complicated by the significant disparity between the
nutrient-limited C-Type (n/C-Type) factory present on
most oceanic margins and the light-limited C-Type (1/C-
which

Mediterranean Sea (Laugié et al., 2019; Michel et al., 2019;

Type) factory, is almost exclusive to the

Reijmer, 2021). The meta-analysis of the distribution of

2009). Many of the groups belonging to these
benthic community are also still poorly
understood and their distribution is mostly
unknown (Rindi et al., 2019). However, recent
studies undoubtedly proved their sensitivity
As

understanding the environment of these non-tropical

(Guy-Haim et al, 2020). such,
communities of carbonate producing organisms and
establishing a good sedimentological basis for their

exploration is currently crucial.

Works done on n/C-Type carbonate factories in south
Australia and the western Atlantic (De MacEdo Dias and
Villaa, 2012; Halfar et al., 2012; James et al., 2001) show a
significant range of grain sizes and compositional
variability. This significant variability is generated by the
heterogeneous state of currents, waves and nutrients across
these environments. In contrast, there is less knowledge of
the spatial variability of these parameters in the
Mediterranean Sea (Fichaut et al., 2003), with other factors
such as the co-occurrence of baffling elements such as

seagrass controlling complexity further enhancing the
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complexity of Mediterranean carbonate systems
distribution and character (Gaglianone et al., 2017). Our
understanding of the spatial distribution of the 1/C-Type
carbonate factory remains poor, however. Detailed
geophysical studies of 1/C-Type systems such as the
Maltese shelf (Foglini et al., 2016; Micallef et al., 2012)
suggest that a combination of depth and seafloor
morphology controls the distribution of sedimentary facies
in these environments by influencing temperature, light

availability and local current regime.

Another element governing this environment is reworking.
When producing a large amount of clastic carbonates,
many C-type factories develop geometries similar to
siliciclastic open shelves (Pomar et al., 2017; Schlager,
2005). As such, some C-type environments are referred to as
ramps rather than platforms (Pedley and Carannante, 2006).
These geometries are the result of C-type factories
producing loose grains rather than a solid framework as the
T-type factories. Moreover, differences in diagenetic
pathways between the main carbonate minerals in each
environment (aragonite in T-type factories; high Mg calcite
in C-type factories) result in different hardening patterns.
Loose grains are redistributed by oceanic forces, such as
currents and waves, as well as metazoans such as fish and
echinoderms. The reworking and redistribution of grains
can merge and overlap to the effects of depth and seafloor
morphology. As a result, facies of and samples from a C-
type factory would have a composite signal comprised of a
“productivity” signal (governed by light and nutrients) and
a “reworking” current and

signal (governed by

sedimentation rates) (Pomar and Kendall, 2008).

Building upon prior studies on the region that were focused
on geophysical exploration or ecology of one group
(Ferraro et al., 2020; Lanfranco et al., 1999; Sciberras et al.,
2009), the Maltese shelf offers a good setting to improve our
understanding of 1/C-type carbonate system. Therefore, in
order to improve the existing knowledge of non-tropical
allochem assemblage, their composition, sedimentological
characteristics and paleoenvironmental significance, this

study aims at ground-truthing prior geophysical studies on

the Maltese shelf, and to delineate the sedimentary facies
and their distribution along the shelf. Sediment samples
have been collected and analysed providing quantitative
data on their sedimentological and mineralogical
characteristics and on the abundance of the main carbonate
producers. These data are than related to abiotic parameters

to better highlight the underlying controls.

The Maltese platform is a shallow water plateau in the
central Mediterranean Sea ( ), surrounding the
Maltese archipelago. It is an elevated feature elongated
along an NW-SE trend. It is located in the north-eastern part
of the Pelagian Block, a plateau representing a remnant of
an ancient carbonate platform initially formed in the Tethys
Ocean during the Palacogene (Bishop, 1988; Jongsma et al.,
1985; Micallef et al., 2016). As of the Late Miocene, the area
experienced uplift driven by a SE-NW directed horizontal
shortening as plate convergence between Africa and
Europe changed the regional tectonic stress field (Adam et
al., 2000; Gutscher et al., 2016; Reuther et al., 1993). Late
Pleistocene sedimentation in the region is considered to be
mostly aggradational (Osler and Algan, 1999) with the
sediment covering the shelf being predominantly sand to
gravel size biogenic grains (Micallef et al., 2012). This
material is mostly generated on the shelf with limited
production of detrital material near shore or supplied from

the archipelago (Gatt, 2021).

