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a b s t r a c t

This study presents sediment cores up to 70 m long collected by the sea floor drill rig MARUM-MeBo70
from cold-water coral mounds in the western Mediterranean Sea. From these cores, an unprecedented
data set of 200 Th/U coral ages has been obtained, greatly expanding our knowledge of the evolution of
Mediterranean coral mounds. The drill records provided new insights into the initiation of the Medi-
terranean coral mounds as the base of a 60-m-high mound was penetrated and dated to the Mid-
Pleistocene (~390 ka). We also found that mound initiation was non-synchronous as larger mounds
possibly initiated already during the Mid-Pleistocene Transition. During the last 480 kyr, mound
development occurred in short and intense pulses (duration: ~10e30 kyr; aggradation rates: 20
e275 cm kyr�1), which could not be assigned to ice age-paced oscillations, but showed a remarkably
coherent pattern with precession-driven changes in African hydroclimate. Increased dust supply, related
to a desertification of the Sahara and northern Africa, appears to have boosted mound development by
enhancing productivity conditions (to promote coral growth) and sediment supply (to promote mound
aggradation). In addition, mound development is closely linked to the well-ventilated and nutrient-rich
Levantine Intermediate Water and internal wave activity associated to this water mass that provided
turbulent conditions and enhanced the lateral delivery of food and sediments. During African humid
periods, increased freshwater input into the Mediterranean impaired the formation of Levantine Inter-
mediate Water, which most likely resulted in low-energy and oxygen-depleted living conditions for
Mediterranean coral communities. This study shows the importance to consider past changes in conti-
nental hydroclimate and their implications on oceanic processes to fully understand the complex
environmental controls on coral mound development. In the Mediterranean Sea, such land-atmosphere-
ocean feedback processes are especially amplified due to its latitudinal placement between two climate
regimes, making this basin and its deep-sea ecosystems most vulnerable to past and future climate
change.
© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

The Mediterranean Sea offers appropriate environmental con-
ditions for cold-water corals (CWCs) in many areas. Especially in its
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western and central basins, abundant living and fossil CWC com-
munities have been documented from submarine canyons along
the northern Mediterranean margin, from escarpments flanking
plateaus, banks and troughs, and from seamounts and mud vol-
canoes (e.g., Freiwald et al. 2009; Orejas et al., 2009; Margreth et al.,
2011; Würtz and Rovere, 2015; Taviani et al., 2016; Taviani et al.,
2017; Chimienti et al., 2019; Rüggeberg and Foubert, 2019;
Vertino et al., 2019; Gori et al. accepted). In recent years, also a
growing number of coral mound provinces (CMPs) - constructed by
the scleractinian CWCs Desmophyllum pertusum (recently
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reassigned from the genus Lophelia; Addamo et al., 2016) and
Madrepora oculata - has been discovered (Fig. 1a), such as on the
Apulian margin in the Ionian Sea (e.g., Freiwald et al. 2009; Vertino
et al., 2010; Fink et al., 2012; Savini et al., 2014), in the Strait of Sicily
(Martorelli et al., 2011), on the Tunisian margin and in the Corsica
Channel in the Tyrrhenian Sea (Angeletti et al., 2020; Corbera et al.,
2022), and on the Spanish margin in the northern Albor�an Sea (Lo
Iacono et al., 2019; S�anchez-Guillam�on et al., 2022). The Moroccan
margin in the southern Albor�an Sea, however, exhibits a hotspot
region for coral mound development, represented by three
extended CMPs (referred to as the East Melilla, West Melilla, and
Cabliers CMPs; Fig. 1b) comprising numerous coral mounds at
water depths of ~210e700 m with some mounds rising up to
140e150 m above the seafloor (Lo Iacono et al., 2014; Corbera et al.,
2019; Hebbeln, 2019).

The development of coral mounds primarily depends on sus-
tained coral growth. Following their initiation, triggered by the
settlement of coral larvae on any type of hard substrate (e.g.,
Wheeler et al., 2011), coral mounds undergo cyclic stages of
development comprising periods of (i) prolific CWC growth form-
ing large reef structures that promote mound growth, (ii) CWC
decline leading to a significant slow-down or stagnation in vertical
mound aggradation, and (iii) repopulation of CWC that initiates the
next stage of mound development (e.g., Roberts et al., 2006). Coral
mounds evolve over geological timescales (1.000se100.000s of
Fig. 1. Study area. (a) Bathymetric overview map of the Mediterranean Sea showing its com
dashed line indicates the flow pathway of the Levantine Intermediate Water (LIW; modifi
Levantine basin (light blue oval). The LIW spreads throughout the entire Mediterranean Sea
ovals). Also shown are the Nile river draining into the Levantine basin, a palaeo-river syst
activated during strong African monsoon (Osborne et al. 2010; Blanchet et al. 2021; Ehrman
the western Mediterranean basin (blue lines), and high mountains surrounding the Mediter
West Melilla and the Cabliers coral mound provinces. Red triangles on both maps indicate co
colour in this figure legend, the reader is referred to the Web version of this article.)
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years) and are therefore valuable sedimentary archives that docu-
ment recurring phases of flourishing CWC reefs controlled by
environmental changes (e.g., Kano et al., 2007; Frank et al., 2011;
Wienberg and Titschack, 2017; Lo Iacono et al., 2018). However,
coral mound development is not just the result of sustained coral
growth, they additionally rely on the concurrent supply and
deposition of terrigenous sediments under energetic hydrody-
namic conditions (e.g., Roberts et al., 2006; Titschack et al., 2009;
Wienberg and Titschack, 2017). Dense frameworks of living CWCs
have the capability to locally modulate sedimentary and hydrody-
namic processes on the mound as they provide a low-energy
environment, which allows suspended bypassing sediments to
become deposited in between the coral branches (known as
baffling effect), and prevents the remobilisation of these fine-
grained sediments (e.g., Huvenne et al., 2009; Hennige et al.,
2021). The entrapped sediments stabilize the reef framework,
prevent its collapse, and thus, support vertical mound growth (e.g.,
Titschack et al., 2016; Wang et al., 2021). Moreover, model simu-
lations showed that also the mounds themselves influence the
hydrodynamics around them (Cyr et al., 2016; Mohn et al., 2014;
van der Kaaden et al., 2021). With increasing mound height, tide-
topography interactions may lead to an increase in vertical veloc-
ities. This results in energy being highest on the top and upper
flanks of the mound, which promotes CWC growth by providing a
stable mechanism for food supply, which in turn has a positive
plex topography with several deep basins connected by shallow straits. The blue bold
ed after Millot and Taupier-Letage 2005; Hayes et al. 2019), which is formed in the
and conditions deep-water formation in the northern Mediterranean areas (dark blue
em flowing northward from the Saharan watershed into the Gulf of Sirte, which was
n and Schmiedl 2021), numerous smaller rivers draining from the Atlas Mountains into
ranean basin. (b) Shaded-relief map of the southern Albor�an Sea showing the East and
ral mound areas (a to h; for references see text). (For interpretation of the references to
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feedback on vertical mound growth (van der Kaaden et al., 2021).
Therefore, to decipher the development of coral mounds in the
past, we need a comprehensive knowledge of the interplay of
biological, sedimentological, and hydrographic processes and their
variations through time in response to climate change.

