Facies (2024) 70:16
https://doi.org/10.1007/5s10347-024-00690-1

ORIGINAL ARTICLE q

Check for
updates

Controls on mesophotic carbonate facies and sediment distribution
across the Maltese shelf, central Mediterranean Sea

Or M. Bialik'%3® - Giovanni Coletti* - Christian Berndt® - Mark Schmidt® - Aaron Micallef®

Received: 17 July 2024 / Accepted: 13 September 2024
© The Author(s) 2024

Abstract

Although ~20% of global carbonate production occurs on extra-tropical carbonate depositional systems, our understanding of
these environments still lags behind that of tropical ones. The Maltese shelf in the central Mediterranean offers an opportunity
to study in situ facies distribution and the factors controlling it in a light-dominated setting. The investigated region of the
Maltese shelf visually exhibits three main depositional environments: seagrass meadows, sand flats and rhodolith and maerl
beds. While visually distinctive, the grain composition of the sediments does not provide a clear differentiation of the three
environments but rather a gradient. This gradient is marked by increasing grain size with water depth, a transition from green
to red calcareous algae and an increase in the fraction of low magnesium calcite of total carboantes. While some of these
features can be explained by changes in light availability, other factors are also in play. Baffling by seafloor vegetation and
currents, storms and internal waves inducing sediment reworking appear to play important roles in governing the sediment
texture and composition across the Maltese shelf. The role of seagrass meadows in regulating production and accumulation
rates of carbonates appears to be of greater importance in Mediterranean C-type carbonate factories than in southern Atlantic
ones and this could be an important marker to identify them in the geological record.
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Introduction

Carbonate factories represent both the locations of carbon-
ate production and the associations of various carbonate-
producing organisms (Tucker and Wright 1990; Schlager
2003). Given the fossilization potential of carbonate-produc-
ing organisms, these factories have a massive fossil record
spanning most of Phanerozoic, providing a powerful archive
for investigating the evolution or our planet (Kiessling et al.
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1999, 2002; Halfar and Mutti 2005; Bosellini and Perrin
2008; Westphal et al. 2010; Perrin and Bosellini 2012;
Pomar et al. 2017; Mariani et al. 2022; Bialik et al. 2023).
The two most common shallow-water carbonate factories
in modern oceans are the T-Type and C-Type factories
(Schlager 2005; Michel et al. 2019; Reijmer 2021). T-Type
factories (T stands for tropical or “top-of-the-water-col-
umn”) are the main ones associated with modern flat-topped
platforms (sensu, Williams et al. 2011). They develop in
tropical settings where light is mostly available and today
they are usually dominated by zooxanthellate corals and
calcareous green algae. C-Type factories (C stands for cool-
water or controlled precipitation) span much larger depth and
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temperature ranges and are usually dominated by bryozoans,
molluscs and coralline algae. Many studies have addressed
the depositional environment of C-Type factories (Bosence
and Pedley 1982; Basso 1998; Nebelsick and Bassi 2000;
Rasser 2000; James et al. 2001; Nalin et al. 2006; Bassi and
Nebelsick 2010; De MacEdo Dias and Villaa 2012; Halfar
et al. 2012; Braga et al. 2012; Gaglianone et al. 2017; Coletti
and Basso 2020; Coletti et al. 2022), but most of these stud-
ies have examined geological deposits, with only a small
fraction of researchers focusing on ground truthing modern
systems. This stands in stark contrast to T-Type factories,
where modern examples and their facies distribution have
been extensively investigated (Alongi 1989; Smith et al.
1998; Gischler 2006; Gischler et al. 2008; Bergman et al.
2010; Harris et al. 2015). Among C-Type factories there is
also a disparity between the nutrient-limited carbonate fac-
tory (n/C-Type), present on most oceanic margins, and the
light-limited carbonate factory (1/C-Type), which is almost
exclusive to the Mediterranean Sea (Sciberras et al. 2009;
Martin and Gattuso 2009; Michel et al. 2019; Rindi et al.
2019; Laugié et al. 2019; Guy-Haim et al. 2020; Reijmer
2021).

Works done on n/C-Type carbonate factories in South
Australia and in the western Atlantic (James et al. 2001; De
MacEdo Dias and Villaa 2012; Halfar et al. 2012) show a
significant grain size and compositional variability related
to hydrodynamic energy and nutrient availability. Much less
is known, in this regard, about the 1/C-type factories of the
Mediterranean Sea (Fichaut et al. 2003). Our understanding
of the spatial distribution of the 1/C-Type carbonate factory
also remains poor. Detailed geophysical studies of 1/C-Type
systems such as the Maltese shelf (Micallef et al. 2012;
Foglini et al. 2016) suggest that a combination of depth and
seafloor morphology controls the distribution of sedimentary
facies by influencing the local movement of water masses
and, consequently, temperature profiles and light availability.
Another relevant and poorly constrained element governing
C-type factories is reworking. Since these factories usually
lack a marginal rim, there is no physical barrier prevent-
ing movement of sediment, and many C-type factories end
up developing geometries similar to those of siliciclastic
depositional systems (Schlager 2005; Pedley and Caran-
nante 2006; Pomar et al. 2017). Furthermore, the differences
between the diagenetic pathways of aragonite, which pre-
vail in T-type factories, and that of high magnesium calcite
(HMC) that prevails in the C-type factories result in the pres-
ence of more loose material in C-type systems. These loose
grains are redistributed by currents and waves, as well as by
metazoans such as fish and echinoderms. As a result of that,
grain (allochems sensu Folk 1959) assemblages in C-type
systems will display a complex composite signal comprised
of a “productivity” signal and a “reworking” signal (Pomar
and Kendall 2008).

