Marine Geology 446 (2022) 106772

ELSEVIER

journal homepage: www.elsevier.com/locate/margo

Contents lists available at ScienceDirect

Marine Geology

Check for

Glacial-aged development of the Tunisian Coral Mound Province controlled &
by glacio-eustatic oscillations and changes in surface productivity

Guillem Corbera®"™", Claudio Lo Iacono , Christopher D. Standish ?, Eulalia Gracia©,
César Ranero “, Veerle A.I. Huvenne °, Eleni Anagnostou ¢, Gavin L. Foster "

& National Oceanography Centre, Southampton, University of Southampton Waterfront Campus, Southampton SO14 3ZH, United Kingdom
b School of Ocean and Earth Science, National Oceanography Centre Southampton, University of Southampton, SO14 3ZH, United Kingdom
¢ Institut de Ciencies del Mar (CSIC), Passeig Maritim de la Barceloneta, 08003 Barcelona, Spain

4 ICREA, Passeig Lluis Companys, Barcelona, Spain

€ GEOMAR Helmbholtz Centre for Ocean Research, Kiel, Germany

ARTICLE INFO

Editor: Dr Adina Paytan

Keywords:

Cold-water corals

Coral mounds

Mediterranean paleoclimate
Water mass interface

Glacial

Productivity

Levantine intermediate water
Laser ablation U-Th dating

ABSTRACT

Cold-water corals are key species of benthic ecosystems, sensitive to changes in climate and capable of recording
them in the chemical composition of their skeletons. The study of cold-water coral mound development in
relation to palaeoceanographic variations during the Pleistocene and Holocene stages in the Mediterranean Sea
has mainly been focussed in the Alboran Sea (Western Mediterranean). The present study describes the coral
deposits and corresponding ages of 3 gravity cores, acquired from the newly discovered Tunisian Coral Mound
Province (Central Mediterranean), which comprises several ridge-like mounds. All the cores acquired displayed
dense coral deposits, dominated by Desmophyllum pertusum fragments embedded within a muddy sediment
matrix. Overall, 64 coral samples have been dated with the U—Th laser ablation MC-ICP-MS method, revealing
corals of mostly Pleistocene age ranging from ~MIS 11 to 8.4 ka BP. Although coral mound formation was
reduced for most of the last 400 kyr, a main stage of pronounced mound formation occurred during the last
glacial period, which contrasts to the findings previously published for coral mounds in other regions of the
Mediterranean Sea. Coral mound formation during the last glacial was most likely associated with a colder
seawater temperature than the one observed in the present-day, an increased surface productivity and an
appropriate depth of the interface between Atlantic Waters and Levantine Intermediate Waters. The combination
of the data acquired here with that of previous mound formation studies from the Alboran Sea also suggests that
cold-water coral mounds located at greater depths develop at slower rates than those found in shallower settings.

1. Introduction

(Fossa et al., 2005; Wheeler et al., 2007). In addition, the physico-
chemical conditions of the bathing water-mass (e.g. temperature, pH,

Scleractinian cold-water corals (hereafter referred as CWCs) form
complex and fragile three-dimensional habitats that enhance the spatial
heterogeneity of the seafloor and provide ecological niches for a wide
range of species (Henry and Roberts, 2007; Lo lacono et al., 2018; Price
et al., 2019). These biological assemblages are generally found in areas
of the continental margins characterised by moderate to strong hydro-
dynamic regimes, such as submarine canyons, seamounts and ridges
(Davies and Guinotte, 2011; Du Preez et al., 2020; Pearman et al., 2020).
The strong bottom currents found in these areas provide hard substrates
and enhanced food supply that promote CWC settlement and growth

dissolved oxygen) play a relevant role in controlling CWC survival and
growth (Dodds et al., 2007; Maier et al., 2009; Duineveld et al., 2012;
Brooke et al., 2013). However, the environmental range tolerated by the
corals seems to be species-specific, with Madrepora oculata potentially
being able to withstand warmer seawater temperatures than Desmo-
phyllum pertusum (synonym = Lophelia pertusa, Addamo et al., 2016;
Wienberg and Titschack, 2017; Wienberg, 2019). Indeed, in the Medi-
terranean Sea, CWC assemblages are generally dominated by M. oculata
(Orejas et al., 2009; Gori et al., 2013; Fabri et al., 2014; Taviani et al.,
2017; De la Torriente et al., 2018; Corbera et al., 2019), despite the
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rather high temperatures observed in situ (i.e. ~13.9 °C; Freiwald et al.,
2009; Taviani et al., 2017). Nonetheless, these assemblages are still
considerably close to their ecological limits regarding water tempera-
ture (i.e. 4-14 °C; Rogers, 1999; Brooke et al., 2013).

While extensive CWC assemblages occur throughout the Mediterra-
nean Sea (Chimienti et al., 2019), only a few coral mounds have been
discovered in this basin, generally confined to the Alboran Sea (Comas
and Pinheiro, 2010; Fink et al., 2013; Lo Iacono et al., 2014; Hebbeln,
2019; Corbera et al., 2019) and the Central Mediterranean (Remia and
Taviani, 2005; Taviani et al., 2005; Martorelli et al., 2011; Angeletti
et al., 2020). In addition, just some of these mounds host living CWC
assemblages in the present: the coral-topped mounds of Santa Maria di
Leuca offshore Calabria, Italy (Savini and Corselli, 2010), the Corsica
Coral Mound Province located in the Corsica Channel (Angeletti et al.,
2020), the exceptionally thriving coral reefs found on the Cabliers Coral
Mound Province, in the eastern Alboran Sea (Lo Iacono et al., 2016;
Corbera et al., 2019), and the East Melilla Mounds, which present
several small and scattered colonies (Fink et al., 2013).

On geological timescales coral mound development generally fol-
lows glacial-interglacial cycles, with mound formation occurring either
in interglacial (e.g. North American, Irish, Scottish, Norwegian and
Namibian mounds; Kano et al., 2007; Riiggeberg et al., 2007; Frank
et al., 2011; Lopez Correa et al., 2012; Matos et al., 2017; Tamborrino
et al., 2019) or glacial periods (Moroccan and Mauritanian; Wienberg
et al., 2010, 2018; Eisele et al., 2011), depending on the environmental
setting of their location. However, some South Atlantic mound prov-
inces, such as the Angolan and Brazilian provinces display mound for-
mation both during glacial and interglacial periods (Mangini et al.,
2010; Wefing et al., 2017). So far, in the Mediterranean Sea, coral
mound formation has been reported to mainly occur during temperate
interstadials and interglacial periods (Fink et al., 2012, 2013; Stalder
et al., 2018; Wang et al., 2019; Fentimen et al., 2020; Corbera et al.,
2021). Although an extensive set of coral ages covering a wide range of
regions within the Mediterranean Sea has been acquired by means of
U—Th dating, excluding the Alboran Sea, most of these coral ages rely
on samples collected from the seafloor surface (McCulloch et al., 2010;
Fink et al., 2015; Taviani et al., 2019). These samples allowed to
determine that CWCs have grown in the Mediterranean Sea, at least,
from the Middle Pleistocene (i.e. 480 ka BP; McCulloch et al., 2010). Yet,
the most pronounced coral mound formation stages (i.e. up to ~400 cm
kyr 1) occurred during the Bglling-Allergd (B/A) and the Early Holocene
(Fink et al., 2013; Stalder et al., 2015; Wang et al., 2019; Corbera et al.,
2021). Furthermore, available studies in this basin have mostly
described past coral mound development in the Alboran Sea (Fink et al.,
2013; Wang et al., 2019; Fentimen et al., 2020; Corbera et al., 2021),
with just one study reporting Holocene coral ages from the Santa Maria
di Leuca coral-topped mounds (i.e. Ionian Sea, Fink et al., 2012).

According to the latest findings, coral mound formation during the
B/A and Early Holocene in the Alboran Sea has been related to enhanced
fluxes of labile organic matter and increased productivity promoted by a
more intense gyre circulation (Fink et al., 2013; Stalder et al., 2015,
2018). Another important factor that has been suggested is the depth of
the interface between the entering Atlantic Water (AW) and the out-
flowing Levantine Intermediate Water (LIW), where the interaction
between different water-masses likely generates internal waves (van
Haren, 2014) that increase vertical mixing, and thus enhance food
supply to deeper areas, where the mounds are located (Wang et al.,
2019; Corbera et al., 2021). Lastly, Fentimen et al. (2020) associated
coral mound formation to enhanced fluvial input during the B/A, which
most likely promoted an increase in productivity and provided a suffi-
cient sediment supply for mound aggradation.