In the Mediterranean Sea, the study of coral mound develop-
ment in relation to paleoceanographic variations during the Pleis-
tocene and Holocene is mainly concentrated on the CMPs in the
southern Albor�an Sea. Sediment cores obtained from these CMPs,
all recorded a highly prolific period for CWCs starting during the
last deglaciation (~14e15 ka) and lasting until the end of the Early
Holocene (~8e9 ka), which resulted in mound development with
remarkably high vertical mound aggradation rates (ARs) of
~100e400 cm kyr�1 (Fink et al., 2013; Stalder et al. 2015, 2018;
Wang et al., 2019; Fentimen et al., 2020; Corbera et al., 2021;
Korpanty et al. submitted). This thriving phase has been ascribed to
regional environmental conditions of enhanced (surface and
export) productivity and moderate to strong hydrodynamics
maintaining coral growth and sediment supply (Fink et al., 2013;
Stalder et al., 2015; Fentimen et al., 2020; Portilho-Ramos et al.,
2022). Such conditions were most likely further supported by the
activity of internal waves, which enhanced turbulence and
increased the delivery of food and sediment particles at the inter-
face between the Levantine Intermediate Water (LIW) and over-
lying Atlantic water (Wang et al., 2019; Corbera et al., 2021).

The Mid-to Late Holocene mound development displayed a
contrasting pattern. For both Melilla CMPs, mound development
significantly reduced during the Holocene (Fink et al., 2013; Wang
et al., 2019; Wienberg, 2019), while exceptionally thriving CWCs
are found on some northern mounds of the Cabliers CMP until
today (Corbera et al., 2021). Hence, the present-day reef status
prevailing at the respective CMPs varies in close vicinity of
50e60 km from extinct reefs, to scattered and small live coral
colonies and to thriving reefs (Hebbeln et al., 2009; Lo Iacono et al.,
2014; Corbera et al., 2019). These differences in the present-day
coral vitality are likely conditioned by locally acting processes,
which still need to be fully identified.

Because the coral records available to date from the Mediter-
ranean Sea are based only on dredged surface corals (e.g.,
McCulloch et al., 2010) and sediment cores no longer than 10 m
(e.g., Corbera et al., 2021), our knowledge of the timing of CWC
occurrence prior to the last deglaciation and of the initiation and
evolution of coral mounds over several climate oscillations is still
very limited. CWCs were present in the Mediterranean Sea since
~480 ka (proved by a single dated surface coral sample from the
Strait of Sicily; McCulloch et al., 2010), and possibly already since
the Early Miocene as documented from rock outcrops in Italy (~20 -
16 Ma; Vertino et al., 2019). A core record recently recovered from a
coral mound of the Cabliers CMP in the southern Albor�an Sea
documented periodic coral growth since ~370 ka corresponding to
warm and cold climate periods, though mound development was
apparently hampered during glacial periods as indicated by very
low ARs of <5 cm kyr�1 (Corbera et al., 2021). Another recent study
of coral mounds on the Tunisian continental margin (Tyrrhenian
Sea) has shown that CWCs were present in this central region of the
Mediterranean Sea since ~390 kyr, but that mound development
was restricted during most of this period (Corbera et al., 2022).
However, one stage of (moderate) mound development occurred
during the last glacial period (~15e33 ka with ARs of up to
~20 cm kyr�1; Corbera et al., 2022), which contrasts to the findings
in the southern Albor�an Sea (Fink et al., 2013; Wang et al., 2019;
Corbera et al., 2021).

These few CWC documentations hint already to their sensitivity
to climate-forced environmental changes, which were especially
amplified in the Mediterranean due to the small size of the semi-
3

enclosed basin and its latitudinal position between two climate
regimes (Lionello et al., 2006). For instance, changes in (i) ocean
thermohaline circulation as well as productivity both regulating the
supply of food; (ii) oxygen and thermal conditions of ambient water
masses that affect the physiological processes of corals; (iii) fresh-
water discharge as well as fluvial and aeolian sediment input,
controlled by African continental climate change; and possibly also
(iv) the effect of a lowered sea level on basin size and continental
shelf geometry certainly had a profound impact on the Mediter-
ranean coral communities (e.g., Remia and Taviani, 2005;
McCulloch et al., 2010; Frank et al., 2011; Fink et al., 2012; Naumann
et al., 2014; Stalder et al., 2018; Vertino and Corselli, 2019). How-
ever, our understanding of the triggering environmental factors
that led to the bloom or decline of CWCs, and hence, to the
development of coral mounds in the Mediterranean basin is still far
from being complete.

To overcome this limitation, up to 70-m-long sediment cores
were collected by the sea floor drill rig MARUM-MeBo70 from two
ridge-shaped coral mounds of the East Melilla CMP during R/V
Maria S. Merian expedition MSM36 (“MoccoMeBo”; Hebbeln et al.,
2015). These long sedimentary records are unique, as for the first
time a 60-m-high coral mound in the western Mediterranean Sea
was penetrated down to its base. Based on an unprecedented data
set of 200 Th/U coral dating obtained from the two MeBo cores and
additional gravity cores, this study (i) determines the timing of
coral mound initiation in the southern Albor�an Sea, and (ii) con-
tributes to our knowledge on coral mound development in the
western Mediterranean since the Mid-Pleistocene under the in-
fluence of climate-induced environmental changes.