The range of water depth over the Maltese shelf ranges
from 0 to ~100 m. The shelf terminates with a steep margin,
resulting in a 10 m to 30 m escarpment. This slope is steeper
in the NE and more gradual to the SW. This means that for
the most part the shelfis exposed only to the uppermost part
of the water column comprising the local surface water and
Atlantic Waters (Ben Ismail et al., 2012; Placenti et al., 2013;
Warn-Varnas et al., 1999). Oceanographic studies in nearby
southern Sicily indicate that surface waves in the region
exhibit primarily an east-west main direction with their
maximum energy at around 25 m water depth (Iuppa et al.,
2015). As there is no available Maltese data at this time and

given the small distance, we assume similar behavior in
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Malta as well. The regional climate is warm and arid
(Galdies, 2011) with low to medium wind intensity. Despite
that, extremely powerful storm events are known in the
region, transporting massive boulders along the shore and
enhancing local coastal erosion (Biolchi et al., 2016; Causon

Deguara and Gauci, 2017).

Methods

Study site

The area selected for this study is a sector of the Maltese
shelf located northeast of Mellieha (Ghadira) Bay (Figure
1B). This area was selected based on the extensive
availability of data for planning sampling activities and the

wide range of seafloor types.

Seismic reflection profile

One  multichannel  seismic  reflection  profile
(P2000_2115_2857), obtained by RV Sonne expedition
SO277 (Berndt et al., 2021), was taken into consideration.
The profile crosses the shelf across the study area (Figure
2A, right transect). Acquisition was carried out with a 187.5
m-long 120 channel Geometrics GeoEel streamer and two
GI-Guns (Generator-Injector Guns) as a seismic source.
The data were processed with SeismicUnix and Omega
including FX- time migration with a constant velocity of
1500 m/s. The data were visualized and interpreted using the

IHS Markit Kingdom software.

Water column parameters

Abiotic parameters of the water mass were retrieved from
the dataset of the R/V Sonne expedition SO277 (Berndt et
al., 2021). These include CTD data (Supplement 2) collected
on the shelf with an attached camera (see Figure 1B for
locations). Temperature and salinity data from the CTD
casts were binned to 10 second intervals and were used to
calculate water density in accordance to the UNESCO
(UNESCO,

frequency (N) distribution in the water column was

formulation 1981). The Brunt—Vaiisila

calculated using equation 1 (Vallis, 2017):

,— d
N = 7‘9‘1—’; (1)

3985000

3982500

3980000

447500 450000 452500 455000

3985000

3982500

3980000

Figure 2: A. bathymetry of the study area showing the locations
of the grab samples collected in this study, lines indicate the
position of the seafloor profile shown in Figure 3 and seismic
profile shown in Figure 4. Differentiation to inner, mid and outer
shelf here is based on physical features separating the different
zones. B. multibeam backscatter of the study area showing the
different bathymetric domains as mapped by prior studies
(Berndt et al, 2021; Foglini et al., 2016; Micallef et al., 2012;
Prampolini et al, 2018, 2017).

where p is the potential density of the fluid, g is the local
acceleration of gravity and z is water depth. Data for station
S0277-02 is shown in Figure 1C, data from all other stations
processed is included in supplementary material
(10.6084/m9.figshare.20330490). Wave data were taken from

the Mazara del Vallo offshore Sicily (Figure 3).

Seafloor imagery
The video data from the CTD casts was integrated using

Agisoft to generate photomosaics. Image quality was too
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Figure 3: A. wavelength distribution in the Sicily Channel and inferred FWWRB and SWB; B. profile of the Maltese shelf in the study

area (see Figure 2A) with the depths of the FWWB and SWB.

low to use this information for more than general context.
Higher resolution imagery with better spatial coverage was
collected by autonomous underwater vehicles (AUV) dives
using Girona 500 AUV (IQUA Robotics, Girona, Spain)
equipped with a CoraMo mk II Camera which can take up
to 2 images per second with a resolution of 12.34MP.
Operation and imaging followed operation described in
Linke et al. (2015). The imagery collected during these dives
was similarly integrated into mosaics. These mosaics were
analyzed in the context of the backscatter-based
classification to identify the seafloor variability within the
sampling error of the sampling tools. Detailed description
and analysis of the AUV data is provided in Supplement 1

with summary and key notes provided in the results.

A sampling survey was planned using the bathymetric and
backscatter data previously described and analyzed (Berndt
et al,, 2021; Foglini et al., 2016; Micallef et al., 2013, 2012;
Prampolini et al.,, 2018, 2017). Sample positions were
selected to cover the full depth range of the shelf and all of
the major seafloor facies types identified in Micallef et a/.
(2012). The depth range in the study area, where sampling
was permitted, extends from -10 meter relative to present
sea level (mpsl) to -140 mpsl (Figure 2A). This area includes
(from SW to NE) Posidoniameadows; sand flats; reefs and
exposed bedrock; ranges of sandy bedforms; maerl;

patches of sediment waves; a paloechannel which opens to

a canyon (sediment filled) and off shelf sediments (Figure
2B). The sandy bedforms and sand flats both reside within
alocal basin on the shelf, which was suggested to have been
a paleo-alluvial plain (Micallef et al., 2013; Prampolini et
al., 2017).