The present study describes, by means of U—Th and trace element
analyses, the development of three CWC mounds belonging to a recently
discovered coral mound province located along the Tunisian continental
margin (the Tunisian Coral Mound Province, hereafter referred as
TCMP; Fig. 1; Camafort et al., 2020). The TCMP is located off the
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northern Tunisian coast and west of the Strait of Sicily, at the intersec-
tion between the Western and Eastern Mediterranean basins (Fig. 1). In
order to expand our knowledge of the environmental controls on
determining coral mound development in the Mediterranean Sea, we
aim to: (1) describe part of the temporal evolution of this coral mound
province, (2) relate the development of the studied mounds to changes
in the local environmental setting, and (3) compare the temporal pat-
terns of mound development observed in this province with those re-
ported in coral mound provinces of the Alboran Sea.

2. Geological and oceanographic setting

The TCMP is situated on a plateau cut by the Bizerte Canyon on the
northern Tunisian continental slope (South Tyrrhenian Sea; Fig. 1a, b).
The plateau is characterised by a complex morphology that consists of a
close ridge alignment of parallel ridges and basins that relate to NE-SW
trending anticlines and synclines respectively (Mascle et al., 2001). All
these features are displaced by NW-SE trending faults, with the Bizerte
Canyon being the only landmark that follows a major fault running NE-
SW (Fig. 1b; Mascle et al., 2001). The Tunisian Plateau also displays
several contourite deposits, mainly reported to the west of the Bizerte
Canyon (Camafort et al., 2020). This sector of the Tunisian slope be-
comes shorter and steeper towards the west and shapes the southern
margin of the Sardinian Channel (Fig. 1b). To the southeast, the plateau
is bound by the Strait of Sicily (Fig. 1b), which is characterised by a sill
of 400 m water depth.

In terms of ocean circulation, the Sardinia-Sicily passage represents
an area of key importance within the Mediterranean Sea, as it controls
the exchange of water-masses between the Eastern and the Western
Basins (Astraldi et al., 2002). The Algerian Current, which flows on the
sea surface parallel to the Algerian coast and towards the Tyrrhenian
Sea, advects Atlantic nutrient-rich waters all the way from the Alboran
Sea at a speed between 10 and 30 cm s~! (Fig. 1a, Millot, 1999; Onken
et al., 2003; Jouini et al., 2016). Baroclinic instabilities throughout the
entire course of the Algerian Current generate anticyclonic eddies, often
involving both surface and intermediate waters (Obaton et al., 2000). At
the entrance of the Strait of Sicily, the AW splits into two branches, the
first flowing along the northern coast of Sicily and the second crossing
the strait towards the Eastern Mediterranean Basin (Manzella et al.,
1990; Sorgente et al., 2011). In the studied region, the AW occupies the
first ~200 m of the water column, displaying a salinity core lying around
37.6 psu and a temperature around ~14-15 °C (Fig. 1c, d; Gana et al.,
2015; Taviani et al., 2017). Below ~200 m, where the AW-LIW interface
occurs (Ferjani and Gana, 2010), and down to ~1000 m the LIW flows in
opposite direction at a speed around 5-15 c¢m s~ %, from the Strait of
Sicily into the Tyrrhenian Sea and through the Sardinian Channel into
the Algero-Provencal Basin (Fig. 1a, ¢; Onken et al., 2003). This water
mass is characterised by a salinity core of 38.7 psu and a temperature of
~13.7 °C (Fig. 1c, d; Gana et al., 2015; Taviani et al., 2017). In addition,
the current speeds of the LIW in the study area might be enhanced due its
proximity to the shallow Strait of Sicily, where they reach up to 50 cm
s7! (Stansfield et al., 2001).

Increased speeds of westerly winds have been reported on the study
area during winter months (i.e. November-March; Soukissian et al.,
2018). Such fast blowing winds might cause an strengthening of the
Algerian Current and thus, promote the formation of more stable and
intense anticyclonic gyres. This would result in increased water column
mixing, causing nutrient replenishment in surface waters and thus,
enhanced primary productivity throughout winter. Indeed, D’Ortenzio
and Ribera d’Alcala (2009) categorised this region as an oligotrophic
area with a well-defined seasonal productivity, characterised by low
biomass production during spring-summer and higher productivity
throughout autumn and winter.

Sedimentation rates play a key role in coral mound development, as
entrapped sediments provide stability to the reef structure, hence
allowing mound aggradation. In this regard, Dinares-Turell et al. (2003)
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Fig. 1. Bathymetric map of the Central Mediterranean Sea (a), with the black dotted rectangle and the dotted white line indicating the location of the TCMP (b) and
the vertical hydrographic profiles (c, d) respectively. White and red arrows indicate the circulation patterns of surface (AW) and intermediate (LIW) water masses
(Dubois-Dauphin et al., 2017). AW: Atlantic Water, LIW: Levantine Intermediate Water, SC: Sardinian Channel, SoS: Strait of Sicily. (b) Location of GM2AAGC-403,
GM2AAGC-406, GM2AAGC-409 gravity cores (yellow dotes) on a bathymetric map of the northern Tunisian slope. Salinity (c) and temperature (d) profiles acquired
from the World Ocean Atlas 2018 at 0.25° horizontal resolution (Locarnini et al., 2018; Zweng et al., 2019). The Digital Terrain Model at 115 m horizontal resolution
has been derived from the EMODnet Bathymetry portal - http://www.emodnet-bathymetry.eu. (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)

<

defined an almost constant and relatively low sedimentation rate of
2.77 cm kyr~! on the Tunisian Plateau (Core LC07, 488 m water depth)
during the last 400 kyr, with enhanced Saharan dust supply during
glacial periods. Throughout the same period of time, Camafort et al.
(2020) described maximum sedimentation rates of 2 cm kyr’l, mainly
derived from the drift deposits closer to the coast. This indicates that the
coral mounds are located in a generally highly energetic and erosive
setting.

3. Material and methods
3.1. Core acquisition

Three gravity cores (GM2AA-GC403, GM2AA-GC406, GM2AA-
GC409) were collected in December 2013 from the summit of different
coral mounds located in contrasting regions of the TCMP in terms of
water depth (Table 1, Figs. 1b, 2). This survey was carried out on board
of the Research Vessel Ramon Margalef from the Instituto Espanol de
Oceanografia (IEO), chartered within the frame of the Geomargen-2
Project by the Institute of Marine Sciences (ICM-CSIC) in collaboration
with REPSOL. Core GM2AAGC-403, 234 cm long, was extracted from a
ridge-like mound located at the head of one of the branches of the
Bizerte Canyon (505 m water depth). The mound extends for 6.4 km in
length, rises up to 90 m from the surrounding seafloor, displays flanks
with up to 26° of inclination and is accompanied by a series of smaller
ridge-like mounds located to the west (Figs. 1b, 2a). Core GM2AAGC-
406, 421 cm long, was collected from a ridge-like coral mound at least
11 m tall, located at 475 m water depth and which becomes buried to-
wards the southwest by a layer of sediment up to 6 m thick (Figs. 1b, 2b).
This mound extends for >500 m in length and is found several hundreds
of meters to the north of a series of ridge-like mounds that occur in a
depth range of 450-500 m (Fig. 2b). Core GM2AAGC-409, 78 cm long,
was acquired from a ridge-like mound located at 383 m water depth that
extends for 3.7 km in length, rises up to 50 m from the surrounding
seafloor and presents steep flanks of up to 28° of inclination (Figs. 1b,
2¢). GM2AA-GC403, GM2AA-GC406 and GM2AA-GC409 predomi-
nantly consist of coral fragments embedded in hemipelagic sediments
(Fig. 3). The cores were cut into 1 m sections and frozen prior to being
split with a diamond rock saw, which secures that the hemipelagic
sediment and the corals embedded in it are kept intact during the
splitting process, also minimising coral fragmentation during the cutting
process. After splitting, the sections were defrosted, HD photographed
by means of a Geotek MSCL-Core Imaging System in the British Ocean
Sediment Core Research Facility (BOSCORF). All cores were subse-
quently visually logged to qualitatively characterise changes in relative
coral abundance and species composition along the split surface of the
core halves.