2. Regional setting

The Mediterranean Sea is a marginal sea, which is characterised
by several peculiarities. It has a land-locked nature and is sur-
rounded by high mountain chains (South Europe: Pyrenees, Alps,
Apennines, Dinaric Alps, Balkans; Asia: AnatolianMountains; North
Africa: Atlas Mountains; Fig. 1a; Lionello et al., 2006), which in-
fluence the local to regional wind flow and precipitation pattern
(Smith, 1979; Sandu et al., 2019). It is a semi-enclosed basin, being
connected to the Atlantic Ocean only through the narrow Strait of
Gibraltar (sill depth: ~300 m). Its water budget is regulated by the
net inflow of Atlantic water, the inflow from the Black Sea at the
Dardanelles Strait, evaporation, precipitation, and river discharge.
Evaporation largely dominates the Mediterranean water budget,
and the resulting freshwater deficit is only balanced during spring
by freshwater input from river discharge and precipitation (e.g.,
Struglia et al., 2004). The topography of the Mediterranean Sea is
characterised by deep basins (east: Levantine Basin and Ionian Sea;
west: Tyrrhenian, Balearic, and Albor�an Seas), connected by rather
shallow straits (Strait of Sicily, Sardinian and Corsica Channels;
Fig. 1a), which have a strong impact on the circulation pattern (e.g.,
Schroeder et al., 2012).

The Mediterranean Sea represents a kind of “miniature ocean”
due to the strong formation of intermediate and deep waters
facilitating aMediterranean thermohaline circulation, though these
processes occur on a much shorter turnover timescale compared to
the global oceans (Bethoux et al., 1999; Schroeder et al., 2012). The
LIW is the most voluminous water mass produced in the Mediter-
ranean, and hence, the main driver for the Mediterranean ther-
mohaline mixing and overturning circulation (Skliris, 2014). This
warm and saline water mass is formed in the Levantine basin in the
eastern Mediterranean Sea (Fig. 1a) driven by an excessive evapo-
ration of the surface layer in combination with a freshwater input
deficit (Pinardi andMasetti, 2000; Schroeder et al., 2012). It spreads
throughout the entire Mediterranean basin, crosses the Strait of
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Sicily (sill depth: ~500 m), which acts as a key choke point sepa-
rating the sea in twomain basins (Fig.1a), and carries large volumes
of high-saline water from the eastern to the western basin (e.g.,
Schroeder et al., 2017). The LIW circulates along-slope at interme-
diate depths of ~200e600 m, reaching velocities of up to 14 cm s�1

along the slope of the Albor�an Sea (Millot, 1999; Millot and Taupier-
Letage, 2005; Schroeder et al., 2012; Ercilla et al., 2016; Hayes et al.,
2019). The amount of heat and salt carried by the LIW varies over
different time scales (interannual to decadal) and has a strong
impact on the deep-water formation in the western Mediterranean
as it can enhance or depress deep convection (e.g., Margirier et al.,
2020; Amitai et al., 2021).

The Western Mediterranean Deep Water (WMDW) is formed in
the Gulf of Lion (Millot, 1999) and mixes with the LIW, both flowing
through the Strait of Gibraltar forming the Mediterranean Outflow
Water. Surficial less-saline Atlantic water entering through the
Strait of Gibraltar flows eastwards into the basin at maximumwater
depths of 150e200 m with current velocities of up to 1 m s�1

(Parrilla et al., 1986). It enters the Albor�an Sea in pulses and regu-
lates in conjunction with the LIW the intensity of the thermohaline
circulation. The Atlantic water describes two large anticyclonic
gyres, which control the surface circulation in the Albor�an Sea and
locally increase surface productivity (Heburn and La Violette, 1990).

2.1. The link between Levantine Intermediate Water and
Mediterranean cold-water corals

Living Mediterranean CWCs are today usually found at depths
bathed by the LIW revealing their link to the flow pathway of this
well-ventilated and nutrient-rich intermediate water mass (e.g.,
Taviani et al., 2017; Chimienti et al., 2019; Corbera et al., 2019;
Vertino et al., 2019). Yet, it is likely not the water mass itself that
fosters coral proliferation. The interface or transition between the
high-saline LIW and the overlying low-saline Atlantic water is
characterised by steep vertical and horizontal density gradients
(Millot, 1999). Such pycnoclines become disturbed when they
intersect a sloping topography (shelf edge, continental slope,
seamount, tectonic ridge) resulting in the formation of high-
energetic internal waves (Puig et al., 2004; Ercilla et al., 2016). In-
ternal waves generate currents causing enough turbulence to
erode, resuspend and laterally distribute bottom sediments, and
are thought to have controlled the development of contourites
(drifts and terraces) that formed throughout the Albor�an Sea during
the Pliocene and Quaternary (Ercilla et al., 2016; Juan et al., 2016). It
is well-known that internal waves also have the potential to affect
the distribution and prosperity of CWC reefs as they are funda-
mental mechanisms to increase vertical mixing and lateral supply
influencing the distribution of nutrients, particulate organic ma-
terial, plankton and larvae, and to induce large variations in tem-
perature and oxygen (e.g., Frederiksen et al., 1992; Mienis et al.,
2007; Davies et al., 2009; White and Dorschel, 2010; Hanz et al.,
2019). For the northern and central Albor�an Sea, internal waves
with amplitudes of 90e150 m are reported from the pycnocline
between the LIWand Atlantic water at ~250 mwater depth and at a
(weaker) vertical density gradient within the LIW layer at ~500 m
depth (van Haren, 2014). Internal waves are also known to act off
Morocco from the shelf edge at 100e150 m down to 400 m depth
(Ercilla et al., 2016).