Sampling was carried out in the end of August 2021 aboard
the service vessel Gold Finder using an Evenco (Auckland,
New Zealand) Shipek grab with a 3000 mL scoop volume.
The estimated error on location for each station is ~20m
(Figure 2A, Table 1). Samples were transferred from the
grab to plastic bags onboard. With return to the port an
aliquot of each sample was washed with fresh water over a
63um mesh. Both the washed and unwashed splits were
allowed to air dry until fully dry before any further step was

undertaken.

Fully dried samples were photographed and initially
described by visual observation. Following that, a detailed
description of size and components was carried out under
the microscope (Supplements 3, 4). The main components
present in each sample were first evaluated in a semi-
quantitative fashion (D — Dominant, only component is
most view fields; A — Abundant, present in large amount in
each view field; C — Common, present in any view field; F
— Few, present in some view fields; P — Present, only
individual specimen found in all view fields surveyed).

Every texture of every sample was also named in
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accordance to the modified Dunham classification (Embry
Lokier and Al Junaibi,

Mineralogical determination was carried out using X-Ray

and Klovan, 1975 2016).
diffraction (XRD) for bulk powdered sample. Analysis was
carried out using a Rigaku MiniFlex 600 benchtop X-ray
diffractometer (30kV/10mA from 3° to 70° at 0.05
increments by point detector) with a Cu target X-ray source.
The relative abundance of carbonate species was estimated

using the relative intensity ratio methods (Hubbard and

Snyder, 1988).

Figure 4: Seismic profile across the Maltese shelf (see inset and
Figure 2A). Seafloor and acoustic basement are delineated.
Sediment accumulation across most of the shelf is very thin,
thickening in the SE intra-shelf sand basin and off shelf to the NE.

Following this phase, thin sections were prepared for
selected samples and processed according to standard
procedures (Fliigel, 2010). Quantitative evaluation of
constituents was carried out using point counting
(Supplement 5) with detailed component description. Since
grain size ranges extended into the gravel size, grain size
analysis was done optically. Multiple view fields of each
sample were collected and individual grain size were
measured using the ImageJ software (Rasband and
Contributors, 2021). At least 500 measurements (or all grains
present) were collected for each sample. Statistical analysis
of the assemblages was carried out following the approach

and method outlined in Bialik et al. (2021). All values for

both visual and thin sections analysis are available as
10.6084/m9.figshare.20330490.

Results

Seismic reflection profile

The sedimentary cover over most of the Maltese shelf'is
relatively thin in most places although there are sediment-
filled pockets. The thickest of which appears to be the
intrashelf basin in the southwest of the study area (Figure
2) which appears to hosts ~20m of sediment fill (Figure 4)
compared to a few m at most for the rest of the shelf. In the
off-shelf area, however, a more significant sediment
accumulation is found, exceeding 30m above the acoustic

basement (Figure 4).

Water column structure

The upper 200 m of the water column in the study area
consists of three main intervals (Figure 1C, Supplement 2):
1. a surface mixed layer between 0 and ~25 m below present
sea level (mbpsl) marked in summer by high temperatures
(>26°C); 2. a pycnocline that overlaps with the thermocline
and is marked by variable salinity between ~25 and
~60mbpsl; 3. A sub-pycnocline water mass as of ~60 mbpsl
marked by increasing density and salinity paired with
decreasing temperatures. The maximum Brunt—Viiséla
frequencies (ranging between 0.03 and 0.05 Hz) overlaps
with the pycnocline whereas below it frequencies are
between 0.01 and 0.02 Hz.

Seafloor imagery

Detailed imagery of the seafloor (see Supplement 1 for
more information) shows that the main types of seafloor
morphology highlighted by low-resolution techniques
actually consists of a complex mosaic of multiple
sedimentary features. An exception to this pattern seems to
be represent bythe sand flats area where photographs
(Figure 5A) showed a relatively uniform character
composed of biogenic sand with algal material and
echinoids. In the seagrass domain, where surveyed in detail,
the seafloor resulted to be covered by small patches of
seagrass (Posidonia oceanica) surrounded by biogenic sand
(Figure 5B). This biogenic sand forms bedforms of various
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Figure 5: Composite mosaics of seafloor imaging of the maltase shelf (see Figure 1 for locations) showing different characters the
seafloor (see Supplement 1 for more information). A. biogenic sand with echinoid remains (Dive 4); B. interface between biogenic sana
and seagrass (Dive 2); C. sandy bedforms (Dive 2); D. clumps of flashy algae with rhodoliths and calcareous sand (Dive 1); E. rhodoliths

accumulations (Dive 3).

sizes, oriented generally with a strike of NW-SE (Figure
5Cy in all locations where they were mapped. In some
locations, the bedforms are punctuated by resurfacing, that
is to say that the seafloor has been turned over or cleared of
biofouling, which appears to be bioturbation (Figure 5C). In
the maerl domain, more variety was observed. In shallow
water accumulations of coralline algal branches occur,
locally interspersed with patches or clumps of fleshy algae
(Figure 5D). In deep water there are less fleshy algae and a
higher density of coralline algae, the latter also displaying
astronger color (Figure 5E). The rhodoliths are also aligned,
developing NW-SE striking bedforms.