Table 1

3.2. Laser ablation U—Th dating

Laser ablation (LA) U—Th analysis offers a ready means to rapidly
collect age information on corals collected from coral mound gravity
cores, allowing detailed age-depth profiles to be established. The
rapidity of the analyses comes however at the cost of precision (LA-
based age precisions are larger than typical solution-based analyses).
Nonetheless, it is important to note that detailed comparisons between
solution and laser ablation techniques (Corbera et al., 2021; Spooner
et al., 2016) show that the data generated by LA multi-collector induc-
tively coupled plasma mass spectrometry (LA-MC-ICP-MS) are accurate
within the stated uncertainty, and thus is a valid approach to use when
solution MC-ICP-MS is not an option. Uranium series techniques were
used to date a total of 21, 32 and 10 coral samples acquired from cores
GM2AA-GC403, GM2AA-GC406 and GM2AA-GC409, respectively
(Table 1), following the methodology outlined in Corbera et al. (2021).
Prior to the LA-MC-ICP-MS analyses, samples and standards were me-
chanically cleaned, mounted in 2.5 cm diameter epoxy resin disks and
polished until the surface of the resin was flat and the samples exposed.

LA analyses were performed at the University of Southampton using
an Elemental Scientific Lasers (Bozeman, MT, USA) NWR193 excimer
laser ablation system with a TwoVol2 ablation chamber coupled to a
Thermo Scientific Neptune Plus MC-ICP mass spectrometer (Thermo
Fisher Scientific, Waltham, MA, USA). The latter was equipped with nine
Faraday cup detectors and an energy filter (Retarding Potential Quad-
rupole lens) on the central ion counter. Following Spooner et al. (2016),
a peak hopping approach was employed, with 22°Th and 23*U intensities
measured on the central ion counter and 23®U intensities measured using
Faraday cups (Corbera et al., 2021). Integration and idle times of 4.194 s
and 1 s were used respectively for both sub-configurations, amounting to
a total cycle time of 10.388 s. Solution-based studies have generally only
used coral ages associated with 232Th concentrations below 10 ng g~!
(Frank et al., 2004), with Krengel (2020) lowering such threshold to 2.5
ng g~ for corals younger than 100 ka BP. However, since previous LA-
MC-ICP-MS data on CWC shows that age corrections for initial Th based
on 2%2Th generally fall within the typical age uncertainties for this
method (Spooner et al., 2016), measurements of 232Th were not
included in the approach employed here. This decision is further vali-
dated by the accuracy of the internal standards discussed below. Typical
operating conditions for the laser ablation procedure are detailed in
Corbera et al. (2021). Prior to the analyses, sectioned coral samples were
ultrasonicated with 18.2 MQ H»O and pre-ablated in order to remove
any surface contamination. Laser ablation was performed along a
straight line around 2000 pm in length on the sample surface moving at
a rate of 10 pm st (two ablation passes).

Data were collected over 40 analytical cycles. An on-peak gas blank
was analysed before and after ablation (both 10 cycles), with 5 cycles
allowed for sample washout prior to the latter. Blank corrections were

Location, water depth and recovery of the three gravity cores analysed in this study. The U—Th and trace element samples acquired from each core together with the

youngest and oldest ages are also indicated.

Core Lat (°N) Long (°E) Water depth (m) Recovery (cm) U-Th samples Li/Mg and Ba/Ca samples Age (ka BP)

Min. Max.
GM2AAGC403 37.7694070 10.0654777 505 234 22 7 8.39 394.51
GM2AAGC406 37.9496727 10.1927011 475 421 32 6 15.26 85.47
GM2AAGC409 37.8577622 10.5746398 383 78 10 1 14.39 20.86
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Fig. 2. Close-up bathymetric maps of the coral mounds from which the gravity cores GM2AAGC-403 (a), GM2AAGC-406 (b), GM2AAGC-409 (c) were acquired. The
white lines in (b) indicate the location of the TOPAS multiparametric echo-sounder profiles showed in the inset, where the coral mound from which core GM2AAGC-

406 was acquired, can be observed.

applied to all intensities based on the mean of the preceding and suc-
ceeding blank measurements. A fragment of inorganically precipitated
aragonite vein, VS001/1-A (Kampman et al., 2012), which was shown to
be homogenous on a centimetre scale by Spooner et al. (2016), was
analysed bracketing every two samples and used to correct for isotopic
and elemental fractionation. Resulting ratios for each coral sample were
screened and cycles falling outside the 3¢ of the mean were removed.
Lastly, the following decay constants were used for the calculation of
activity ratios: Agsp = (9.1577 = 0.028)-107% a~! (Cheng et al., 2000),
Mazs = (2.826 + 0.0056)-107° a~! (Cheng et al., 2000), and Agzg =
(1.55125 + 0.0017)-10-10 a-1 (Jaffey et al., 1971). Ages were
computed iteratively from the activity ratios and employing these half-
lives. Coral samples that were dated multiple times are reported as the
mean value of the different ages with an uncertainty of 2c.

Following Spooner et al. (2016), age uncertainties for this study were
determined based on the relationship between the external reproduc-
ibility of CWC samples analysed >3 times and their (230'1‘11/238U) (Cor-
bera et al., 2021). Calculated age uncertainties (at 95% confidence) give
values of ~0.7 ka for ages of 0-10 ka, ~0.9 ka for ages of ~15 ka, ~5 ka
for ages of 100 ka, and ~ 19 ka for ages of ~350 ka. These are com-
parable to other studies that have used laser ablation MC-ICP-MS
(Eggins et al., 2005; McGregor et al., 2011; Spooner et al., 2016). The
uncertainty of samples >400 ka could not be characterised following

this approach and thus, such ages were not considered in detail here.

Potential open system behaviour of U—Th coral samples is typically
assessed through the §%%*U;, with samples falling >10%o from the
seawater value of 146.8%o being excluded from discussions (Andersen
et al., 2010). However, when the higher uncertainty associated with the
5234U; measured by LA-MC-ICP-MS (i.e. 20%o on samples younger than
100 ka BP; Fig. S1) is summed in quadrature with that of seawater 6234Ui
values (i.e. combined uncertainty of 22%), only those samples with
values outside the range of 124.8%o to 168.8%o can be clearly identified
as open system in this study. Additional coral fragments were therefore
acquired for XRD analyses to investigate whether secondary calcite was
present in coral material at certain sampling depths. To further confirm
that diagenesis had not impacted the U—Th data within the bounds of
the reported uncertainties, each core was assessed for stratigraphic
consistency.

The aggradation rates (ARs) of each coral mound formation period
were calculated by associating the oldest and youngest ages of each
mound formation to the deepest and shallowest samples of such period
respectively. Furthermore, the uncertainties of such ages were used to
calculate the potentially minimum aggradation rate for each mound
formation stage. This calculation produces a range of ARs for each
mound development period which, considering the lower precision of
the laser ablation technique, provides a conservative estimate of mound
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obtained for U—Th dating (blue lines) and their corresponding ages; stratigraphic representation of coral abundance and preservation state; dominant coral species.
The asterisk next to some of the coral ages indicate which of the coral samples were also used for trace element analyses, with the red ones denoting trace element
data with unrealistic values that are beyond calibration. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version

of this article.)

formation pace. Similar to Frank et al. (2009), coral mound formation is
associated with ARs >15 cm ky_l, whereas lower rates are linked to
coral mound stagnation. Age reversals, understood as coral fragments
with ages younger than the ones immediately above them, but without
any overlap between their uncertainties, are pointed out and discussed
for each core.

3.3. X-ray diffraction analysis

To confirm that the samples had not been subjected to extensive
diagenesis, additional fragments were acquired for XRD analyses
(Table S1). Most samples comprised insufficient material to prepare a
bulk XRD sample with a standard, instead approximately 100 mg of
powder from each was hand ground to a fine powder using an agate
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mortar and pestle, prior to being placed on a non-diffracting silicon disc
for analysis. Additionally, two samples (a coral and a mineral mixture of
aragonite and calcite) comprising 2 g of material were ground in a
McCrone Mill for 8 min under isopropanol. The samples were run on a
PANalytical X'Pert pro diffractometer machine fitted with a Cu X-ray
tube. The machine operating conditions were set at 35 kV, 40 mA uti-
lising automatic slits and a step size of 0.02° 2q at 1 s/ step. Semi-
quantitative analysis of the samples was undertaken using the pro-
gram Siroquant V4.0 (Sietronics Pty Ltd), an XRD program for phase
analysis that uses the “Rietveld” technique. All %error values given are
one standard deviation of the total. Siroquant can be used to calculate
sample compositions both with and without the addition of a mineral
standard.