@ Springer

While major uncertainties on the dynamics of modern
carbonate depositional systems dominated by C/type fac-
tories (and by I/C-type in particular) still exist, the benthic
communities of these factories are currently exposed to
multiple stressors, ranging from the large-scale effects of
global warming and ocean acidification (Martin and Gattuso
2009) to local activities such as fishing and trawling (Sciber-
ras et al. 2009). Although recent studies have undoubtedly
proved the sensitivity of these carbonate producers (e.g.,
Guy-Haim et al. 2020), most of them are still poorly under-
stood and their distribution is mostly unknown (Rindi et al.
2019). As such, understanding the environment of modern
C/type factories and establishing a good sedimentological
basis for their exploration is crucial.

The Maltese shelf, previously investigated by multi-
ple studies (Lanfranco et al. 1999; Sciberras et al. 2009;
Micallef et al. 2016; Prampolini et al. 2018; Ferraro et al.
2020; Gatt 2021; Bialik et al. 2022) offers a good setting to
improve our understanding of I/C-type carbonate system. In
order to expand the existing knowledge of non-tropical grain
assemblages, their composition, sedimentological charac-
teristics and palaecoenvironmental significance have been
examined in this project. This study aims at ground-truthing
prior geophysical studies on the Maltese shelf, delineating
the sedimentary facies and their distribution. Sediment sam-
ples have been collected and analysed, providing quantitative
data on their sedimentological and mineralogical character-
istics and on the abundance of the main carbonate producers.
These data are then related to abiotic parameters to better
highlight the underlying controls.

Geological setting

The Maltese shelf is a shallow water plateau in the central
Mediterranean Sea (Fig. 1A), surrounding the Maltese archi-
pelago. It is an elevated feature elongated along an NW-SE
trend. It is located in the north-eastern part of the Pelagian
Block, the remnant of an ancient carbonate platform ini-
tially formed in the Tethys Ocean during the Palacogene
(Jongsma et al. 1985; Bishop 1988; 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 (Reuther et al. 1993; Adam et al. 2000; Gutscher
et al. 2016). Late Pleistocene sedimentation in the region
is considered to be mostly aggradational (Osler and Algan
1999), with the sediment covering the shelf being predomi-
nantly sand to gravel-sized biogenic grains (Micallef et al.
2012). This material is mostly generated on the shelf with
a limited supply of detrital material from the archipelago
(Gatt 2021).
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Fig.1 A Location map showing the position of the Maltese Archipelago relative to the rest of the Mediterranean. B Blowup shows the bathym-
etry for the Maltese shelf and location of the study area (red frame). All maps are north-oriented

The shelf ranges in depth between 0 and 100 m below the
present sea level (mbsl) and terminates with a steep mar-
gin, resulting in a 10 m to 30 m escarpment. This slope is
steeper in the NE and more gradual to the SW. The major-
ity of the shelf is exposed only to the uppermost part of
the water column comprising the local surface water and
the Atlantic Waters (Warn-Varnas et al. 1999; Ben Ismail
et al. 2012; Placenti et al. 2013). Oceanographic studies in
nearby southern Sicily indicate that surface waves in the
region exhibit primarily an E-W main direction with their
maximum energy at around 25 mbsl (Iuppa et al. 2015). As
there is no available Maltese data at this time and given the
small distance, we assume similar behaviour in Malta as
well. The regional climate is warm and arid (Galdies 2011)
with low to medium wind intensity. Despite that, rare but
extremely powerful storm events are known in the region,
transporting massive boulders along the shore and enhancing
local coastal erosion (Grabowska 2010; 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 (Fig. 1B).
This area was selected based on the extensive availability
of data for planning sampling activities and for the wide
range of seafloor types. Primary data collection for this study
was carried out in two parts. Seafloor imaging and oceano-
graphic data were collected during RV Sonne expedition

SO277 (Berndt et al. 2021), in which several of the coau-
thors participated. Surface sediments were collected during
a subsequent dedicated sampling campaign.

Seismic reflection profile

A multichannel seismic reflection profile
(P2000_2115_2857), crossing the shelf in the study area,
obtained by RV Sonne expedition SO277 (Berndt et al.
2021), was taken into consideration for the analysis. The
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 used in the
current research were then processed with SeismicUnix and
Omega at GEOMAR. This processing included FX-time
migration with a constant velocity of 1500 m/s. The data
were then visualized and interpreted using the IHS Markit
Kingdom software at the University of Malta.

Water column parameters

Abiotic parameters of the water mass were collected as part
of R/V Sonne expedition SO277 (Berndt et al. 2021). These
include CTD data (Supplement 2) collected on the shelf with
an attached camera (see Fig. 1B for locations). For the cur-
rent research these temperature and salinity data from the
CTD casts were binned to 10 s intervals and were used to
calculate water density in accordance to the UNESCO for-
mulation (UNESCO 1981).

The Brunt—Viisila frequency (N) distribution in the water
column (indicating the potential capacity to propagate inter-
nal waves) was calculated using Eq. 1 (Vallis 2017):
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where p is the potential density of the fluid, g is the local
acceleration of gravity and z is water depth.

Data for station SO277-02 are shown in Fig. 2, data
from all other stations processed are included in supple-
mentary material (10.6084/m9.figshare.20330490). Wave
data were taken from the Mazara del Vallo station off-
shore Sicily and then reprocessed (Fig. 3).