Sediment constituents

All samples collected and analyzed within this study were
poor in silt (0% to 5.5%) with most of the grains in the sand
size (higher than 90% in 22 out of 33 samples) or gravel. The
mean grain size ranges between 0.2 and 21.6 mm
(mean=2.8+5.6 mm, n=33), with a standard deviation
ranging between 0.1 and 11 mm (mean=2.1+3.3 mm, n=33),
skewness ranges between 0.3 and 14.6 (mean=3.9+2.7, n=33),
With the exception of two samples (samples 29 and 30), all
samples exhibit a positive skewness. Mean grain size,
standard deviation, %sand or %gravel do not exhibit any
correlation to water depth or distance from shore. Skewness
exhibits a weak nonlinear correlation to both water depth

(r=-0.43, p=0.01) and distance from shore (r=-0.45, p<0.01)
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Figure 6: Distribution of sediment parameters across the shelf. A. Grain size
distribution along gradient away fiom shore. B. carbonate mineral ratios across the

shelf along distance from shore.
whereas log skewness increases inversely to both. On the
shelf, %silt was higher in shallower water and closer to
shore, whereas %gravel is higher in the most distal sites

(Figure 6a).

When applying the updated Dunham classification of
sedimentary texture (Embry and Klovan, 1971; Lokier and
Al Junaibi, 2016), shelf samples classify as grainstone,
poorly washed grainstone, floatstone with a grainstone
matrix or rudstone. Under visual inspection, the most
common components in these were few to abundant
unidentified bioclasts, either pale or dark brown in color,
present to dominant coralline algae. These occur as
branches or nodules of various size, when larger than 1 cm
(clearly visible in the submarine imaging) considered here
as rhodoliths, with the latter being the most common),
present to common benthic foraminifera and present to few
bryozoan and echinoid fragments. Bivalves, gastropods,
pteropods, serpulids, fragments of Halimedawere found in
some samples. Sample 9 consisted almost entirely of
Cladocora. Both the rudstone and floatstone textures are

primarily due to presence of coralline algae, and occur

Aragonite

Off shelf

mostly farther away from shore. The
" distribution of the component does not
although

foraminifera are somewhat more common in

=  exhibit any clear trend,

e
3

shallower waters, Halimeda in the mid shelf

w
B
% of grains

and coralline algae are somewhat more
»  common in the outer shelf. Seagrass remains
andvor fleshy green algae were found in 13

samples in water depths between 28 and 69
" J" mbpsl. Seagrass remains were found in
poorly washed grainstone to floatstone with
grainstone matrix samples, while fleshy
algae were found with all sedimentary
textures. Both seagrass and fleshy algal
remains were found in only two samples,
both consisting of grainstones (Supplement

3).

The principal mineralogies of the sediments
(in order of abundance) are high Mg calcite
(HMC), aragonite and low Mg calcite (LMC).
No significant amount of clays or quartz was detected in the
samples. The HMC ranges between 43% and 93%
(mean=63+11%, n=26); Aragonite between 1% and 42%
(mean=19+10%, n=26) and LMC between 7% and 25%
(mean=18+4, n=26). The fraction of LMC increases with
distance from shore (Figure 6b) and is present in all
samples, including samples comprised purely of coralline
algae. Aragonite is more abundant in the mid-shelf than in

the nearshore or outer shelf.

Detailed analysis and point counting of the thin sections
confirm the initial visual analysis with unidentifiable
bioclastic fragments (0% to 67.3%, mean=29.4+18.5%, N=26)
and coralline algae (0.3% to 95%, mean=41.6+30.7%, N=26)
being the most abundant components (Figures 7A & B).
Unidentifiable bioclastic fragments probably represent
finely comminuted remnants of benthic foraminifera
(mainly miliolids) (Figure 7C). Coralline algae are mainly
represented by encrusting Corallinales and Hapalidiales
(including Phymatolithon calcareurn (Figure 7D), while
Sporolithales are extremely rare. Articulated coralline
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algae also occur in samples close to the coast (

). Benthic foraminifera are also abundant (0% to 37%,
mean=13+11%, n=26), especially close to the coast. They
are mainly represented by small mioliolids ( 7riloculina,
Quinqueloculina, Spiroloculina) ( )
encrusting miliolids (nubeculariids) and small rotaliids
(Ammonia, Elphidium, Asterigerinata, Cibicides) (

); large rotaliids are less common and mainly
represented by specimens of Planorbulina ( ).
Echinoderms are also relevant and are mainly represented
by elements of irregular echinoids close to the coast (