The precision and accuracy of the coral analyses was verified by a
repeat analysis (n = 5) of coral sample GM2-GC-403-98 cm (1.5 g)
prepared with a corundum spike (25% by weight) and side-loaded to
minimize preferred orientation, and a mineral mixture of two standards
consisting of 9:1 (aragonite-calcite). The mineral mixture did not
include a corundum spike and was run on a silicon disc as a direct
methodological comparison. A comparison of the coral sample results
run both with and without a standard indicate that the data are within
expected levels of precision, as is the accuracy of the 9:1 (aragonite-
calcite) mineral mixture (+3 wt%; Hillier, 2000). The data from these
two samples are presented in Table S2.

3.4. Trace elements

A total of 7, 6 and 1 additional dated corals in cores GM2AA-GC403,
GM2AA-GC406 and GM2AA-GC409 were also analysed to acquire Li/
Ca, Mg/Ca and Ba/Ca ratios. These fragments were 10-30 mg in mass to
average different structural features largely following the sampling
approach of others for Li/Mg and Ba/Ca (Spooner et al., 2018; Stewart
etal., 2020; Corbera et al., 2021). With the aim of removing any Fe—Mn
crust and visible borings, the coral fragments were mechanically cleaned
using a circular saw and ultra-sonicated to detach any loose sediments
trapped within the coral skeleton. The samples were then subjected to
oxidative and reductive cleaning, to eliminate the remaining organic
and crustal material (e.g. Barker et al., 2003; Stewart et al., 2020;
Spooner et al., 2018) as modified in Corbera et al. (2021). Dissolution
occurred with stepwise addition of 0.5 M ultra-pure HNOj3.

The Li/Mg ratio is used in CWCs as a proxy for seawater temperature
(SWT; Case et al., 2010; Montagna et al., 2014; Stewart et al., 2020). Li/
Ca and Mg/Ca ratios in aragonitic marine carbonates are sensitive not
only to temperature but also to other environmental parameters, such as
seawater carbonate saturation state, and further modified by physio-
logical processes (i.e. vital effects, Fig. S2; Case et al., 2010; Montagna
etal., 2014; Marchitto et al., 2018; Stewart et al., 2020). Such overprints
in the temperature signal of Li/Ca and/or Mg/Ca ratios appear to be
circumvented when looking at the Li/Mg-temperature relationship of
aragonitic corals and foraminifera, which appears to be mainly
controlled by the temperature-dependent abiotic partition coefficients
of Li/Ca and Mg/Ca (Bryan and Marchitto, 2008; Marchitto et al., 2018).

In CWCs the Ba/Ca ratios are linked to seawater Ba concentrations
(Basw; Anagnostou et al., 2011; Floter et al., 2019; Spooner et al., 2018),
similarly to foraminifera and tropical corals (e.g. Lea et al., 1989; Lea
and Boyle, 1989, 1990; Lea and Spero, 1994; Sinclair, 2005; De Nooijer
et al., 2017). Elevated Bagy and thus Ba/Ca values have traditionally
been associated to increased river run-off and melt-water pulses of
continental origin, and diffusion from the seafloor and submarine
groundwater discharge (e.g. McCulloch et al., 2003; Hall and Chan,
2004; Bahr et al., 2013; Maina et al., 2012; Hoffmann et al., 2014; Cao
et al., 2016; Raddatz et al., 2016; Roy-Barman et al., 2019). Addition-
ally, several studies have used Ba/Ca as a proxy to trace changes in
pycnocline depth, water mass circulation, upwelling events and nutrient
supply in marine carbonates, including CWCs (e.g. Lea et al., 1989;
Sinclair, 2005; Raddatz et al., 2014; Bates et al., 2017; Hemsing et al.,
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2018; Stewart et al., 2021). Particularly, the Bag,, nutrient-like vertical
profile in seawater is linked to Ba adsorption/absorption onto organic
particles and its later released at depth through remineralization of
organic carbon (e.g. Cardinal et al., 2005; Chan et al., 1977). Therefore,
beyond tracing different sources of Ba in seawater and water-masses
with distinct Bag, signatures, Ba/Ca data could also provide informa-
tion on surface productivity that may act as a food source to CWCs (e.g.
Stewart et al., 2021). Nonetheless, to clearly distinguish surface pro-
ductivity variations from export productivity and water mass changes at
depth, further supportive evidence is needed (e.g. Raddatz and Riigge-
berg, 2021; Stewart et al., 2021).

A Thermo Scientific Element XR at the University of Southampton,
with a long-term precision (20) of in-house consistency standards (ma-
trix-matched synthetic standard solutions) of 2% for Ba/Ca, Mg/Ca, Mn/
Ca, Al/Ca and 4% for Li/Ca, was used to measure the elemental ratios
through a solution approach, following established protocols (e.g.
Rosenthal et al., 1999; Al-Ammar et al.,, 2000; Babila et al., 2014;
Henehan et al., 2015). Here, the most recent multispecies calibration of
Stewart et al. (2020) was used to convert Li/Mg ratios into SWT, while
the multispecies calibration of Spooner et al. (2018) was employed for
Bagw reconstructions. These calibrations incorporate data from all the
species of CWCs used in this study. Due to the long residence time of Li
and Mg in the ocean, the changes in the Li/Mg ratio of seawater during
the last million years are negligible (Huh et al., 1998) and thus, it can be
assumed that seawater Li/Mg ratios did not vary significantly during the
timespan encompassed by this study (i.e. ~400 kyrs). Even though the
Mediterranean Sea corresponds to a high salinity end-member, the Li/
Mg ratio appears independent of salinity (Raddatz et al., 2013).
Furthermore, no regional effects or off-sets are observed for Li/Mg ratios
in coral samples from this basin compared to the global trends (e.g.
Montagna and Taviani, 2019).

SWT and Bagw reconstructions and uncertainties were calculated
through the propagation of both the analytical uncertainty of our
elemental data and the uncertainty associated to the regression fit of
each calibration, refitted using York et al. (2004) in Corbera et al. (2021)
and from Stewart et al. (2020), with a Monte Carlo approach (n = 1000).
The means and standard deviations of the SWT (Stewart et al., 2020) and
Bagw (Spooner et al., 2018) Monte Carlo permutations for each sample
are the values used for the subsequent discussion (Table S3).

4. Results
4.1. Tunisian Coral Mound Province

Based on a rough visual estimation, the recently discovered TCMP
consists of up to 160 exposed mounds located within a water depth of
200-670 m. Seismic profiles acquired during the research survey also
indicate the presence of contourites and several buried mounds, which
increases the number of coral build-ups present in the area. Although
some sub-circular mounds are present, most of the coral mounds in this
province display a ridge-like morphology that in some cases extends for
up to 7 km, with the presence of considerable moats in either one or both
sides of the mounds’ base. These coral mounds display heights varying
from ~8 to 100 m, with an average height of ~40 m. Although the
majority of the mounds are still exposed, their base tends to be buried by
several meters of sediment (i.e. up to 46.5 m). Most of the mounds are
located on the slope east of the Bizerte Canyon in a 1700 km? sector. This
sector displays the highest concentration of rocky outcrops and fault
scarps, which longitudinal direction coincides with the NNW-SSE and
NNE-SSW orientation of the mounds. Nonetheless, several mounds are
also present inside the Bizerte Canyon branches and along them.

4.2. Core description

4.2.1. Core GM2AAGC-403
This core was acquired from the top of a coral mound at 505 m water
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depth (Fig. 2a), and consists of 234 cm of CWC fragments embedded in
an olive grey muddy sediment matrix (Fig. 3a). Besides corals, other
invertebrates such as bivalves and echinoids are also found within the
sediment matrix. The first 11 cm of matrix sediment present a brownish
tone, which denotes that oxidative processes have occurred. Below this
point, the colour of the sediment changes to olive grey and keeps rela-
tively constant, with only one light grey band at around 126-133 cm
core depth (Fig. 3a).

Qualitative visual logging of the core split surface allowed to deter-
mine the relative abundance of coral fragments along the core and to
identify the main species dominating the coral deposits. 71% of the core
length is characterised by the presence of highly dense coral deposits,
14% contains dispersed but still abundant fragments and 13% displays
low coral abundance (Fig. 3a). In contrast, only 2% of the core length is
characterised by the absence of coral fragments. Most coral fragments
throughout the core display a high degree of bio-erosion, and corals with
Fe—Mn crusts are observed between 150 and 140 cm core depth
(Fig. 3a). Cold-water corals are mainly represented by framework-
building species. Although Desmophyllum pertusum is the main species
observed among the coral fragments, the deepest part of the core (i.e.
below 220 cm) consists of a layer formed by a mix of D. pertusum and
M. oculata accompanied by some bivalve shells (Fig. 3a). Similarly,
several Desmophyllum dianthus individuals are observed between 160
and 75 cm core depth. Lastly, M. oculata and the solitary coral
D. dianthus also occur in the uppermost 16 cm of the core (Fig. 3a).