Seafloor imagery

The video data from the CTD casts were integrated using
Agisoft to generate photomosaics. Image quality was too
low to use this information for more than general context.
Higher resolution imagery with better spatial coverage was
collected by autonomous underwater vehicle (AUV) dives
using Girona 500 AUV (IQUA Robotics, Girona, Spain)
equipped with a CoraMo mkII Camera which can take
up to 2 images per second with a resolution of 12.34MP.
Operation and imaging followed Linke et al. (2015). The
imagery collected during these dives was similarly inte-
grated into mosaics. These mosaics were analyzed in the
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Fig.2 Representative profile of density (p), salinity, temperature and Brunt

—Viisild frequencies for the region from CTD station SO277-02
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Fig.3 A Wavelength distribution in the Sicily Channel and inferred FWWB and SWB; B Profile of the Maltese shelf in the study area (see

Fig. 2A) with the depths of the FWWB and SWB
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context of the backscatter-based classification to identify
the seafloor variability within the sampling error of the
sampling tools. Mosaics were imported into QGIS (Sutton
et al. 2021) and geolocated relative to seafloor features.
Each mosaic was visually inspected to identify the seafloor
elements which were mapped into main elements. Detailed
description and analysis of the AUV data are provided in
Supplement 1, with a summary and key notes provided in
the results.

Fig.4 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 Fig. 3 and seismic
profile shown in Fig. 3. Differ-
entiation of the inner, mid and
outer shelves here is based on
physical features separating the
different zones. B Multibeam
backscatter of the study area
showing the different bathymet-
ric domains as mapped by prior
studies (Micallef et al. 2012;
Foglini et al. 2016; Prampolini
et al. 2017, 2018; Berndt et al.
2021). All maps are north-
oriented
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Sample acquisition and processing

A sampling survey was planned using the bathymetric
and backscatter data previously described and analyzed
(Micallef et al. 2012, 2013; Foglini et al. 2016; Prampolini
et al. 2017, 2018; Berndt et al. 2021). The depth range in
the study area where sampling was permitted (defined in
coordination and under permit with the Maltese authori-
ties), extends from 10 to 140 mbsl (Fig. 4A). Sample posi-
tions were selected to cover the full depth range of the

452500 455000
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shelf and all of the major seafloor facies and geomorpho-
logical elements of the seafloor identified in Micallef et al.
(2012), including (from SW to NE): seagrass (Posidonia)
meadows; sand flats; exposed bedrock; ranges of sandy
bedforms; rhodolith and maerl beds; patches of sediment
waves; a palaecochannel which opens to a canyon (sedi-
ment filled) and off-shelf sediments (Fig. 4B), the termi-
nology follows previously established ones synthesized
from previous studies on the region (Micallef et al. 2012,
2013; Prampolini et al. 2017). These seafloor classes were
ground-truthed by ROV dives. Given the existing uncer-
tainties in placing the boundaries between the various
parts of the shelf solely on hydrodynamic energy (Lentz
and Fewings 2012; Garvine 2021and references therein),

the subdivision of the shelf into the inner, middle and
outer shelves follows Micallef et al. (2013) and is primar-
ily based on geomorphological features and the distance
from the shoreline.

Sampling was carried out at 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 sta-
tion is ~20 m (Fig. 4A, 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 63 um mesh. Both the washed and unwashed splits
were allowed to air dry until fully dry before any further step
was undertaken.

Table 1 Location table for all

. New label Long Lat Water Distance Texture (Dunham) Domain
o samplsaken fr i
morg .informa[t)irz)n (mpst) )

1 14.40064 35.96877 —15 409 Rocks and Reefs

2 14.40631 35.97061 -28 659 Poorly washed grainstone Seagrass meadows

5 14.40434 35.97497 -36 1033 Poorly washed grainstone Seagrass meadows

3 14.41138 3597171 -45 1156 Poorly washed grainstone Mearl

4 14.41432 35.97205 -45 1456 Grainstone Calcareous sand

9 14.41021 3597789 -44 1576 Bafflestone Mearl

32 14.41538 35.97973 -48 2087 Grainstone Calcareous sand
14.4474 3597576 -48 2509 Floatstone Mearl