) and by regular echinoids more offshore. Mollusks
(mainly gastropods and bivalves) commonly occur in most
samples and they can be locally relevant ( ).
Halimeda,

contributions are usually minor ( ).

bryozoans, serpulids and ostracods

It is apparent that the abundance of several constituents
exhibits a near linear decline with distance from shore (and
similarly to water depth), notably unidentifiable bioclastic
fragments (r=-0.47, p=0.02), echinoids (r=-0.47, p=0.02),
rotaliids (r=-0.58, p<0.01) and miliolids (r=-0.62, p<0.01).
The abundance of Halimeda correlates to water depth (r=-
0.55, p<0.01) but not to distance from shore (r=-0.31, p>0.05).
Coraline algae exhibits an opposite trend to these,
increasing with depth (r=0.60, p<0.01) and distance from
shore (r=0.66, p<o0.01). The abundance of mollusks,
bryozoans, serpulids, ostracods or textulariids does not
exhibit any correlation to water depth or distance from
shore. However, mollusk abundance is higher in the mid
shelf. No parameter appears to correlate with the intensity
of the seafloor backscatter in a statistically significant

fashion.

Several components exhibit strong correlations to each
other, e.g. the abundance of echinoids correlates both to the
presence of miliolids (r=0.71, p<o0.01), rotaliids (r=0.88,
p<o0.01) and unidentifiable bioclastic fragments (r=0.72,
p<0.01). To further elucidate these relations, multi-variant
analysis was carried out using detrended correspondence
analysis (DCA) and non-metric multidimensional scaling

(nMDS) using Bray-Curtis indices. Axis 1 and 2 of the

analysis accounts to eigenvalues of o0.41 and 0.06,
respectively. The principle loading on axis 1 of the DCA
( ) is the coralline algae (RCA) to negative and
everything else with positive loading. On axis 2 the
negative loading is by coralline algae, miliolids, rotaliids,
serpulids and sponge spicules. The result of the nMDS
analysis ( ) has a stress of 0.02, the loading on
coordinate 1 is positive for coralline algae, molluscs,
bryozoans and textulariids, negative for anything else;
coordinate 2 has positive loading for echinoids,
unidentified bioclasts, mollusks and textulariids, negative

for anything else.

Reworked grains are prevalent in the investigated
sediments ( ). They consist of either bioclasts
displaying extensive borings and micritization (up to
becoming unrecognizable, y or of lumps of
poorly lithified material (packstones to floatstone textures)
( ). Wherever bioerosion and micritization do not
obliterate  original structures entirely, reworked
assemblages seem to have a composition similar to that of
pristine assemblages. The overall abundance of reworked
grains seems to increase with increasing distance from the
shoreline, with most coralline-algal-rich samples
dominated by reworked material. This can be clearly
noticed in the rhodoliths-dominated, sample 26, where thin
crusts of relatively fresh coralline algae grow over cores
consisting of micritized coralline algae whose structures

are almost completely obliterated ( ).

Discussion

The Holocene sedimentary cover atop the Maltese shelfis,
for the most part, a thin veneer accumulated atop the glacial
truncation ( ). This resulted in many terrestrial
features such as paleochannels and local basins ( )
punctuating the shelf (Micallef et al., 2013). Prior acoustic
mapping of the seafloor (Micallef et al, 2012), 2013)
identified that these relict features host relict facies which

currently occur elsewhere on the shelf, organized in distinct
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Figure 7: A. Sample 4, dominated by finely comminuted and well sorted unidentifiable bioclastic fragments. B. Sample 23,
dominated by coralline algae. C. Sample 18, dominated by finely comminuted and well-sorted bioclastic fiagments, several of these
fragments are fragments of miliolids (red arrowheads); white arrowhead= Elphidium; green arrowhead= small miliolid; blue
arrowhead= Cibicides. D. Sample 24, Phymatolithon calcareum a coralline alga belonging to the Hapalidiales order. E. Sample 18,
a fragment of an articulated coralline alga (red arrowhead); blue arrowhead= small rotaliid, possibly Asterigerinata; green
arrowhead= small mioliolid. F. Sample 2 displaying common small miliolids (green arrowhead) and small miliolids fragments
(white arrowheads); red arrowhead= articulate coralline alga. G. Sample 15, Triloculina. H. Sample 13, Planorbulina. I. Sample 22,
1rregular echinoid spine. J. Sample 12, rich in pristine coralline algae and molluscs. K. Sample 7, Halimeda. L. Sample 21,
bryozoans. M. Sample 19 characterized by common reworked grains including coralline algal fragments displaying extensive
microborings (red arrowhead); blue arrowhead= pristine coralline alga. N. Sample 28, dominated by reworked grains of poorly
Iithified floatstone. O. Sample 26, a coralline algal nodule consisting of a thin outer layer of recent coralline algae (red arrowheads)
growing over a nucleus consisting of micritized coralline algae (white arrowheads).
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facies belts. Our analysis of the seafloor imaging shows
these three main types of facies occurring on the analysed
area of the Maltese shelf (Figure 9): a proximal facies with
seagrass and fleshy algae (Figure 5B) with a sedimentary
texture corresponding to packstone to grainstone; an
intermediate facies (mostly occurring in relict troughs)
dominated by calcareous sand, withlesser amount of fleshy
SA),