4.2.2. Core GM2AAGC-406

This core was collected at a depth of 475 m from the top of a > 500 m
long ridge-like CWC mound, which becomes buried by a sediment layer
of up to 6 m thick towards its southwestern parts (Fig. 2b). Nonetheless,
the layer of sediment covering the coral frameworks seems to be dras-
tically reduced in thickness towards the northeast, as the core consists
almost entirely (i.e. 421 cm) of CWC and other invertebrates’ fragments,
embedded in an olive grey muddy sediment matrix (Fig. 3b). Similar to
core GM2AAGC-403, the first 15 cm of sediment matrix present a
brownish colour that corresponds to oxidative processes and which
gradually changes towards grey coloured mud that characterises the rest
of the core (Fig. 3b).

Coral fragments present a varying relative abundance throughout the
core; 25% of its length presents a high coral abundance, mainly
concentrated in the upper 100 cm (Fig. 3b). Below this point, the coral
deposits generally display medium (32%) and low (34%) abundance of
coral fragments; only 9% of the core length is depleted of coral frag-
ments. In comparison with core GM2AAGC-403, the CWC fragments in
this core are in a considerably better state of preservation, with almost
no bio-erosion observed on the corals. Nonetheless, several sections of
the core contain corals covered with a Fe—Mn crust (400-370 cm,
280-270 c¢cm, 190-174 cm). As for the previous core, most of the coral
fragments observed here belong to framework-building species, with
D. pertusum being the main species observed (Fig. 3b). Some individuals
of the solitary coral D. dianthus are also observed in the lower half of the
core (385 cm and 270 cm), and they become especially abundant in the
lowermost 15 cm of the core. Although several bivalve shells are
observed throughout the core, a considerable accumulation of these
invertebrates can be observed between 65 and 55 cm core depth
(Fig. 3b).

4.2.3. Core GM2AAGC-409

This core was acquired from the top of a coral mound at 383 m water
depth (Fig. 2c) and consists of 78 cm of CWC fragments embedded in a
muddy sediment matrix, which displays a brownish colour until 12 cm
core depth and then gradually changes to olive grey (Fig. 3c). In com-
parison with GM2AAGC-403 and GM2AAGC-406, CWC fragment
abundance is relatively low in this core, with only two high abundance
intervals in between 25-34 cm and 66-72 cm core depth, equivalent to
19% of the core length (Fig. 3c). The rest of the core is characterised by
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one section of medium and two sections of low coral abundance,
amounting to 41% and 40% of the core length respectively. Coral
preservation is not optimal, as many remineralised fragments are pre-
sent, especially in the lowermost 10 cm of the core. Most of the coral
fragments belong to the framework-building species D. pertusum.
Nonetheless, several M. oculata fragments are observed in the upper 55
cm of the core (Fig. 3c).

4.3. Coral mound development

4.3.1. Core GM2AAGC-403

The age-depth model of this core is based on 13 coral samples,
following exclusion of 8 samples due to either low aragonite percentages
or 5%3*U; out of bounds, and ranges from 394.51 + 17.64 to 8.39 + 0.79
ka BP (Figs. 4, 5, Table 2). Most of these samples (i.e. 10) correspond to
the Marine Isotopic Stage (MIS) 3-2, three of them coinciding with the
Last Glacial Maximum (LGM; 26.5-19 ka BP; Clark et al., 2009). From
the remaining coral ages, two belong to the MIS 1 interglacial and the
last one fits within MIS 11 (Fig. 4a). The latter was analysed several
times, yielding two reliable coral ages (i.e. 394 and 384 ka BP) with
overlapping errors (Table 2, Fig. 4a). Only one clear mound develop-
ment stage is observed in this core during the last glacial period, sepa-
rated from the oldest sample of the core (~384-394 ka BP) by a hiatus
that points to a large coral mound stagnation interval of >345 kyr. The
§234U; values of all analysed samples from this oldest period indicate
that most have likely experienced open system behaviour. This, along
with the high uncertainty associated with these older ages, means
calculating the AR would not be reliable and thus it was not attempted.
The main mound formation period extends from ~38.9 to ~8.4 ka BP.
Coral mound stagnation starts with the Early Holocene and lasts until
the present day (Fig. 5). If the whole period is considered as a continuous
mound formation stage, an average AR of 3.3-4.0 cm kyr ! is observed.
Nonetheless, if an AR is calculated for the 3 LGM ages (~20.1-18.8 ka
BP), mound formation reaches a rate of 5.8-15.3 cm kyr*.

4.3.2. Core GM2AAGC-406

In this core, the age-depth model is based on 28 U-Th dated coral
samples ranging from 57.39 + 2.78 to 15.26 + 0.99 ka BP, as 2 were
excluded due to either low aragonite percentages or §2>*Uj out of bounds
(Figs. 4, 5, Table 2). Almost all the coral ages lie within the last glacial
period (i.e. MIS 3-MIS 2), with 11 of them occurring during the LGM.
Mound development seems to occur continuously, with the exception of
the coral ages ranging from ~57.4 to ~33.4 ka BP, which might
represent a period of coral mound stagnation (i.e. AR = 1.3 cm kyr™})
with sporadic coral growth (Fig. 4a). After this period and coinciding
with the end of the MIS 3 and the entire MIS 2, the coral mound starts
developing at a faster pace (AR: 18.03-21.6 cm kyr™'; Fig. 5). This
mound formation stage continued until ~15.2 ka BP, when the mound
entered a stagnation stage that is still ongoing (Fig. 5).

4.3.3. Core GM2AAGC-409

The age-depth model for this core comprises 8 coral samples dated
through U—Th series, with ages that range from 20.86 + 1.15 ka BP to
14.9 + 0.97 ka BP (Table 2, Fig. 5). Two samples were not considered for
the age-depth model due to either low aragonite percentages or §2>*U;
being out of bounds. All the coral ages fall within the end of the last
glacial period (i.e. MIS 2; Fig. 5). A hiatus of ~5 kyr is observed in the
coral ages of the deepest part of the core, after which a continuous
mound formation stage can be observed (Fig. 5). This period extends
from ~15.68 ka BP to ~14.9 ka BP. Nonetheless, its oldest age corre-
sponds with the shallowest sample of the core and thus, caution should
be taken when interpreting the calculated AR of 22.5-77.5 cm kyr 1.

4.4. Paleo-environmental reconstructions

Li/Mg ratios from all the cores present values ranging from 3.2 to 4.5
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mmol mol~!. The derived SWT values are below the present-day tem-
perature (i.e. 13.7 °C) and oscillate between 3.6 + 1.2 and 10.7 + 1.1 °C
(Fig. 4c; Table S3). From the 14 SWT values acquired through trace
element analyses, 5 derived from Li/Mg ratios >5.2 mmol mol~! and
were flagged due to their unrealistic values (equivalent to <1 °C). This is
likely a consequence of the limits of the calibration (Stewart et al.,
2020). No obvious pattern exists between these high Li/Mg values and
coral Al/Ca and Mg/Ca ratios. In addition, our Mn/Ca ratios are within
the range observed in benthic calcitic/aragonitic foraminifera and
aragonitic corals after chemical cleaning (e.g. Glock et al., 2012;
Fhlaithearta et al., 2010; Drake et al., 2021). Therefore, our low levels of
Mn/Ca ratios allow to rule out the presence of significant secondary (i.e.
diagenetic) Mn-carbonate or remaining Fe—Mn crustal material after
cleaning. This suggests that it is primarily the Li/Ca ratios what causes
the issue, as the samples flagged display the highest ratios compared to

the rest of our dataset (> 14 pmol mol_l, Table S3). This is consistent
with two of the Alboran sea corals that were excluded from the SWT
discussion in Corbera et al. (2021), and could be the result of contami-
nation during analysis. The oldest D. pertusum samples (i.e. 394, and 85
ka BP), which correspond with periods of near coral mound stagnation
(MIS 11 and 5), show a SWT of ~9 °C. In contrast, during the last glacial
period, SWT shows a decreasing trend from 5.9 £+ 1.1 °C in MIS 3 (38.3
ka BP) to 3.6 + 1.2 °C in MIS 2 (15.0 ka BP; Fig. 4c). This colder period
corresponds with the main mound formation stages observed in all the
coral mounds studied in the region (Fig. 4a, c). The youngest sample (i.e.
8.4 ka BP), which lies within the Early Holocene exhibits a SWT of 10.7
+ 1.1 °C, the highest palaeo-temperature observed in this study
(Fig. 4c).