6 14.44029 35.97556 -54 2553 Floatstone Sand waves

35 14.45492 35.97587 -48 2714 Grainstone Mearl

14 14.42207 35.98199 -50 2799 Poorly washed grainstone Sand waves

10 14.4358 35.97859 -53 3028 Poorly washed grainstone Sand waves

8 14.42911 3597724 -52 3190 Grainstone Sand waves

17 14.42632 35.98358 -50 3279 Grainstone Calcareous sand

11 14.42898 35.9808 -51 3356 Floatstone/Rudstone Sand waves

13 14.42883 359814 -51 3375 Grainstone Sand waves

15 14.42861 35.98236 -51 3410 Poorly washed grainstone Sand waves

16 14.42853 35.98309 -52 3448 Grainstone Sand waves

18 14.42866 35.98407 -51 3522 Grainstone Sand waves

12 14.43051 3598123 -52 3528 Poorly washed grainstone Sand waves

19 14.43098 35.98584 -—49 3846 Rudstone Mearl

20 14.45667 35.98662 -55 3905 Grainstone / Floatstone Mearl

21 144409 3598984 -—48 4106 Rudstone Mearl

22 14.43267 35.99088 -—37 4338 Grainstone / Floatstone Seagrass meadows

24 14.45002 359936 -60 4514 Rudstone Mearl

23 14.46541 35.99093 -60 4728 Rudstone Mearl

25 14.45711 35.99685 -59 5013 Grainstone / Floatstone Mearl

27 14.45009 36.00271 -66 5524 Poorly washed grainstone Mearl

33 14.45343 36.00727 -73 5621 Floatstone Mearl

26 14.46623 36.00028 - 69 5707 Rudstone Mearl

28 14.45918 36.00627 -—83 6086 Poorly washed grainstone Mearl

29 14.46262 36.00852 -74 6429 Grainstone Mearl

30 14.46881 36.00937 -105 6751 Rudstone Mearl

31 14.46171 36.01298 - 141 6879 Packstone Mearl

@ Springer



Facies (2024) 70:16

Page70f19 16

Fully dried samples were photographed and initially
described by visual observation. Following that, a descrip-
tion of size and components was carried out under the
stereomicroscope (Supplements 3, 4). The main compo-
nents present in each sample were firstly evaluated in a
semi-quantitative fashion (D — Dominant, only component
in most field of views; A — Abundant, present in large
amounts in each field of view; C — Common, present in
any field of view; F — Few, present in some fields of view;
P — Present, only individual specimen found in all fields
of view surveyed). The texture of every sample was also
named in accordance to the modified Dunham classifica-
tion (Dunham 1962; Embry and Klovan 1971; Lokier and
Al Junaibi 2016) commonly used for textural description
of modern calcareous sediment (Gischler 2006; Reijmer
et al. 2009; Betzler et al. 2015; Reolid et al. 2024). Since
grain-size ranges extended into the gravel size, grain-
size analysis was done optically. Multiple fields of view
of each sample were collected and individual grain sizes
were measured using the ImageJ software (Rasband and
Contributors 2021). At least 500 measurements (or all
grains present) were collected for each sample. Miner-
alogical determination was carried out using X-ray dif-
fraction (XRD) on bulk powdered samples. Analysis was
carried out using a Rigaku MiniFlex 600 benchtop X-ray
diffractometer (30 kV/10 mA from 3° to 70° at 0.05° incre-
ments by point detector) with a Cu target X-ray source.
The relative abundance of carbonate species was estimated

Fig.5 Seismic profile across

the Maltese shelf (see inset and S
Fig. 2A, map is north oriented). 8
Seafloor and acoustic base- =
ment are delineated. Sediment E
accumulation across most of the [
shelf is very thin, thickening in
the SE intra-shelf sand basin
and off shelf to the NE
0.1 -
0.2 -

using the relative intensity ratio methods (Hubbard and
Snyder 1988).

Following this phase, thin sections were prepared from
unwashed, un-sieved samples representative of the variabil-
ity initially assessed using preliminary visual estimation.
These samples were processed according to standard proce-
dures (Fliigel 2010). Quantitative evaluation of constituents
was carried out using point counting (Supplement 5) with
detailed component descriptions. Statistical analysis of the
grain assemblages was carried out following the approach
and method outlined in Bialik et al. (2021) using PAST
(Hammer and Harper 2007). All values for both preliminary
visual analysis and detailed thin-sections analysis are freely
available and accessible at https://doi.org/10.6084/m9.figsh
are.20330490.v3.

Results
Seismic reflection profile

The recent sedimentary cover over most of the Maltese shelf
is a few metres thick in most places, although there are sed-
iment-filled pockets. The thickest of those appears to be the
intrashelf basin in the southwest of the study area (Fig. 4),
hosting ~20 m of sediment fill (Fig. 5). In the off-shelf area a
more significant sediment accumulation is found, exceeding
30 m above the acoustic basement (Fig. 5).
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Water column structure

Based on the data from nearby Sicily, the local wave regime
displays its mean wave impact depth very close to the sur-
face (Fig. 3). Some 90% of the mean period waves have a
wavelength between 30 and 40 m, limiting their wave base
depth to~ 15—20 mbsl (Allen 1985). The peak period does
extend to nearly 200 m and would thus place the maximum
depth of wave base during extreme events at~ 110 mbsl.
However, most peak period events have a wavelength of no
more than 100 m, suggesting that wave activity below 50
mbsl is extremely rare.

Based on CTD data the upper 200 m of the water column
in the study area can be divided into three main intervals
(Fig. 2, Supplement 2): 1. a surface mixed layer between 0
and 25 mbsl marked by high temperatures (>26 °C) dur-
ing the summer; 2. a pycnocline layer, located between ~ 25
and ~ 60 mbsl, that has a variable salinity that overlaps
with the thermocline and 3. a sub-pycnocline water mass

By

Seagrass

Biogenic sand

Rhodoliths

Fig.6 Composite mosaics of seafloor imaging of the Maltase shelf
(see Fig. 1 for locations) showing different characters of the seafloor
(see Supplement 1 for more information). A Biogenic sand with echi-
noid remains (Dive 4); B Interface between biogenic sand and sea-

@ Springer

located below ~ 60 mbsl, marked by increasing density and
salinity paired with decreasing temperatures. The maxi-
mum Brunt—Viisild frequencies, ranging between 0.03 and
0.05 Hz, overlap with the pycnocline, whereas below it, the
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 morphol-
ogy highlighted by low-resolution techniques actually con-
sist of a complex mosaic of multiple sedimentary features.
An exception to this pattern seems to be represented by the
sand flats area, where AUV photographs (Fig. 6A) show a
relatively uniform domain consisting of biogenic sand with
sparse fleshy algae and echinoids.

The seafloor in seagrass meadows, where surveyed in
detail, was covered by small patches of seagrass (Posido-
nia oceanica) surrounded by biogenic sand (Fig. 6B). This

grass (Dive 2); C Sandy bedforms (Dive 2); D Clumps of fleshy algae
with rhodoliths and calcareous sand (Dive 1); E Rhodolith accumula-
tions (Dive 3). All seafloor mosaics are north-oriented
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biogenic sand forms bedforms of various sizes, generally
oriented with a NW-SE strike (Fig. 6C). In some locations
the bedforms are punctuated by resurfacing, that is to say the
sediment surface has been reworked and any seaweed has
been removed. Bioturbation features are generally common
but current-related features are rare (Fig. 6C, Supplement 1).