corresponding to grainstone to floatstone; an outer shelf

algae (Figure and with sedimentary texture
facies dominates by rhodoliths (maerl, Figure s5E), with
sedimentary texture corresponding to grainstone to
rudstone. Additionally, there is an off-shelf facies with a
sedimentary texture corresponding to packstone. The off-
shelf domain also hosts an additional facies in the form of
coralligenous buildups in the south east of the Island (Bialik
et al., 2022), which are not present in the north western shelf

examined here.

These high order classifications do not translate directly to
the sedimentary composition of the sediment. The
sediment composition across the inner and mid shelf,
corresponding to the seagrass meadows and the sand flats,
exhibit the

molluscans, echinoids, Halimeda, bryozoans, coralline

same allochems (benthic foraminifera,
algae and large amount of unidentifiable bioclasts). The
abundance of most of these allochems diminishes with
distance from shore irrespective of the acoustic facies, with
some components (e.g. Halimda) being dependent only on
water depth. In the ordination space, the samples from the
seagrass meadows cannot be clearly differentiated from
those of the sand flats, in the DCA analysis (Figure 8A),
whereas some separation can be observed in the nMDS
(Figure 8B). Seagrass and sand flat samples are instead
clearly differentiated from maerl samples. In grain size and
minerology (Figure 6) some differentiation between these
Seagrass and sand flat samples is present, with the more
proximal samples hosting some silt-sized fraction that is
almost entirely absent in the mid shelf samples dominated
by sand flats material. Inner shelf samples are also
characterized by higher HMC

abundance relative
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compared to the mid shelf, which exhibits higher aragonite

content than the other two regions.

Seafloor vegetation plays an important role in the retention
of fine grained material on Mediterranean shelves
(Hendriks et al., 2010). Through physical befalling and
reduction of current velocities (Fonseca and Koehl, 2006;
Mateu-Vicens et al., 2012), seafloor vegetation allows a
wide range of grain sizes to be retained in the proximal
region of the shelf. The prevalence of fleshy algae and
seagrass close to shore (Figures 2B, 5B & 5D) is the likely
reason why any silt-sized grains could be retained in
regions of the shelf still affected by some wave activity. As
such, the differentiation of the seagrass meadow facies in
Malta is more hydrodynamic than compositional as the
meadow allows for the retention of a wider range of grain
sizes. At present, the distribution of seagrass is highly
affected by anthropogenic activities such as coastal
development, pollution, trawling, fish farming, moorings,
dredging and dumping, leading to an ongoing population
change in the community structure (Beca-Carretero et al.,
2020; Boudouresque et al., 2009; Telesca et al., 2015).
Excluding these impacts, and assuming that salinity and
nutrient state on a small region such as the Maltese shelf is
relatively uniform, the distribution of this vegetation
should be primarily light dependent (Bernardeau-Esteller
et al.,, 2015; Vizzini, 2009). This will limit the distribution of
this facies only to the proximal areas and to shallow water

as observed here.

Wavelength estimation from wave period (Clifton and
Dingler, 1984) based on the data from the Italian RON
(Bencivenga et al., 2012) buoy Mazara del Vallo offshore
southern Sicily indicate that the maximum wave impact
depth (half wavelength, Allen 1985) is at -110 mpsl, this will
be considered here as our storm wave base (SWB).
Estimation of the fair water wave base (FWWB) is not
straightforward, given that there are only around ~30 days
of storms and ~60 days of rain a year in Malta (Grabowska
2010), we used the 80% to 90% cumulative frequency cutoff
of the mean period to estimate the FWWB at ~ -15mpsl
(Figure 3A), as such, most of the sampling occurred
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Figure 8: A. DCA and B. nMDS ordination analysis of point counts in thin sections. Both analyses indicate a gradient away from

shore.
between the FWWB and SWB 3B) with
representative samples taken from above the FWWB and
bellow the SWB.