2.2. The East Melilla coral mound province in the southern Albor�an
Sea

The East Melilla CMP in the southern Albor�an Sea (western
Mediterranean) was first mentioned by Comas and Pinheiro (2007),
and was re-visited during several following expeditions (e.g.,
4

Comas et al., 2009; Hebbeln et al., 2009; Hebbeln et al., 2015; Van
Rooij et al. 2017). It is framed (i) by theWestMelilla CMP to thewest
(Fig. 1b), comprising conical-shaped and mainly small (<10 m in
height above the seafloor) coral mounds, which developed in
300e430 mwater depth on the southern flank and at the base of a
volcanic outcrop (Lo Iacono et al., 2014); and (ii) by the Cabliers
CMP to the north (Fig. 1b), where ridge-shaped mounds with
average heights of ~80m developed in 250e710m depth on top of a
volcanic basement (East Cabliers Bank; Corbera et al., 2019). The
East Melilla CMP is located below the shelf edge on the upper
Moroccan slope in water depths of 210e475 m and comprises
mounds grouped into three slope-parallel E-W-trending belts
(Hebbeln, 2019). The shallow southernmost belt comprises several
sinuous to elongated coral ridges at ~210e240 mwater depth (e.g.,
Dragon and Elf mounds; Fig. 2a). The ridges stretch over several
kilometres in a NW-SE direction and are partly buried by sedi-
ments. They rise on average 10e20 m above the surrounding sea-
floor, but also extend several tens of metres below the seafloor
(Fig. 2b; Hebbeln et al., 2015).

Directly north of the southern belt, oval-shaped to elongated
coral mounds form a central belt in water depths of ~240e320 m
(e.g., Mole, Horse and Serpent mounds; Fig. 2a). These mounds
display steep flanks and have average heights of 20e40 m above
the seafloor (Hebbeln, 2019). Towards the north follows a 9-km-
wide area barren of any mound structures. The northern belt
comprises only three but impressively large coral ridges (Brittlestar
ridges (BRs) I to III; Hebbeln et al., 2009). The BRs have steep flanks,
stretch between 3 and 20 km in length and rise 50e150 m from
above the surrounding sea floor in ~375e475 m water depth
(Hebbeln, 2019). They are attached to the southern flank of the
Provençaux Bank (Fig. 2a), a volcanic structure with a flat and
shallow summit that rises to awater depth of ~200m (Ammar et al.,
2007). The zig-zag-like orientation of the BRs (Fig. 2a) follows main
regional fault directions (Martínez-García et al., 2011). Thus, tec-
tonics may have played an important role as a pre-conditioning
factor for their initiation, although there is still no information on
the actual nature of the basement of these ridges (Comas and
Pinheiro, 2007; Hebbeln, 2019). However, strong bottom currents
had likely a much more important influence on the overall devel-
opment of the East Melilla coral mounds indicated by well-
developed moats lined with contourites surrounding the mounds
(Fig. 2; Comas et al., 2009; Hebbeln et al., 2016; Hebbeln, 2019).

3. Material and methods

3.1. Core material collected with the sea floor drill rig MeBo70 and
gravity corer

The sea-floor drill rig MARUM-MeBo70 (MARUM, University of
Bremen, Germany) is a mobile drilling system that is deployed on
the sea floor and operates remotely from a research vessel
(Freudenthal and Wefer, 2013). During expedition MSM36 (“Moc-
coMeBo”) in 2014, the MARUM-MeBo70 was deployed from the R/V
Maria S. Merian to obtain long sediment cores from coral mounds
of the East Melilla CMP (Hebbeln et al., 2015). One MeBo core was
retrieved from the 140-m-high BRI (GeoB18118-2) and one from
the much shallower and smaller ridge-shaped Dragon mound,
which rises 20e30 m above the sea floor (GeoB18116-2; Fig. 2aec).
For both drilling sites, a maximum coring depth of ~71 m below the
sea floor was reached with high sediment recoveries of 73%
(equivalent to ~53 m of sediment) for BRI and of 96% (equivalent to
~70 m of sediment) for Dragon mound (Table 1; see also Supple-
mentary material). The MeBo core from BRI showed throughout
coral fragments embedded in a hemipelagic sediment matrix. A
recent study of a gravity core, collected in close proximity to the



Fig. 2. The East Melilla cold-water coral mound province. (a) Shaded-relief map showing the East Melilla coral mounds/ridges, which are grouped into three belts (modified after
Hebbeln 2019). The location of MeBo drill sites on top of Brittlestar ridge I (BRI) and Dragon mound, and gravity cores collected from BRI, Mole and Elf mounds are indicated by
dotted circles (core-IDs: GeoB181xx-x). The dashed red line indicates the position of the altitude profile shown in Fig. 2b. (b) Altitude profile crossing the MeBo drill sites on top of
the shallow Dragon mound in the SW and of the steep and large BRI in the NE. The dashed red box indicates the drill site on Dragon mound shown in detail in Fig. 2c. (c) Sub-bottom
profile showing the Dragon mound surrounded by moats and drift sediments. The position of the MeBo core penetrating the mound base is indicated (blue: coral-bearing sedi-
ments, white: coral-barren sediments). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Table 1
Metadata of MeBo drill cores and gravity cores collected from the East Melilla coral mound province during R/V Maria S. Merian expedition MSM36 (“MoccoMeBo”). DRD:
maximum drill depth; No. Co: Number of core barrels (each MeBo core consisted of 30 core barrels �a 2.35 m length); No. Th/U: Number of obtained Th/U ages; BRI: Brittlestar
ridge I; GC: gravity core.

Coral mound Core ID Gear Latitude Longitude Water depth DRD (mbsf) Recovery No.
Co

No.
Th/U

Dragon GeoB18116-2 MeBo 35�18.6420N 2�34.9330W 236 m 70.85 70 m (96%) 30 76
BRI GeoB18118-2 MeBo 35�26.1390N 2�30.7650W 332 m 70.85 53 m (73%) 30 45