In areas of rhodolith and maerl beds, more variety was
observed. In shallow water, coralline algae are locally inter-
spersed with patches of non-calcareous algae (Fig. 6D).
In deep water there are fewer non-calcareous algae and a
higher density of coralline algae, with the latter displaying a
stronger colour (Fig. 6E). The rhodoliths are usually 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 grains being in the sand

Mid shelf

(higher than 90% in 22 out of 33 samples) or gravel frac-
tions. 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), and skewness ranging between 0.3 and 14.6
(mean=3.9+2.7, n=33). With the exception of two sam-
ples (samples 29 and 30), all samples exhibit a positive
skewness. Mean grain size, standard deviation, %sand, and
%gravel do not exhibit any correlation to water depth or dis-
tance from shore. The silt percentage is generally higher in
shallower water and closer to the shore, whereas the gravel
percentage is higher in most distal sites (Fig. 7a). Skewness
exhibits a weak non-linear correlation with both water depth
(r=-0.43, p=0.01) and distance from shore (r=— 0.45,
p<0.01), whereas log skewness increases inversely in both.

When applying the updated Dunham classification of
sedimentary texture (Embry and Klovan 1971; Lokier and
Al Junaibi 2016), shelf samples are classified as grainstones

Outer shelf —— > Off shelf

—Inner shelf

COBBLES

10 PEBBLES

05

Grain size (mm)

0.1

660 1,455 2,510 2,800 3,280 3,410

30
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Fig. 7 Distribution of sediment parameters across the shelf. A Grain-size distribution along a gradient away from shore. B Carbonate mineral

ratios across the shelf from the shore
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(12 samples), packstones (10 samples, of which sample 31,
off the shelf, was the only one that was not poorly washed),
floatstones with a grainstone matrix (4 samples), rudstones
(6 samples) and bafflestone (1 sample). Under preliminary
visual inspection, the most common components in all
of these classes of sediment texture are unidentified bio-
clasts (either pale or dark brown in colour) and coralline

@ Springer

algae (which are commonly the dominant type of bioclast).
Coralline algae occur as branches (common in samples
11, 12, 19 and 26) and nodules (common in sample 8, but
also prevalent in samples 19-21, 24-30 and 30), including
rhodoliths (dominant in sample 30) of various sizes (com-
monly > 1 cm). Less abundant components are represented
by foraminifera (notably common in nearshore samples 2,
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«Fig.8 A Sample 4, dominated by finely comminuted and well-sorted
unidentifiable bioclastic fragments. B Sample 23, dominated by cor-
alline algae. C Sample 18, dominated by finely comminuted and well-
sorted bioclastic fragments, 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 Hapal-
idiales order. E Sample 18, a fragment of an articulated coralline alga
(red arrowhead); blue arrowhead =small rotaliid, possibly Asterigeri-
nata; green arrowhead =small miliolid. F Sample 2 displaying com-
mon small miliolids (green arrowhead) and small miliolid fragments
(white arrowheads); red arrowhead = articulate coralline alga. G Sam-
ple 15, Triloculina. H Sample 13, Planorbulina. I Sample 22, irregu-
lar echinoid spine. J Sample 12, rich in pristine coralline algae and
molluscs. K Sample 7, Halimeda. L. Sample 21, bryozoans. M Sam-
ple 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 lithified floatstone. O Sample 26, a coral-
line algal nodule consisting of a thin outer layer of recent coralline
algae (red arrowheads) growing over a nucleus consisting of mic-
ritized coralline algae (white arrowheads)

3 and 4 as well as in sample 31), bryozoans (common in
sample 29), and echinoids. Bivalves, gastropods (common
in sample 20), pteropods (absent off shelf but present in sam-
ples 4, 8, 14, 13, 17, 18 27 and 35) and serpulids (samples 5,
6, 10, 11, 18 and 31); fragments of Halimeda (usually poorly
preserved) occur in certain samples. Cladocora is generally
rare except in sample 9, located at the boundary between
the Posidonia meadows and the sand flats, where it is domi-
nant. No living samples of Cladocora were recovered. The
distribution of the grains does not exhibit any clear trend,
although foraminifera are somewhat more common in the
inner shelf, Halimeda in the mid-shelf, and coralline algae in
the outer shelf. Non-calcareous algae and seagrass fragments
were found in 13 samples in water depths between 28 and 69
mbsl. Seagrass debris was primarily found in poorly-washed
grainstones to floatstones, whereas algal remains were found
within all sedimentary types (Supplement 3).

Based on XRD analyses, the sediments consist, in
order of abundance, of HMC, aragonite and low Mg cal-
cite (LMC). No significant amount of clay or quartz was
detected in the samples. 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). LMC increases with the distance
from the shore (Fig. 7B) and occurs in all samples, including
those comprised purely of coralline algae. Aragonite is more
abundant in the mid-shelf rather than the inner or outer shelf.

Point counting analysis of the thin sections confirms the
results of preliminary visual analysis with unidentifiable bio-
clastic 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 common components (Figs. 8A
and B). By comparing the results of the preliminary visual
analysis with those of the point counting of thin sections

it becomes clear that at least a part of the unidentifiable
bioclastic fragments observed under the stereomicroscope
(especially in samples collected close to the shore) are actu-
ally finely comminuted remnants of benthic foraminifera
(mainly miliolids) (Fig. 8C). Coralline algae are mainly
represented by encrusting Corallinales and Hapalidiales
(including Phymatolithon calcareum) (Fig. 8D), whereas
Sporolithales are extremely rare. In samples close to the
coast articulated coralline algae are also present (Fig. 8E
and F). Benthic foraminifera are abundant (0% to 37%,
mean=13+11%, n=26), especially close to the coast.
They are mainly represented by small miliolids (Zriloculina,
Quingueloculina, Spiroloculina) (Fig. 8F and G), encrust-
ing miliolids (nubeculariids), and small rotaliids (Ammonia,
Elphidium, Asterigerinata, Cibicides) (Fig. 8C and E). Large
rotaliids are less common and mainly represented by speci-
mens of Planorbulina, Planorbulina also occurs (Fig. 7H).
Echinoderms are mainly represented by elements of irreg-
ular echinoids close to the coast (Fig. 7I) and by regular
echinoids more offshore. Molluscs (mainly gastropods and
bivalves) commonly occur in most samples and they can be
locally significant (Fig. 8J). The contribution from Halim-
eda, bryozoans, serpulids and ostracods is usually minor
(Fig. 8K and L). Cladocora is only present in sample 9.