Ba/Ca values from the extracted coral samples range from 10.2 + 0.2
t0 16.6 = 0.3 pmol mol ~, resulting in a Bagy range of 49.5 + 2.6 to 88.0
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+ 2.7 nmol kg ! (Fig. 4d, Table S3). Almost half of the samples display
Bagy values within the present-day range of the two Mediterranean Sea
end-members (i.e. AW and LIW). Only four samples present higher Bagy
values than those generally observed for the LIW (i.e. >70-75 nmol
kg’l; Jacquet et al., 2016). These Bagy values (i.e. 84 and 88 nmol kg’l)
correspond with the start of the last deglacial period (i.e. 15.0 and 15.3
ka BP, respectively). In contrast, the lowest Bagy value is observed at
38.3 ka BP, coinciding with the MIS 3.

5. Discussion

The main finding of the present study resides in the glacial-aged
development of the TCMP coral mounds. Enhanced mound develop-
ment occurs during the MIS 2 and particularly, since the LGM until the
onset of the B/A. However, as it generally occurs with most of the studies
aiming to highlight the evolution of coral mounds (Fink et al., 2013;
Eisele et al., 2011; Wang et al., 2019; Corbera et al., 2021), the recovery
depth of the cores (i.e. 0.8-4.2 m) only allows us to constrain the latest
stages of mound formation.

5.1. Coral mound development during the Late Pleistocene

Throughout the Middle Pleistocene (773-126 ka BP), sporadic coral
growth occurred in the TCMP during ~MIS 11. These corals were
growing on the coral mound corresponding to core GM2AAGC-403, the
westernmost and deepest mound presented here. Following this period,
a large hiatus of >345 kyr is present in core GM2AAGC-403, stretching
from MIS 10 to 4 and coinciding with a change in sediment colour and a
decrease in coral abundance (Figs. 3a, 4a). Such a large hiatus, including
entire glacial-interglacial cycles, could be the result of persistent and
strong bottom currents that, due to the missing baffling effect provided
by growing coral frameworks, prevented the deposition of fine hemi-
pelagic sediments after coral demise (Dorschel et al., 2005). This is
supported by the low sedimentation rates observed in off-mound areas
throughout the last ~400 kyr (Dinares-Turell et al., 2003; Camafort
et al., 2020) and the presence of well-developed moats at the base of the
mounds. The other two cores did not recover enough material to
determine if the same hiatus occurs in all the sampled mounds presented
here.

According to the coral age data set obtained for three of the Tunisian
mounds, corals were not present in the TCMP again until the Late
Pleistocene (Fig. 4a). During this period, sporadic coral growth
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characterised by a D. pertusum facies is first observed in the mound
corresponding to core GM2AAGC-406 at ~57 ka BP (MIS 3; Figs. 3b, 4).
It is not until ~39 ka BP and ~ 33 ka BP that mound formation starts, as
observed in cores GM2AAGC-403 and GM2AAGC-406 respectively
(Figs. 3, 5). Except for the slightly enhanced ARs observed during the
LGM (i.e. 5.8-15.3 cm kyr_l), the former core represents a coral mound
close to stagnation, with only some sporadic coral growth occurring
from ~38.9 to 8.4 ka BP (Fig. 5). Despite the low formation rates of this
mound during the last ~384 ka BP, and considering its current height is
90 m, there must have been periods of extremely fast mound develop-
ment that are not displayed in the GM2AAGC-403 core record. The
beginning of mound formation in core GM2AAGC-406 towards the end
of MIS 3 is preceded by the occurrence of Fe—Mn coated corals, which
most probably indicate that coral skeletons were exposed to seawater for
a long time, coinciding either with a mound formation hiatus or
extremely intermittent coral growth since ~57 ka BP (Fig. 3b). The coral
ages of this core relate to a slightly faster mound formation, as the
mound develops with an AR of 18.3-21.6 cm kyr ! from ~33 ka BP until
~15 ka BP. The main mound development period in core GM2AAGC-
409 started ~15.6 ka BP and lasted until ~14.9 ka BP, displaying the
fastest mound formation (AR: 22.5-77.5 cm kyr 1) among all the
studied mounds. Nonetheless, it is apparent that all three cores display
the highest ARs during the second half of MIS 2, corresponding to the
LGM.

Overall, the main mound formation periods of the TCMP occurred
during the last glacial period and terminated with the onset of the B/A.
Glacial mound formation has also been documented for coral mounds in
the temperate NE Atlantic (i.e. off Morocco and Mauritania; Wienberg
et al., 2010, 2018; Eisele et al., 2011). This is however an opposite
pattern compared to what has been observed in the Alboran Sea
(westernmost Mediterranean Sea), where mound formation starts with
the onset of the B/A and generally lasts until the Early and Mid-
Holocene, with the exception of Northern Cabliers, which still pre-
sents thriving CWC reefs (Fink et al., 2013; Stalder et al., 2015; Wang
et al., 2019; Corbera et al., 2021). Currently, most of the living CWC
assemblages are found in submarine canyons and mounds of the West
Mediterranean Basin, within water depths influenced by the LIW
(Taviani et al., 2017). Hence, it could be speculated that during the onset
of the B/A, the Alboran Sea coral mounds benefited from the transport of
coral larvae, via LIW, that might have been produced in submarine
canyons and/or the TCMP. Owed to the climatic and oceanographic
variations that promoted a more favourable setting for coral growth
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Laser ablation MC-ICP-MS U—Th results from the Tunisian Mound Province coral samples. Ration within parentheses are activity ratios. i = initial. See Section 3.4. for
explanation of the age uncertainties. (23°Th/2%%U), = 1 —e 7 + (§2**Umeasured /1000) [Aaz30/(Aazo — Aaza)] (1 — e~ @20~4297T) wwhere T is the age. §23U =
((>**U/?%8U), — 1) x 1000. Ages in years before present (2019) with propagated uncertainties (20). Ages are uncorrected for initial Th. Samples in italics are
characterised by 523*U; outside the acceptable range for closed-system behaviour and thus, they were not included in the calculation of mean ages or used for coral
mound development interpretation. Uncertainties on the §?*U; are 20%o for samples under 100 ka BP and 25%o for older samples. * Indicates ages removed from

figures and discussions due to its aragonite content being <98%.