Elf GeoB18105-1 GC 35�18.4400N 2�31.3180W 224 m / 5.7 m 1 10
Mole GeoB18120-1 GC 35�19.8830N 2�29.6030W 249 m / 10.1 m 1 15
BRI GeoB18118-1a GC 35�26.1390N 2�30.7650W 332 m / 8.7 m 1 54

a Gravity core GeoB18118-1 was retrieved at the same position as the MeBo core GeoB18118e2 as a supplement for the upper part of the drill core collected at BRI.
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MeBo drilling site at the BRI, showed that the matrix sediments are
dominated by fine (medium silt) siliciclastic sediments (Wang et al.,
2021). The MeBo core from Dragon mound contained coral frag-
ments only in the upper 60 m, while below this depth, the core was
exclusively composed of hemipelagic sediments without any coral
fragments (Fig. 2c). Both MeBo cores showed no signs of lithifica-
tion (neither minor induration nor cementation) in the downcore
record, which otherwise would be an indicator for diagenetic
physicochemical processes (e.g., van der Land et al., 2014). In
addition, during an extensive ROV video reconnaissance over the
central sector of the BRI, crossing its summit (including the MeBo
5

drill site) and adjacent flanks, no exposed lithified sediments
(hardgrounds) were observed (Hebbeln et al., 2009). The two long
MeBo coral records were supplemented by three gravity cores,
which were collected from each of the three mound belts (Table 1;
Fig. 2a) allowing to study any potential inter-mound variability in
mound development. All gravity cores were entirely composed of
coral fragments embedded in hemipelagic sediments. As it has
been suggested that steep slopes of coral mounds in particular
might be affected by mass-wasting (e.g., Eisele et al., 2014), all
MeBo and gravity cores were taken from the summits of the East
Melilla mounds to minimize the risk that the sedimentary records
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contain units of significantly reworked/redeposited coral material.

3.2. Th/U dating

Well-preserved fragments of the framework-forming species
D. pertusum and M. oculata were sampled at various core depths
from all MeBo and gravity cores. The coral fragments were Th/U
dated according to the procedures described in detail by Wefing
et al. (2017) and using the new 230Th and 234U half-life values
published in Cheng et al. (2013). Prior to the measurements, all
coral fragments were cleaned mechanically and chemically ac-
cording to a procedure described by Frank et al. (2004). Sample
preparation, chemical purification of the Th and U fractions, and
mass spectrometric analyses were carried out at the Institute for
Environmental Physics (IUP, University of Heidelberg, Germany)
using a multi-collector inductivity coupled plasma mass spec-
trometer (ThermoFisher Neptune plus). Absolute Th/U dates (re-
ported as kiloyear, ka; Table S1 of the Supplementary material)
were considered reliable and used for further discussion, when
measured 232Th concentrations were <10 ppb and the initial d234Ui
values ranged between ±10‰ compared to the value of modern
Mediterranean seawater (149.0‰; according to Border (2020)
Mediterranean water masses are elevated by ~1e2‰ in d234U
compared to the Atlantic; see Fig. S2 of the Supplementary
material).

3.3. Interpretation of coral age clusters, hiatuses and mound
aggradation rates (ARs)

Sediment cores obtained from coral mounds often exhibit
discontinuous stratigraphic records. They typically display distinct
age clusters consisting of stratigraphically closely related coral ages,
which indicate periods of sustained coral growth (e.g., L�opez-
Correa et al., 2012; Douarin et al., 2013; Matos et al., 2015;
Wienberg et al., 2018; Raddatz et al., 2020; 2022). Such age clusters
are either separated by thin core sequences with small numbers of
coral ages, or by distinct hiatuses, i.e. temporal gaps in the strati-
graphic record. While core intervals with few coral ages reflect a
temporary sparse occurrence of CWCs, hiatuses are primarily
interpreted as periods without coral growth (e.g., Frank et al., 2009;
Douarin et al., 2013; Bonneau et al., 2018; Wienberg et al., 2018;
Corbera et al., 2021). Few early coral mound studies also suggested
erosion (i.e. mass wasting) as a possible cause of hiatuses, but
without providing clear evidence for this scenario (Dorschel et al.,
2005; Eisele et al., 2008). Nevertheless, mass wasting may have
the potential to affect the “coral record” by causing random patterns
of erosion and preservation in the individual records. However, no
clear evidence of mass wasting has yet been found for the coral
mounds in the southern Albor�an Sea, while there are several in-
dications that temporary interruptions in coral growth were in
most cases the more probable explanation for the stratigraphic
gaps in the “coral record” (see discussion below).

Coral ages are used to calculate vertical mound ARs. Because
coral ages within a cluster do not always follow a strict chrono-
logical order, but may also reveal age reversals or display ages with
a scattered distribution (e.g., resulting from the collapse of coral
colonies/frameworks or break-off of larger coral branches; see
Titschack et al., 2016), an age-to-age calculation of ARs is often not
possible (see for example Wienberg et al., 2018). For this study, the
oldest and youngest coral ages of an age cluster in relation to the
maximum andminimum core depths of the respective core interval
(bordered by hiatuses) were used for the calculation of ARs (re-
ported in cm kyr�1; Table S1 of the Supplementary material)
providing rather conservative estimations. This method was also
applied to re-calculate previously published ARs (Corbera et al.,
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2021) used for discussion.
Mound development associated with high mound ARs, which

can exceed sedimentation rates in adjacent sedimentary environ-
ments of about an order of magnitude (see e.g., Titschack et al.,
2015; Wang et al., 2021), is indispensably linked to times of sus-
tained coral growth. According to Frank et al. (2009), we define ARs
of >15 cm kyr�1 as representative of densely populated coral
mounds leading to enhanced mound development, while ARs of
<15 kyr�1 down to zero are interpreted as times of reduced or
stagnated mound development. During times without coral growth
(or a very limited occurrence of CWCs), coral mounds remain in an
“inactive” or “dormant” state (according toWienberg and Titschack,
2017). Without the presence of a dense living reef framework and
its capability to baffle bypassing suspended sediments even under
turbulent conditions (e.g., Huvenne et al., 2009; Hennige et al.,
2021; Wang et al., 2021), on-mound sedimentation of hemi-
pelagic sediments is primarily controlled by regional changes in
bottom current strength that steer deposition during weak bottom
current conditions, and non-deposition or erosion (i.e., winnowing)
during strong bottom current conditions, in any case resulting in
very low to zero (net) ARs. Moreover, neither non-deposition nor
erosion of fine sediments would impair the completeness of the
coral record, which is in the focus of this study.