Statistical analysis of sedimentary composition

By analyzing these data, it is apparent that the abun-
dance of several constituents exhibits a near linear decline
with distance from shore (and similarly to water depth).
These notably include unidentifiable bioclastic fragments
(r=-0.47, p=0.02), echinoids (r=— 0.47, p=0.02), rotali-
ids (r=-0.58, p<0.01) and miliolids (r=— 0.62, p<0.01).
The abundance of Halimeda negatively correlates with
water depth (r=— 0.55, p<0.01) but not with the distance
from shore (r=— 0.31, p>0.05). Coralline algae exhibit an
opposite trend and increase with depth (r=0.60, p<0.01)
and distance from shore (r=0.66, p <0.01). The abundance
of molluscs, bryozoans, serpulids, ostracods and textulari-
ids does not exhibit any correlation to water depth or dis-
tance from shore. However, mollusc abundance is higher in
the mid shelf. No parameter appears to correlate with the
intensity of the seafloor backscatter (the amount of energy
/ strength a of the signal coming back from a part of the
seafloor, reflecting the surface characteristics in a statisti-
cally significant fashion). Several components exhibit strong
correlations to each other, e.g. the abundance of echinoids
correlates with both the abundance of miliolids (r=0.71,
p<0.01), rotaliids (r=0.88, p<0.01) and of 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 multi-dimensional scaling
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(nMDS) using Bray—Curtis indices on the results of thin-
section analysis. Axis 1 and 2 of the analysis account for
eigenvalues of 0.41 and 0.06, respectively. The principle
loading on axis 1 of the DCA (Fig. 9A) is represented
by the ratio between red calcareous algae (RCA) and all
other components. Axis 2 represents miliolids, rotaliids,
serpulids, and sponge spicules vs. all other components
other than RCA. RCA have a minimal loading on axis 2.
The result of the MDS analysis (Fig. 9B) has a stress of
0.02. The loading on axis 1 is positive for coralline algae,
molluscs, bryozoans and textulariids, negative for anything
else. Axis 2 has instead a positive loading from echinoids,
unidentified bioclasts, molluscs and textulariids, and nega-
tive for anything else.

Thin-section analyses also indicate that, alongside recent
grains, reworked grains represent a sizable proportion of the
investigated sediments (Fig. 8M—0). They consist of either
bioclasts displaying extensive borings and micritization
(Fig. 8M) or of lumps of poorly lithified material (packstone
to floatstone textures) (Fig. 8N). Wherever bioerosion and
micritization do not obliterate original structures entirely,
reworked assemblages seem to have a composition similar
to that of modern assemblages. The overall abundance of
reworked grains increases with increasing distance from the
shoreline, with most coralline-algal-rich samples dominated
by reworked material. This can be clearly noticed in the rho-
dolith-dominated sample 26, where thin crusts of relatively
fresh coralline algae grew over cores consisting of micritized
coralline algae whose structures are almost completely oblit-
erated (Fig. 80O).
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Discussion
Sedimentary facies of the Maltese shelf

The Holocene sedimentary cover atop the Maltese shelf is,
for the most part, a thin veneer upon the glacial truncation
surface (Fig. 5). This resulted in many terrestrial features,
such as palaeochannels and local basins (Fig. 4B), punctuat-
ing 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 whose recent counter-
parts currently occur elsewhere on the shelf, organized in
distinct facies belts. Our analysis of seafloor imaging high-
lights the presence of three of these facies in the study area
(Fig. 10): an inner-shelf seagrass facies related to meadows
(Fig. 6B) and characterised by a packstone to grainstone
texture; a middle-shelf sand-flat facies (mostly occurring in
relict troughs) characterised by a grainstone to floatstone
texture (Fig. 5A); an outer-shelf rhodolith and maerl bed
facies (Fig. 6E) characterised by a grainstone to rudstone
texture. Farther offshore, outside of the bathymetric range
considered for the current paper and outside of the study
area, lies an off-shelf domain that hosts additional facies in
the form of coralligenous (commonly calcareous red algae)
buildups (mainly occurring southeast of the Island) and off-
shelf sediments characterised by a packstone texture (Bialik
et al. 2022).

This high-order facies classification does not translate
directly to sediment compositions. The sediment composi-
tion across the inner and mid shelf, corresponding to the
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Fig.9 A DCA and B nMDS ordination analysis of point counts in thin sections. Both analyses indicate a gradient away from shore
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Fig. 10 Schematic model of the facies present across the Maltese shelf and the main governing parameters on sediment distribution

seagrass meadow and the sand flat facies, exhibits the same
grain assemblage (benthic foraminifera, molluscs, echinoids,
Halimeda, bryozoans, coralline algae and a large amount of
unidentifiable bioclasts). The abundance of most of these
grains diminishes with distance from shore, irrespective of
the acoustic facies, with some components (e.g., Halimeda)
being dependent only on water depth. In the DCA analysis,
the samples from the seagrass meadows cannot be clearly
differentiated from those of the sand flats, (Fig. 9A). Some
separation can be observed in the nMDS (Fig. 9B). Based
on grain size and mineralogical composition (Fig. 7) some
differentiation between seagrass meadow and sand flat sam-
ples is clear. The samples from the seagrass meadow host a
silt-sized fraction that is almost entirely absent in sand-flat
samples. Seagrass meadow samples are also characterized
by a higher abundance of HMC compared to sand-flat sam-
ples. The latter are also richer in aragonite compared with
samples from the other two facies. Seafloor vegetation plays
an important role in the retention of fine-grained material
on Mediterranean shelves (De Falco et al. 2003; Hendriks
et al. 2010). Through physical baffling and reduction of cur-
rent 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 (Fonseca
and Koehl 2006; Mateu-Vicens et al. 2012). The prevalence
of fleshy algae and seagrass close to shore (Figs. 4B, 6B and
D) is the likely reason why any silt-sized grains could be
retained in the region of the shelf mostly affected by wave
activity. At present, the distribution of seagrass is highly
affected by anthropogenic activities such as coastal devel-
opment, pollution, trawling, fish farming, moorings, dredg-
ing and dumping (Boudouresque et al. 2009; Telesca et al.
2015; Beca-Carretero et al. 2020). Excluding these impacts
and assuming that salinity and nutrient state on a small
region such as the Maltese shelf are relatively uniform, the