Core Depth (cm) (230Th/%%80) 2 SE (4y/%8y) 2 SE Ag 26 5234y,
(ka BP) (%o)
GM2AAGC403 2 0.085 0.010 1.148 0.016 8.39 0.79 151
GM2AAGC403 6 0.122 0.013 1.151 0.017 12.16 0.89 156
GM2AAGC403 13 0.144 0.018 1.143 0.021 14.63 0.96 149
GM2AAGC403 18 0.147 0.028 1.148 0.013 14.86 0.97 154
GM2AAGC403 28 0.181 0.018 1.139 0.016 18.75 1.09 147
GM2AAGC403 41 0.192 0.018 1.145 0.017 19.83 1.13 154
GM2AAGC403 49 0.192 0.012 1.132 0.019 20.12 1.13 140
GM2AAGC403 57 0.264 0.013 1.139 0.015 28.56 1.43 150*
GM2AAGC403 67 0.326 0.025 1.128 0.019 36.85 1.76 143*
GM2AAGC403 76 0.298 0.016 1.128 0.017 33.14 1.60 141
GM2AAGC403 93 0.348 0.027 1.148 0.050 38.93 1.89 166
GM2AAGC403 98 0.340 0.030 1.138 0.030 38.29 1.84 154
GM2AAGC403 113 0.337 0.046 1.131 0.022 38.23 1.82 146
GM2AAGC403 128 1.027 0.032 1.039 0.011 404.76 17.89 122
GM2AAGC403 128 1.017 0.069 1.040 0.018 363.03 17.28 113
GM2AAGC403 128 1.005 0.051 1.036 0.024 345.36 16.60 97
GM2AAGC403 128 1.023 0.047 1.040 0.017 384.34 17.64 118
GM2AAGC403 128 1.032 0.057 1.044 0.022 394.51 18.13 134
GM2AAGC403 133 1.018 0.067 1.035 0.017 388.09 17.33 104
GM2AAGC403 167 1.079 0.142 1.082 0.055 382.75 21.22 244
GM2AAGC403 174 1.012 0.067 1.029 0.019 397.68 17.00 88
GM2AAGC403 192 0.996 0.080 1.035 0.029 327.78 16.09 89
GM2AAGC403 205 1.015 0.097 1.032 0.031 391.11 17.18 98
GM2AAGC403 221 1.024 0.044 1.036 0.016 408.12 17.71 114
GM2AAGC403 221 0.995 0.083 1.039 0.013 317.98 16.08 96
GM2AAGC403 227 1.030 0.062 1.037 0.019 423.96 18.04 124
GM2AAGC406 5 0.152 0.013 1.156 0.013 15.26 0.99 163
GM2AAGC406 22 0.167 0.015 1.158 0.016 16.93 1.04 165
GM2AAGC406 30 0.159 0.017 1.147 0.019 16.19 1.01 154
GM2AAGC406 42 0.156 0.021 1.148 0.025 15.80 1.00 154
GM2AAGC406 55 0.169 0.015 1.157 0.026 17.14 1.05 165
GM2AAGC406 65 0.179 0.021 1.153 0.031 18.23 1.08 161
GM2AAGC406 70 0.171 0.021 1.143 0.035 17.60 1.05 151
GM2AAGC406 74 0.150 0.013 1.148 0.011 15.23 0.98 154
GM2AAGC406 79 0.171 0.018 1.146 0.020 17.48 1.05 153
GM2AAGC406 89 0.173 0.018 1.140 0.020 17.87 1.06 147
GM2AAGC406 100 0.175 0.027 1.133 0.019 18.14 1.06 140
GM2AAGC406 108 0.185 0.014 1.148 0.015 18.99 1.10 156
GM2AAGC406 119 0.181 0.014 1.148 0.016 18.57 1.09 156
GM2AAGC406 128 0.192 0.012 1.145 0.014 19.83 1.13 154
GM2AAGC406 140 0.197 0.019 1.135 0.016 20.64 1.14 143
GM2AAGC406 151 0.198 0.014 1.144 0.016 20.61 1.15 153
GM2AAGC406 160 0.190 0.024 1.131 0.018 19.89 1.12 139
GM2AAGC406 172 0.202 0.014 1.137 0.015 21.23 1.17 145
GM2AAGC406 199 0.212 0.015 1.137 0.022 22.28 1.20 146
GM2AAGC406 211 0.221 0.019 1.147 0.015 23.15 1.24 157
GM2AAGC406 227 0.233 0.018 1.134 0.016 24.85 1.29 144
GM2AAGC406 239 0.219 0.022 1.147 0.028 22.92 1.23 157
GM2AAGC406 269 0.234 0.017 1.146 0.013 24.76 1.30 156
GM2AAGC406 283 0.264 0.015 1.131 0.013 28.74 1.43 143
GM2AAGC406 296 0.253 0.018 1.129 0.023 27.41 1.38 140*
GM2AAGC406 306 0.258 0.073 1.165 0.070 27.07 1.40 178
GM2AAGC406 358 0.286 0.020 1.131 0.020 31.54 1.54 144
GM2AAGC406 374 0.303 0.023 1.141 0.031 33.37 1.63 156
GM2AAGC406 401 0.465 0.027 1.124 0.024 57.39 2.78 146
GM2AAGC406 405 0.466 0.032 1.129 0.024 57.24 2.79 152
GM2AAGC406 415 0.616 0.039 1.118 0.016 85.47 4.58 151*
GM2AAGC406 419 0.613 0.034 1.125 0.016 83.93 4.53 159*
GM2AAGC409 4 0.153 0.014 1.137 0.035 15.68 0.99 143
GM2AAGC409 12 0.147 0.016 1.145 0.023 14.90 0.97 152*
GM2AAGC409 24 0.146 0.016 1.140 0.026 14.89 0.97 146
GM2AAGC409 30 0.143 0.019 1.149 0.023 14.39 0.96 155*
GM2AAGC409 36 0.136 0.018 1.094 0.021 14.40 0.94 98
GM2AAGC409 47 0.148 0.011 1.151 0.023 14.94 0.97 158
GM2AAGC409 57 0.150 0.024 1.149 0.022 15.18 0.98 155
GM2AAGC409 60 0.151 0.015 1.148 0.018 15.25 0.98 154*
GM2AAGC409 66 0.148 0.024 1.148 0.025 15.01 0.98 154
GM2AAGC409 68 0.199 0.020 1.135 0.022 20.86 1.15 143
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during this transitional period, such larvae might have eventually been
able to settle on the Alboran Sea mounds (Fink et al., 2013; Wang et al.,
2019; Corbera et al., 2021).

5.2. Paleo-environmental controls on coral mound development

The main period of mound formation in the TCMP, which primarily
occurred throughout the MIS 2 cold period, coincides with some of the
highest Bagyy values recorded (65-88 nmol kg !; Fig. 4c). The high MIS 2
Bagy values could be related to an enhanced aeolian dust supply pro-
moted by the prevailing dry conditions over North Africa during the
LGM (Dinares-Turell et al., 2003; Maher et al., 2010), albeit unlikely
sufficient to be the main cause of the Bag,, increase we observe (e.g. Roy-
Barman et al., 2019; Incarbona et al., 2008). Instead, the two highest
Bagw values (i.e. >80 nmol kg’1 dating back to ~15-15.3 + 0.9 ka BP;
Fig. 4c), are more likely linked to an enhanced riverine input during the
meltwater pulse 1A, which occurred at the onset of the B/A (~14.7 ka
BP). Indeed, the Joumine and Medjerda rivers, which originate in the
Tell Atlas, end directly south of the TCMP (Fig. 1a) and thus, could have
been one of the main causes promoting these Bagy maxima during the
deglaciation. The study by Raddatz et al. (2016) would also support this
hypothesis, as the authors observed a similar Bagy pattern throughout
the Early Holocene in the coastal CWC reefs off Norway that they
attributed to enhanced river run-off during the deglaciation.

Furthermore, comparably to what has been observed in the Alboran
Sea (Corbera et al., 2021), the Bagy values >70 nmol kg’1 acquired in
the TCMP towards the end of the MIS 2 glacial and the start of Termi-
nation 1 could also partly be the consequence of a larger influence of the
Ba-enriched LIW in the region (modern LIW-Bag, ~ 70-75 nmol kg’lg
Jacquet et al., 2016), caused by a combination of sea-level rise and a
shoaling of the LIW axis, due to decreased density of this intermediate
water mass (Toucanne et al., 2012; Jacquet et al., 2016). According to
Toucanne et al. (2012), the LIW axis started to get deeper practically
since the start of the MIS 3 despite the sea-level only oscillated between
—60 and — 80 m from the current value. This might have brought the
AW-LIW interface close enough to the mounds and combined with an
enhanced LIW flow and ventilation, it might have allowed the restart of
CWC mound formation. Although coral growth is almost continuous
during the last glacial, the mound corresponding to core GM2AAGC-403
displays the lowest ARs (3.3-15.3 cm kyr_l) and most variable mound
formation observed in the province (Fig. 5). Therefore, at least during
the last glacial period, it seems that this mound was exposed to less
suitable environmental conditions for coral mound development than
those experienced by the mounds corresponding to cores GM2AAGC-
406 and GM2AAGC-409. GM2AAGC-403 was the deepest core recov-
ered from the TCMP (i.e. 505 m water depth) and thus it represents the
development of a mound located further away from the AW-LIW inter-
face than its counterparts (i.e. GM2AAGC-406: 476 m water depth;
GM2AAGC-409: 382 m water depth). Water-mass interfaces tend to
accumulate and transport organic particles that can be used as food
source by the corals (McManus et al., 2003) and thus, coral assemblages
found on mounds that are located at a water depth closer to such in-
terfaces can more easily access the organic matter that they contain. In
fact, the most pronounced mound formation stages of the TCMP
occurred throughout the LGM when the sea level was lowest (—100 to
—140 m; Figs. 4, 5) and thus, when the AW-LIW interface was poten-
tially the closest it could be to the mounds’ summits. As observed in the
grainsize and 5'3C data of Toucanne et al. (2012), this period also co-
incides with a deepening of the LIW axis (i.e. depth of maximum flow
speed) and a ventilation increase from MIS 3 to 2. Such LIW deepening
might have placed the AW-LIW interface even closer to the mounds,
potentially providing better conditions for CWC growth. Although a
couple of MIS 1 coral ages were obtained from the uppermost part of the
core GM2AAGC-403, coral mound stagnation in the TCMP seems to
coincide with the fastest sea-level rise of the last deglaciation (i.e.
Meltwater Pulse 1A event; Fig. 5), when an increase of 20 m in less than
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500 years (Lambeck et al., 2014) might have moved the AW-LIW
interface too far away from the mounds. These arguments fit with the
results acquired by Wang et al. (2019) and Corbera et al. (2021) in the
Alboran Sea, where glacio-eustatic oscillations of the AW-LIW interface
were linked to regional coral mound development. The presence of
sporadic coral growth after the last glacial termination in the mound
corresponding to core GM2AAGC-403 could be the result of the
enhanced hydrodynamic conditions generally found within submarine
canyons (Lopez-Fernandez et al., 2013; Pearman et al., 2020). The
intense hydrodynamics together with the funnelling effect observed in
canyons tends to translate into increased particle fluxes in comparison to
nearby slope settings, which could result in a higher food supply to the
corals (DeGeest et al., 2008; Lopez-Fernandez et al., 2013; Wienberg
et al., 2018).