(Figure

While the vegetation can explain the retention of fine grain
in shallow waters, it does not explain absence of fine grains
in deeper water. In this setting fine grains are likely
winnowed by two main process: internal waves and bottom
currents. Given that the maximum Brunt—Vaiiséld
frequencies (indicating the potential capacity to propagate
internal waves) are between ~25 and ~60 mbpsl (Figure 1C)
it is unlikely that the winnowing in the outer shelf is
dominantly caused by internal waves as the impact of the
latter will be focused at the maximum bouncy boundary
defined by the high Brunt—Viiséla frequencies. Given that
the CTD data were collected in the late summer, when the
thermocline is at its deepest (before breaking due to the
winter mixing), there is a low probability of this interface
occurring at greater depth. That said, pycnocline depth does
overlap with the larger sandy bedforms in the mid-shelf
(Figure 2B), which are presently below the fair-weather
wave base, and is likely a mechanism in shaping them.
Although internal waves may explain part of the
winnowing on the mid shelf, another cause for the

winnowing in the outer shelf is required. The linear
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arrangements of the rhodolith accumulations would
suggest transport along the strike of the shelf, such as would
be generated by a contouritic current. The moat at the base
of the escarpment (Figure 4) would also support and
existence of a shelf parallel bottom current. In the low
likelihood of internal waves at this depth, contouritic
currents are a more likely mechanism for the winnowing.
Such currents would be in line with regional flow regime,

notably in summer (Reyes Suarez et al., 2019).

Coralline nodule-rich facies (maerl) are abundant in
mesophotic depths in the central Mediterranean (Bracchi
and Basso, 2012a; Safié et al., 2021; Savini et al., 2012). The
nature of the facies is variable between individual
localities. Moreover, the character of the coralline nodules
themselves is highly variable. Across the Maltese shelfthey
exhibit a wide range of sizes and morphologies as well as
amount of live calcareous algal fraction (Sciberras et al.,
2009). The specific controls on morphology are not clear.
The intermittent growth of the coralline nodules, with
termination, reworking and reestablishment (Figure 70)
may be also the result of strong storm events (Dulin et al.,
2020). These in turn may impact the transport of the
coralline nodules into deeper water. Coralline algae prefer

low levels of fines and low light conditions (Coletti et al.,
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2018; Leukart and Liining, 1994; Villas-Boas et al., 2014).
Mediterranean rhodolith beds mainly occur around islands,
capes, on the top of submarine plateaus, and in areas
influenced by strong tidal currents (Basso et al., 2017).
These environments, either due to the lack of clastic input
or to currents clearing the sediment, are characterized by a
low sedimentation rate. More stable conditions below the
main depth interval affected by waves likely leads to the
prevalence of this facies in the outer shelf. The dominance
of coralline algae in the outer shelf could be also one of the
reasons behind the lack of fine-grained material in this
domain as well as the abundance of gravel-sized material.
Actually, while the seagrass-related facies that dominates
close to the coast mainly produce sand-sized material (e.g.
Frezza et al., 2011), coralline-algal factories mostly produce
coarse-grained bioclasts (e.g. Pomar, 2001). Furthermore,
the higher hydrodynamic energy of the coastal sector
would promote the fragmentation of bioclasts, resulting in
abundant fine-sand-sized material close to the coast. On the
other hand, in the outer shelf, characterized by coralline
algal facies, the reduced effect of waves, combined with the
larger size of the produced bioclasts, would hinder wave-
related fragmentation and thus the production of sand and

mud sized bioclasts.

Grains derived from Halimedawere found in the sediment.
However, despite it being reported as a very common algae
in the Maltese shelf in the mid-20" century (Larkum et al.,
1967), no living Halimeda were observed in the AUV,
vCTD or grab samples. Interviews carried out with the local
diving communities confirm some presence of Halimeda
on the shelf, but occurrences are rare and in small amount.
It is possible that this major contributor has been
suppressed in recent years as part of the ongoing species
collapse observed in the Mediterranean (Albano et al., 2021;
Rilov, 2016). The disparity between Halimeda grains
presence and living Halimeda suggests long retention time
of grains in the sedimentary system. This is similarly
confirmed by the reworking of coralline nodules and the
significant abundance of reworked bioclastic grains across

the Maltese shelf. This long retention time may allow for
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recrystallization, which would account for the high fraction
of LMC in the sediment, notably in the outer shelf (

).

Energy availability, either from the sun or the breakdown
of the organic matter of the ingested food is the main
parameter governing and limiting the distribution of
carbonate factories on global scale (Bialik et al., 2023). The
availability of these two main types of energy is turn related
to abiotic parameters such as light availability, water
clarity, nutrient abundance, temperature and currents
(Halfar et al., 2004; Laugié et al., 2019; Michel et al., 2019;
Reijmer, 2021). These parameters also play an important
role on smaller scale, together with marine connectivity and
local control over sediment transport (Gischler, 2020, 2010,
2006; Jarochowska, 2012; Schmitt and Gischler, 2017). In
this regard the Maltese shelf displays similarities with other
Mediterranean carbonate systems that are characterized by
warm-temperate oligotrophic water (Carannante et al.,
1988; Pérés and Picard, 1964). Both the Tyrrhenian shelf
(Basso, 1998; Bracchi and Basso, 2012b; Brandano and
Civitelli, 2007; Frezza et al., 2011) and the Balearic shelf
(Fornos and Ahr, 2006) infralittoral domains are dominated
by carbonate factories related to vegetated substrate
characterized by abundant epiphytic production.
Circalittoral domains are dominated by coralline-algal
factories. Further offshore the contribution of pelagic

fallout becomes increasingly relevant.