4. Results

In total, 200 Th/U coral ages were obtained from the MeBo and
gravity cores collected from coral mounds of the East Melilla CMP,
which altogether encompass ~480 kyr (Table S1 of the Supple-
mentary material). All core records revealed distinct age clusters,
which are separated by core intervals with a low number of coral
ages, or by one or more hiatuses (Fig. 3). In the following, the coral
age distribution patterns are described for each core separately. The
observed patterns are temporally related to the benthic oxygen
isotope stack of Lisiecki and Raymo (2005) with Marine Isotope
Stages (MIS) with even numbers representing glacial periods and
odd numbers corresponding to warm climate periods (i.e. inter-
glacial complexes containing a number of temperate intervals
within them; excluding MIS 3 which is not considered as an
interglacial). To avoid confusion, please note that we used the
substage nomenclature recently recommended by Railsback et al.
(2015), and we considered the substages MIS 11a, MIS 9e, MIS 7e,
MIS 7a-c and MIS 5e as full interglacials according to the Past
Interglacials Working Group of PAGES (2016), while other sub-
stages of interglacial complexes are referred to as stadials and
interstadials.

The MeBo core GeoB18116e2 was collected from the western
top of the E-W elongated Dragon mound (236 m depth), which is
part of the most southern and shallowest coral mound belt in the
East Melilla CMP (Fig. 2a). The base of Dragon mound lies ~60 m
below the seafloor (Fig. 2c) and the oldest dated coral fragment
corresponding to this depth, and marking its initiation time,
showed an age of ~390 ka (Fig. 3). Overall, all coral ages (n ¼ 76)
obtained from Dragon mound ranged from 390.5 ± 10.4 to
102.6 ± 0.5 ka (Table S1 of the Supplementary material). From 60 to
~27m core depth, the Th/U ages ranged from391 to 297 ka (MIS 11a
to MIS 9b) and were largely ordered non-chronologically. The
majority of ages corresponded to the glacial period of the MIS 10
and to the MIS 9b-d (Fig. 3). Due to the large scatter of the ages, we
should interpret any AR calculation with caution; however, during
MIS 10 and MIS 9d-b ARs were clearly enhanced
(~50e60 cm kyr�1), while ARs were significantly lower
(~5e8 cm kyr�1) during MIS 11a and the full interglacial of MIS 9e.
During the following ~60 kyr, covering the MIS 9a, the entire glacial
period of MIS 8, and the full interglacial MIS 7e, only three coral



Fig. 3. Coral age distribution and mound aggradation rates. (a) LR04 Global Pleistocene benthic d18O stack (Lisiecki and Raymo 2005); terminations I to V are indicated.
Boundaries between Marine Isotopes Stages (MIS) and sub-stage intervals according to Railsback et al. (2015), the full interglacials MIS 1, 5e, 7a-c, 7e, 9e, 11c and 13a are indicated
(pink filling of LR04 stack with a threshold at 3.5-3.73‰; according to the Past Interglacials Working Group of PAGES, 2016). Light blue vertical bars indicate glacial periods. H:
Holocene. (b) Sea-level curve (blue filling with a threshold at -70 m; Grant et al. 2014). (c) Coral ages (versus core depth) obtained from two long MeBo drill cores (diamond
symbols; maximum drill depth: 70 m) and three gravity cores (dot symbols; core recoveries: 5.7 - 10.6 m; see legend for colour code, mound name, core ID and water depth). The
coral-bearing cores were collected from coral mounds of the northern (Brittlestar ridge I, BRI), central (Mole mound) and southern belts (Dragon and Elf mounds) of the East Melilla
coral mound province (see Fig. 2a for core locations). (d) Calculated mound aggradation rates (ARs, numbers next to the bars given in cm kyr�1; bars follow the same colour code as
in c). High ARs were calculated from age clusters (note that empty symbols were disregarded for AR calculation), representing short and intense mound development pulses. Age
clusters are separated by core intervals that have a very low number of corals ages, indicating a temporary sparse occurrence of CWCs, or by hiatuses (dashed horizontal lines),
representing periods of no coral growth (or erosion), leading to a significant slow-down (ARs < 15 cm kyr�1) or stagnation in mound development (indicated by dashed grey bars).
(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

C. Wienberg, T. Krengel, N. Frank et al. Quaternary Science Reviews 293 (2022) 107723
ages were obtained and the calculated AR was low with
~6 cm kyr�1. The next two age clusters mainly coincided with the
stadial MIS 7d (234e219 ka) and the MIS 7b (209e201 ka), which is
a short stadial within the interglacial complex MIS 7a-c (Fig. 3).
During MIS 7d the calculated AR was rather low with ~17 cm kyr�1,
while during MIS 7b, the AR was high with 120 cm kyr�1. The MIS
7b age cluster was followed by a hiatus temporally spanning over
~90 kyr. The youngest age cluster (upper 10 core metres) coincided
with the stadial MIS 5d (115e108 ka) with a corresponding AR of
~145 cm kyr�1 (Fig. 3).

The gravity core GeoB18105e1 was collected from the central
top of the NW-SE elongated Elf mound, which is situated just
~7 km to the east of Dragon mound (Fig. 2a). Ten coral ages were
obtained, which ranged from121.7± 0.4 to 106.21± 0.4 ka (Table S1
of the Supplementary material). As for Dragon mound, also for Elf
mound an age cluster is documented that coincidedwith the stadial
MIS 5d (114e110 ka, AR: ~130 cm kyr�1; Fig. 3).

Gravity core GeoB18120e1 was collected from Mole mound
(central coral belt; Fig. 2a) in a similarly shallow water depth
(249 m depth) as the cores from the southern Dragon and Elf
mounds (Table 1). Fifteen coral ages, obtained from this core,
ranged in total from 78.0 ± 0.3 to 4.8 ± 0.02 ka (Table S1 of the
Supplementary material). A first age cluster (78e71 ka) corre-
sponded to the MIS 5a and the calculated mound AR was
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60 cm kyr�1 (Fig. 3). Separated by a hiatus covering a time span of
~60 kyr, a second age cluster (13.9e11.7 ka) coincided with the BA
to Early Holocene and revealed a high AR of ~220 cm kyr�1 (Fig. 3).
This age cluster followed a sudden drop of the AR to <7 cm kyr�1

until an age of 4.8 ka, which marked the core top.
The MeBo core GeoB18118e2 was collected from the southern