distribution of seagrasses should be primarily light-depend-
ent (Vizzini 2009; Bernardeau-Esteller et al. 2015). This
would limit the distribution of the seagrass meadow facies
only to shallow water as observed here and elsewhere in the
Mediterranean (De Falco et al. 2011; Vacchi et al. 2017).
While the baffling effect of meadows can explain the
retention of fine grains in shallow waters, it does not explain
the absence of fine grains in deeper water. Wavelength esti-
mation from wave periods (Clifton and Dingler 1984) of
the Italian RON (Bencivenga et al. 2012) buoy of Mazara
del Vallo (offshore southern Sicily) indicates that maxi-
mum wave impact depth on the shelf (which roughly cor-
responds to half wavelength, Allen 1985) should occur at
about 110 mbsl. This will be considered here as our storm
wave base (SWB), although it must be stressed that most of
storm waves have a shorter wavelength, suggesting that wave
activity below 50 mbsl is limited. Based on the 80% to 90%
cumulative frequency cut-off of the mean period we estimate
the FWWB to be at around 15-20 mbsl (Fig. 3A). Therefore,
since most of wave energy is dissipated in the shallow-water
of the inner shelf (Fig. 3) and there are only about 30 days
of storms a year in Malta (Grabowska 2010), fine grains
in middle and outer shelf areas are probably winnowed
by two main process other than waves: internal waves and
bottom currents. Given that the maximum Brunt—Viisala
frequencies (indicating the potential capacity to propagate
internal waves) are between ~25 and ~ 60 mbsl (Fig. 2) 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 buoyancy boundary defined by
the high Brunt—Viisild frequencies (i.e. around 30 to 60
mbsl, overlying the pycnocline). That said, pycnocline depth
does overlap with the larger sandy bedforms in the mid-
shelf (Fig. 4B), which is presently below the fair-weather
wave base, and, therefore, is likely a mechanism in shaping
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these bedforms. Since the CTD data were collected in the
late summer, when the thermocline is at its deepest before
breaking due to winter mixing, there is a low probability of
this interface occurring at a greater depth in other seasons.

Although internal waves may explain part of the win-
nowing at around 30 to 60 mbsl, just below FWWB, another
cause for the winnowing observed in deeper water is
required. The linear arrangements of the rhodolith accumu-
lations would suggest transport along the strike of the shelf,
such as the one that would be generated by a contour cur-
rent. The moat at the base of the escarpment (Fig. 5) would
also support the existence of a shelf-parallel bottom current.
In the low likelihood of internal waves and storm waves at
this depth (see above), contour currents are a more likely
mechanism for the winnowing. Such currents would be in
line with the regional flow regime, notably during summer
(Reyes Suarez et al. 2019).

Coralline nodule-rich facies (rhodolith and maerl beds)
are abundant in mesophotic depths in the central Mediter-
ranean, but both the characteristics of the facies and of the
nodules are highly variable (De Falco et al. 2011; Bracchi
and Basso 2012; Savini et al. 2012; Sané et al. 2021). Across
the Maltese shelf coralline algal nodules exhibit a wide range
of sizes and morphologies as well as a variable amount of
living calcareous algal fraction (Sciberras et al. 2009). The
specific controls on the morphology of the nodules are not
perfectly clear. However, the intermittent growth observed
in the investigated nodules, with termination, stasis and later
reestablishment (Fig. 80), may be the result of strong storm
events (Dulin et al. 2020). These storms may also impact the
transport of the coralline nodules into deeper water. Coral-
line algae prefer low levels of fines and low light conditions
(Leukart and Liining 1994; Villas-Boas et al. 2014; Coletti
et al. 2018). Indeed Mediterranean rhodolith and maerl beds
mainly occur around islands, capes, on the top of submarine
plateaus, and in areas influenced by strong tidal currents
(Basso et al. 2017). All these environments, either due to
the lack of clastic input or due to currents clearing the sedi-
ment, are characterized by a low sedimentation rate. In the
case of the Maltese shelf, both the reduced input of sediment
from the coast, caused by the arid climate, and the presence
of currents on the outer shelf might favour the development
of this facies. The dominance of coralline algae in the outer
shelf is, in turn, also one of the reasons for the increase in
the gravel percentage moving away from the coast (Fig. 6a).
While the seagrass-related factory that dominates close to
the coast mainly produces sand-sized material (Frezza et al.
2011), coralline-algal factories mostly produce coarse-
grained bioclasts (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 the rhodolith and maerl bed
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facies (maerl beds sensu Micallef et al. 2012), the reduced
effect of waves would hinder wave-related fragmentation and
thus the production of sand and mud-sized bioclasts.
Grains derived from Halimeda were found in the sedi-
ment. However, despite it being reported as a very com-
mon alga in the Maltese shelf in the mid-twentieth 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
amounts. It is possible that this major contributor has been
suppressed in recent years as part of the ongoing species
collapse observed in the Mediterranean (Rilov 2016; Albano
et al. 2021). The disparity between the abundance of Halim-
eda grains and of 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
recrystallization, which would account for the high fraction
of LMC in the sediment, notably in the outer shelf (Fig. 7B).