In addition to the contrasting temporal pattern of coral mound
development observed between the Alboran Sea and the TCMP mounds,
the pace at which these features develop in the latter province is also
considerably slower (Fig. 6). Tentatively, this might be also related to
the depth of the mounds during mound formation. Data shown in Fig. 6
indicate that at the time of maximum mound aggradation rates, Medi-
terranean coral mounds located at greater depths developed signifi-
cantly slower than those located on shallower areas (R? = 0.71, p <
0.001). The most thriving mound formation periods of Northern Cabli-
ers, East Melilla and West Melilla coral mounds (average water depth
during mound aggradation (WDMA) = 186-359 m), which occurred
during the B/A and the Early Holocene, present maximum ARs ranging
between 75 and 414 cm kyr’1 (Fig. 6; Fink et al., 2013; Stalder et al.,
2015; Wang et al., 2019; Corbera et al., 2021). In contrast, the poten-
tially fastest mound formation periods of the TCMP (WDMA = 280-431
m) display ARs ranging from ~15 to ~77 cm kyr ?, similar to those
observed in Southern Cabliers (WDMA = 332 m), which displays a
maximum AR of 44 cm kyr’1 (Figs. 5, 6; Corbera et al., 2021). The data
from the different mounds follows a negative exponential curve, which
means that the potential effect of the AW-LIW interface on mound ARs
increases rapidly towards shallower depths, whereas mound summits
located below 375 m water depth display minimal changes in ARs
(Fig. 6). Although the pattern of increasing ARs towards shallower
depths is evident within each of the two regions, it is statistically sig-
nificant only in the Alboran Sea (Fig. 6; Alboran Sea: R = 0.39, p < 0.05;
TCMP: R? = 0.79, p > 0.05). The fact that no significant correlation was
observed within the Tunisian mounds could be a consequence of the
reduced number of cores studied and the small differences in ARs be-
tween mounds (Fig. 6).

Furthermore, it is relevant to remark that the particulate organic
carbon decay with depth also follows a negative exponential curve
(Marsay et al., 2015), which supports our hypothesis on the relation
between coral mound formation pace and mounds’ water depth. It has to
be considered that depth alone does not control mound formation pace,
as it is mainly influenced by changes in other environmental variables,
such as surface productivity, sedimentation rates and/or hydrodynamic
processes that affect the transport of particulate organic carbon towards
the mounds. For instance, it is likely that during periods of maximum
mound aggradation in each region, surface productivity was higher in
the Alboran Sea, as the direct entrance of AW and its complex circulation
pattern makes it one of the most productive areas in the Mediterranean
(Bosc et al., 2004; Oguz et al., 2014). Similarly, the Alboran Sea also
displays higher sedimentation rates than the Tunisian Plateau during
periods of maximum mound aggradation (i.e. ~12-20 cm kyr ! vs >3
cm kyr™1), enhancing coral mound stability and growth (Wang et al.,
2019; Dinares-Turell et al. (2003); Martinez-Dios et al., 2021). Hence,
the reduced ARs of the TCMP in comparison to the Alboran Sea coral
mounds, during periods of maximum aggradation, are probably caused
by a lower food supply to the corals (i.e. less surface productivity and
greater water depth of the mounds) and reduced sedimentation rates.

There is additional evidence of the role of surface productivity in the
TCMP development during the last glacial from studies on
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Fig. 6. Linear regression models showing the corre-
lation between maximum mound aggradation rates
(ARs) and mounds’ summit water depth during the
time of most pronounced mound formation in the
Alboran Sea (red dotted line; East Melilla Mound
Province, West Melilla Mound Province and Cabliers
Mound Province), the South Tyrrhenian Sea and the
Mediterranean Sea as a whole (black line). The ARs
have been extracted from Fink et al. (2013), Stalder
et al. (2015), Wang et al. (2019) and Corbera et al.
(2021). (For interpretation of the references to colour
in this figure legend, the reader is referred to the web
version of this article.)
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coccolithophores, foraminifera and marine biomarkers from the Sardi-
nia Channel and the northern Tunisian Slope (Core LC07). This core
revealed the presence of cold and highly productive surface waters
during glacial periods (Incarbona et al., 2008; Di Stefano et al., 2015;
Martinez-Dios et al., 2021). In the Ionian Sea, Capotondi et al. (2016)
described the last parts of glacial periods as being more productive than
the start. Considering the proximity between the TCMP and the Ionian
Sea, similar changes in productivity might have occurred near the core
sites presented in this study. Indeed, such increases in productivity to-
wards the end of glacial periods coincide with the time when the most
thriving mound formation stages occurred in this province (Fig. 5).
Although the increase in dust supply that occurred during the LGM
(Dinares-Turell et al., 2003) might have helped to fertilize the sea sur-
face with some additional nutrients, according to Incarbona et al.
(2008), it is unlikely that such addition was adequate and continuous
enough to be the main cause of increased productivity during this
period. In contrast, strong westerlies blowing along North Africa (Bout-
Roumazeilles et al., 2007) likely caused a strengthening of the Algerian
Current that lead to enhanced dynamics of oceanographic features such
as eddies (Incarbona et al., 2008; Capotondi et al., 2016). This would
have promoted vertical mixing, increasing nutrient supply to the sea
surface and ultimately, primary productivity (Cardona and Bracco,
2012).

Besides the low sea level and increased productivity characteristic of
glacial periods in this region, SWT was also appropriate for coral growth.
Indeed, the main coral mound formation occurred when the recon-
structed SWTs ranged between 3.6 + 1.1 and 5.9 + 1.1 °C (Table S3,
Fig. 4). The modern SWT of the LIW in the study area reaches up to
13.9 °C (Freiwald et al., 2009; Taviani et al., 2017), a value close to the
CWCs’ physiological limit (i.e. 14 °C; Davies and Guinotte, 2011; Brooke
et al., 2013). Hence, it is possible that besides the higher sea-level and
productivity decrease, warmer SWTs typical of the Holocene might have
also contributed to limit coral growth in the TCMP. Although most of the
mounds’ records consists of D. pertusum, the uppermost section of core
GM2AAGC-403 is dominated by M. oculata with ages corresponding to
the Early Holocene and to a SWT of 10.7 £+ 1.1 °C (Figs. 3a, 4). This
change in coral facies with increasing temperatures has also been
observed in the Alboran Sea (Stalder et al., 2015; Wienberg, 2019;
Corbera et al., 2021), as M. oculata is known to withstand and prefer
higher SWTs than D. pertusum (Naumann et al., 2014; Wienberg and
Titschack, 2017).
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6. Conclusions

This study broadens the current knowledge on coral mound forma-
tion in the Mediterranean Sea through the description of mound
development in the recently discovered Tunisian Coral Mound Province
(TCMP; South Tyrrhenian). We conclude that:

— The TCMP is the first Mediterranean coral mound province so far to
display mound formation stages during the last glacial period.

— Coral mound formation during cold periods was most likely driven
by enhanced surface water productivity combined with an appro-
priate depth of the AW-LIW interface and a cooler sea water tem-
perature than the one observed in the present-day.

— The increasing ARs from deeper to shallower mounds suggest that, as
described in the Alboran Sea, the distance from the AW-LIW interface
to the mounds might be key in determining their formation pace.

— In order to confirm the glacial-aged development of the TCMP, to
determine the initial settlement of corals and to describe the current
ecological state of the province, further studies involving additional
cores that drill down to the base of the mounds and Remoted
Operated Vehicle (ROV) video- or photo-transects should be
performed.
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