top of BRI (332 m), from roughly 100 m deeper depths than all
other cores (Table 1; Fig. 2a and b). The coral ages (n¼ 47) obtained
from this core ranged from 482.6 ± 14.5 to 8.3 ± 0.1 ka (Table S1 of
the Supplementary material). The three oldest coral ages, which
were even more the oldest ages obtained for the entire East Melilla
CMP, ranged between 483 and 442 ka (Fig. 3). These ages are fol-
lowed by a hiatus covering a time span of 55 kyr. A first age cluster
with ages in chronological order occurred during the end of MIS 11a
(387e364 ka) with a corresponding AR of 60 cm kyr�1. The
following hiatus covered the interval from the onset of the glacial
period of MIS 10 and lasted for ~40 kyr. This is in complete contrast
to the Dragon mound record, for which a mound development
period during the MIS 10 has been documented (Fig. 3). The ages of
the next two age clusters ranged from 327 to 307 ka and corre-
sponded to the full interglacial of MIS 9e (AR: ~50 cm kyr�1) and
the interstadial MIS 9c (AR: ~275 cm kyr�1), while no coral ages
were obtained for the stadial MIS 9d. The following hiatus covered
an interval of ~65 kyr, encompassing theMIS 9a-b, the entire glacial
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period of MIS 8, and the full interglacial MIS 7e. The next two age
clusters (age range: 242e209 ka) corresponded to the stadial MIS
7d (AR: ~30 cm kyr�1) and the onset of the next full interglacial
(MIS 7c; AR: ~125 cm kyr�1) both separated by a short hiatus of ~10
kyr. During the following ~200 kyr (209e15 ka), only four coral ages
were obtained, which plot into the MIS 6 (179 ka, 146 ka, 142 ka)
andMIS 5a (78 ka), while no coral ages were obtained for the entire
last glacial period. Mound ARs during this 200-kyr-time interval
were constantly low (1e3 cm kyr�1). The youngest age cluster
ranged from 15.4 to 8.3 ka, hence, corresponding to a time interval
lasting from the BA until the end of the Early Holocene, as it has
already been documented for several other cores retrieved from the
BRI (see also Fink et al., 2013; Fentimen et al., 2020).With respect to
the entire MeBo record, only this youngest age cluster (upper 10
core metres) displayed an almost strict chronological age order
with a high mound AR of ~140 cm kyr�1 (Fig. 3).

Gravity core GeoB18118e1 was collected from the BRI at the
same position as theMeBo core GeoB18118-2 (Fig. 2a) andwas used
as a supplement for the upper part of this drill core. The 9-m-long
core was dated in very high resolution (n ¼ 54; average sampling
interval: ~15 cm) and provided ages ranging from 15.1 ± 0.06 to
8.5 ± 0.04 ka (Table S1 of the Supplementary material), corre-
sponding to the BA to Early Holocene (AR: ~130 cm kyr�1). No coral
ages being younger than 8.5 ka were obtained, which is in good
agreement with the core-top age (8.3 ka) of the MeBo core
GeoB18118-2.

5. Discussion

5.1. Non-synchronous mound initiation in the southern Albor�an Sea
since the Mid-Pleistocene

The Th/U record obtained from Dragon mound in the southern
Albor�an Sea is unique as for the first time the base of a large
Mediterranean coral mound has been penetrated allowing the
dating of its initiation to ~390.5 ± 10 ka (Mid-Pleistocene; Fig. 3).
While the deglacial to Holocenemound bases of much smaller coral
mounds have occasionally been penetrated by conventional gravity
coring (Fink et al., 2012; L�opez Correa et al., 2012; Victorero et al.,
2016; Tamborrino et al., 2019), only one other long drill record
through a complete mound sequence of 150 m length exists for the
Porcupine Seabight in the NE Atlantic (IODP expedition 307;
Ferdelman et al., 2006). The base of the prominent Challenger
mound record revealed a Late Pliocene age (~2.6e2.7 Ma; Kano
et al., 2007; Huvenne et al., 2009), which was likely the initiation
date for most of the coral mounds in the Porcupine Seabight (Van
Rooij et al., 2003). In addition, based on seismic data, it is
assumed that coral mounds on the SW Rockall Trough margin (the
tallest mounds discovered worldwide with heights of up to 380 m)
initiated in two stages during the Mid-Miocene (after ~16 Ma) and
during the Early Pliocene (~3.5e4.5 Ma; Mienis et al., 2006). Hence,
the ~60-m-high Dragon mound with its Mid-Pleistocene base age
revealed a much shorter life span compared to these large NE
Atlantic coral mounds.

Initiation in mound formation occurred non-synchronous
within the East Melilla CMP as the MeBo core retrieved from the
BRI, yielded coral fragments with an age of ~482.6 ± 15 ka (at ~66m
drill depth; Fig. 3), even though possibly less than ~50% of the coral
ridge were drilled as it has a total height of ~140 m rising from 470
to 330mwater depth (Fig. 2a and b; Hebbeln et al., 2015). Although
there is still no information on the true nature of the basement of
the ridge (Hebbeln, 2019), a first preliminary estimation of the
initiation time of BRI is provided here: Considering that the upper
~66 m of BRI developed during a time span of ~460e490 kyr with
an average AR of ~70 cm kyr�1, and applying this AR to the lower
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part of the coral ridge (~74 m; assuming that the mound is entirely
formed by CWC and has no substantial extension below the sea-
floor), a base age of ~980e1040 ka is speculated. Hence, the for-
mation of BRI possibly initiated during the Mid-Pleistocene
Transition (MPT, 1250e700 ka; Clark et al., 2006). This finding
correlates well with a seismic study from the Moroccan margin on
the Atlantic side of the Strait of Gibraltar, where coral mounds
initiated on ten different seismic horizons, which were interpreted
to be related to glacial periods since the early MPT (Vandorpe et al.,
2017). TheMPT ismarked by an intensification of climate cycles due
to a switch from a dominant low-amplitude 41-kyr (obliquity-
related) to a high-amplitude 100-kyr (eccentricity-related) orbital
periodicity (Clark et al., 2006). As a consequence, ice age cycles
became distinctly asymmetrical with strong glacials causing a
gradual increase of the global ice volume and decrease of deep-
water temperatures, which affected many other components of
the climate system (e.g., deep-water formation, ocean circulation,
monsoon intensity; Clark et al., 2006; Chalk et al., 2017). Hence, the
more extremely variable conditions between interglacial com-
plexes and glacial periods seem to have set the scene for coral
mound initiation and subsequent development on both sides of the
Strait of Gibraltar since the MPT. Climate-induced environmental
changes during the MPT are assumed to have also played an
important role in the evolution of the Challenger mound in the NE
Atlantic, as a re-initiation in mound development of this coral
mound started at ~1000 ka following amajor hiatus lasting for ~700
kyr (Kano et al., 2007; Titschack et al., 2009).