Controls on sediment and facies distribution
on the I/C-type carbonate platform

Energy availability, either from the sun or the breakdown
of the organic matter from ingested food is the main param-
eter governing and limiting the distribution of grains on the
global scale (Bialik et al. 2023). The availability of these two
main types of energy, in turn, is related to abiotic parameters
such as light availability, water clarity, nutrient abundance,
temperature and currents (Halfar et al. 2004; Michel et al.
2019; Laugié et al. 2019; Reijmer 2021). These parameters
also play an important role on the smaller scale, together
with marine connectivity and local control over sediment
transport (Gischler 2006, 2010, 2020; Jarochowska 2012;
Schmitt and Gischler 2017). In this regard, the Maltese
shelf displays similarities with other Mediterranean car-
bonate systems that are characterized by warm-temperate
oligotrophic water (Péres and Picard 1964; Carannante et al.
1988). Both on the Tyrrhenian (Basso 1998; Brandano and
Civitelli 2007; Frezza et al. 2011; De Falco et al. 2011; Brac-
chi and Basso 2012) and Balearic shelves (Fornés and Ahr
2006), shallow settings are dominated by carbonate facto-
ries related to seagrasses and algal meadows and charac-
terized by abundant epiphytic production. Deeper settings
are instead usually dominated by coralline-algal factories.
Farther offshore, the contribution of pelagic fallout becomes
increasingly relevant.

The Maltese shelf differs from the Balearic and Tyr-
rhenian examples as meadows extend to at least 45 mbpsl
(Supplements 1, 3) and meadow-related sediments extend
farther offshore and into deeper water (Mateu-Vicens et al.
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2012; Benedetti and Frezza 2016). The larger extensions
of meadow-related deposits compared to Balearic and Tyr-
rhenian locations could be caused by the limited siliciclastic
supply occurring on the Maltese shelf. As the island is small,
mainly consisting of limestone, and characterized by an arid
climate, the terrigenous supply to the shelf is limited. Lim-
ited terrigenous input is also indicated by the LMC fraction
in the sediments. The erosion of Malta’s limestone should
mainly supply LMC. This is suggested by the composition of
sediments from embayed beaches, which mostly derive from
the erosion of the coastal limestone and mainly consist of
LMC (Gatt 2021). Therefore, a significant terrigenous influx
from the land should be matched by a peak of LMC close to
the coast. This peak is not observed (Fig. 7B).

Previous authors, based on the overall percentage of
carbonate, suggested that most of the carbonate production
along the Tyrrhenian and Balearic shelves occur in coral-
line-algal-dominated, facies (Brandano and Civitelli 2007,
Bracchi and Basso 2012). However, as noted by Fornos and
Ahr (20006), there is a significant difference between pro-
duction 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 siliciclas-
tic detrital material might result in almost pure carbonates
even with a limited rate of bioclastic production. 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 accumu-
lation 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 differ-
ences that separate the Maltese shelf from other systems
dominated by C-type factories, like those offshore Brazil.

Similarly to Mediterranean systems, the outer shelf of
many south Atlantic systems is dominated by coralline algae
(Carannante et al. 1988; Testa and Bosence 1999; Vale et al.
2018). On the other hand, nearshore, these systems are usu-
ally characterized by a siliciclastic-dominated zone (Testa
and Bosence 1999). Still in shallow water but away from the
main sources of siliciclastic sediment, carbonate production
is dominated by Halimeda, coralline algae and, locally, by
hermatypic corals (Testa and Bosence 1999). While sea-
grass and seaweed meadows are reported along the Brazilian
coast (Testa and Bosence 1999; Gomes et al. 2015), their
prevalence seems to be lower in comparison to the central
Mediterranean. Since porcelaneous foraminifera seem to
represent a significant output of these vegetated factories,
they could be critical in differentiating, within geological
deposits, between the different modes of C-type factories
(i.e., Atlantic-like or Mediterranean-like). Unfortunately,

their thin HMC test can be easily dissolved during diagen-
esis, limiting the possibility of actually recognizing seagrass
or seaweed-related facies in the fossil record unless other
indicators (e.g., large encrusting rotaliids) are also preserved
(Reich et al. 2015; Mariani et al. 2022).

Conclusions

The Maltese shelf is primarily an 1/C-type carbonate plat-
form. Based on visual inspection, three main facies can be
discerned across the investigated portion of the Maltese shelf
(Fig. 10): seagrass meadows, sand flats and rhodolith and
maerl beds. However, these facies are not clearly separated
in terms of sedimentary composition. The sediment along
the shelf is dominated by reworked unidentifiable bioclasts
associated with coralline algae, benthic foraminifera (nota-
bly small miliolids) and echinoderms. The distribution of
these components along the shelf varies but as a gradient
rather than as clearly marked changes. This gradient is char-
acterised by increasing grain size and LMC with increasing
depth and a transition from green to red calcareous algae.
Light and hydrodynamic energy (whose effects are in turn
controlled by seafloor morphology) are the main elements
governing this facies distribution. Waves and seagrass baf-
fling are mainly effective in the inner shelf; internal waves
are relevant on the middle shelf, and contour currents on
the outer shelf. A low rate of terrigenous sedimentation
also contributes to the system, favouring the development
of extensive seagrass meadows close to the coast and rho-
dolith and maerl beds more off-shore. These extensive
seagrass meadows are notably different from the Brazilian
depositional systems which are also characterised by C-type
factories, but display limited sediment contribution from
epiphytic production. While 1/C-type carbonate factories,
similar to modern Mediterranean ones, are not prevalent
now, they were highly abundant around the Tethys through
most of the Cenozoic and these findings should be taken into
account when interpreting these environments in the future.
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