The Maltese shelf differs from the Balearic and Tyrrhenian
examples as seagrasses and seaweeds extend to at least 45
mbpsl (Supplements 1, 3) and seagrass-related sediments
extend further offshore and further deep. The relevance of
carbonate production related to the vegetated substrate can
also be observed in the mineralogical composition of the
sediment. Notwithstanding the increase in coralline algal
abundance moving away from the coast, the HMC fraction
decreases. As HMC is essentially related to coralline algae
and miliolids and the latter commonly occur as epiphytes

(Benedetti and Frezza, 2016; Mateu-Vicens et al., 2012), the
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Figure 9: Schematic model of the facies present across the Maltese shelf and main governing parameters on sediment distribution.

decrease of HMC fraction coupled with the increase of
coralline algal abundance highlights the importance of
epiphytic production along the investigated area of the
shelf. The larger extensions of these deposits compared to
Balearic and Tyrrhenian location could be caused by the
limited siliciclastic supply occurring on the Maltese shelf.
As the island is small, mainly consisting of limestone, and
is characterized by an arid climate, the terrigenous supply
to the shelf is limited. This is also indicated by the LMC
fraction in the sediments. As the erosion of Malta’s
limestone should mainly supply LMC (Gatt, 2021), a
significant terrigenous influx from the land should be
matched by a peak of LMC close to the coast. This peak is
not observed (Figure 6B). Previous authors, based on the
overall percentage of carbonate, suggested that most of the
carbonate production along the Tyrrhenian and Balearic
shelves occur in circalittoral, coralline-algal-dominated,
facies (Bracchi and Basso, 2012b; Brandano and Civitelli,
2007). However, as noted by Fornos and Ahr (2006), there is
a significant difference between production rates and
accumulation rates. Relying only on the latter could be
misleading. Furthermore, the percentage of carbonate is the
result of both the bioclastic and siliciclastic accumulation
rates. Low accumulation rates of siliciclastic detrital

material might result in almost pure carbonates even with
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limited bioclastic production rates. Across the Maltese
shelf the abundance of old and reworked material in
coralline-algal dominated sediments indicate long
exposure of the bioclasts on the seafloor and an overall low
accumulation rate. This stresses the need for further studies
aimed at assessing accurate accumulation and production
rates of both coralline-algal and epiphytic carbonate

factories in the Mediterranean and elsewhere.

The relevance of the epiphytic carbonate factory seems to
be also one of the main differences that separate the
Maltese systems from others dominated by C-type
factories like those off Brazil. Similarly to Mediterranean
carbonate systems those of the Brazilian coast are
characterized by circalittoral production dominated by
coralline-algae (Carannante et al., 1988; Testa and Bosence,
1999; Vale et al., 2018). In Brazil, the nearshore settings are
usually characterized by a siliciclastic dominated zone,
whereas offshore the bioclastic accumulation rates are
much higher (Testa and Bosence, 1999). These euphotic
carbonate factories are also dominated by Halimeda,
coralline algae and locally by hermatypic corals.
Meanwhile, while seagrass and seaweed meadows are
reported (Gomes et al., 2015; Testa and Bosence, 1999) along

the Brazilian coast, their prevalence is lower in comparison
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to the central Mediterranean. Porcellanaceous foraminifera
represent a significant output of these vegetated factories,
and may be critical in differentiating between different
Atlantic-like

Mediterranean-like) in geological deposits. Unfortunately,

modes of C-type factories (i.e. or
their thin HMC test can be easily dissolved during
diagenesis, limiting the possibility of actually recognizing
seagrass or seaweed related facies in the fossil record
unless other indicators (e.g. large encrusting rotaliids are

preserved, Reich et al. 2015; Mariani et al. 2022).

Conclusions

The Maltese shelf is primarily a mesophotic 1/C-type
carbonate platform. Three main facies could be discerned
across the Maltase shelf based on visual inspection (

): seagrass meadows, sand flats and maerl. However, these
facies are not clearly discerned in the sedimentary
composition. The sediment along this shelfis dominated by
reworked unidentifiable bioclasts associated with coralline
algae, benthic foraminifera (notably small mioliolids) and
echinoderms. The distribution of these components along
the shelf varies but as a gradient rather than clearly discrete
spaces. Light and currents (whose effects are in turn
controlled by sea-floor morphology) are the main elements
governing the facies distribution on the Maltese shelf.
Internal waves are mainly relevant on the mid shelf but less
so on the outer shelf where contouritic currents are
probably more significant. While 1/C-type carbonate
factories are not prevalent now, these were highly abundant
around the Tethys through most of the Cenozoic (Coletti et
al., 2022) and these findings should be taken into account

into interpreting these environments in the future.
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