5.2. Coral mound development in the Albor�an Sea during the last
480 kyr

The MeBo drill records obtained from the Dragon mound and
the BRI revealed that CWCs populated the coral mounds in the
southern Albor�an Sea for ~480 kyr (and presumably even for ~1000
kyr, when considering the extrapolated mound base age of BRI).
Both drill cores documented a discontinuous mound formation
history with recurring mound development “pulses” that lasted for
rather short time intervals of 10e30 kyr. The short pulses in mound
development were associated with high ARs of >20 cm kyr�1 and
even up to 275 cm kyr�1. These ARs were much higher as those
obtained for the Cabliers mound (20e40 cm kyr�1; Fig. 4), situated
50 km to the north of the East Melilla CMP (Fig.1b), which vertically
grew by only 10 mwithin ~370 kyr (Corbera et al., 2021). The ARs of
the East Melilla mounds were also considerably higher as ARs
revealed by the Challenger mound record in the NE Atlantic
(1e13 cm kyr�1; Kano et al., 2007). The comparatively high ARs
explainwhy the coral mounds of the East Melilla CMP reached such
remarkable dimensions (up to 140 m in height), even though they
revealed much shorter life spans (~0.5e1 Ma) compared to their NE
Atlantic counterparts (~2.6e4.5 Ma; Mienis et al., 2006; Kano et al.,
2007).

Combined with the shorter core records obtained from other
mounds in the area (this study; Corbera et al., 2021) some distinct
inter-mound variability has been identified. After its initiation at
~390 ka, the shallow Dragonmound experienced a rapid and quasi-
continuous aggradation period, which persisted throughout the
following 90 kyr with peak ARs during the glacial period of the MIS
10 and during the MIS 9b-d (Fig. 3). Between 390 and 300 ka, the
mound reached already a height of >30 m, hence more than 50% of
its present-day elevation. The BRI, located ~15 km to the north of
Dragonmound at ~100mdeeper waters, was also growing by about
~30 m in height between ~390 and 310 ka. But in contrast to the
Dragon mound record, there is an apparent lack of coral deposits
corresponding to the glacial period of MIS 10. This lack is probably
due to unfavourable environmental conditions hampering coral



Fig. 4. (a) Summer (21 June) insolation curve for 65�N (Laskar et al. 2004). Insolation maxima (green peaks) indicated times of intensified African monsoon precipitation (e.g., Grant
et al. 2017), insolation minima (orange peaks) indicate times of enhanced dust supply from the Sahara and northern Africa (e.g., Ehrmann et al. 2017; Sabatier et al. 2020). (b) Ti/Al
ratio of the composite ODP 967/968 record (Levantine Basin). The Ti/Al in the sediments at these ODP sites is considered to be determined by two major sources, the Nile river
suspended matter (depleted in titanium) and windblown dust (enriched in titanium). The Ti/Al changes are therefore linked to monsoonal-induced humidity changes in central to
northern Africa (Ziegler et al. 2010; Konijnendijk et al. 2014). (c) Influx of clay-sized Saharan dust to the Mediterranean Sea as expressed by the kaolinite/chlorite ratios in a sediment
core collected off the Libyan coast. Intense dust pulses (orange peaks) following African Humid Periods (AHP) are labelled D1-D7 (Ehrmann and Schmiedl 2021). Dust pulses D3 e

D5 coincided with pronounced mound development pulses during the last interglacial. (d) Mound aggradation rates (ARs) calculated for the East Melilla mounds and one Cabliers
mound (MD13-3469G, water depth: 417 m; Corbera et al. 2021). ARs of > 15 cm kyr�1 (and up to 220 cm kyr�1) are interpreted to represent periods of enhanced mound
development, while ARs of < 15 cm kyr�1 correspond to times without or limited coral growth that led to a slow-down or stagnation in mound development (AR threshold ac-
cording to Frank et al. 2009). (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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growth at this deepest site during the MIS 10, although also mass
wasting cannot entirely be excluded. Further significant differences
in the formation pattern among the mounds in the southern
Albor�an Sea occurred since the MIS 5. The last mound development
pulse documented for the Dragon mound occurred during the
stadial MIS 5d, when this mound grew by about 10 mwithin 7 kyr.
Interestingly, this final mound development pulse is also displayed
in the record of the neighbouring Elf mound. As this development
pulses ended for both mounds at ~108e110 ka, it is rather unlikely
that this is a random pattern caused by mass wasting. Instead, we
assume a decline in coral growth induced by environmental
changes that affected both shallow East Melilla mounds occurring
in the same water depth (~230 m) and in close proximity (~7 km).
This led to the cessation inmound development, with bothmounds
remaining in a dormant state until today. The exposed fossil corals
lack a cover of hemipelagic sediments, which might be related to
accelerated currents that prevented the deposition of fine sediment
particles on their summit areas (sensu van der Kaaden et al., 2021).
Indeed, deepmoats and drift sediments surrounding all East Melilla
mounds (Figs. 1 and 2) are clear indicators for a highly dynamic
environment in which the mounds developed. Overall, the on-
mound exposure of fossil corals without a significant cover of
hemipelagic sediments seems to be a common phenomenon. It has
also been documented for many other dormant mounds in the
Atlantic, for which coral ages at the mound top have been reported,
ranging from a few kiloyears (off Brazil, Morocco, Namibia; Mangini
et al., 2010; Wienberg et al., 2010; Tamborrino et al., 2019) to up to
~108 ka (off Mauritania; Wienberg et al., 2018).
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The core retrieved from Mole mound (Fig. 2a) documented a
short mound development pulse during theMIS 5a (78e71 ka), and
the Cabliers mound in the north of the East Melilla CMP displayed a
development pulse coinciding with the MIS 5b-c (99e88 ka;
Corbera et al., 2021), which falls temporally between the mound-
forming pulses observed for Dragon/Elf and Mole mound (Fig. 4).
In contrast, no mound development pulse during the MIS 5 is
documented in theMeBo core obtained from the BRI. The ridge also
appears to have remained in a “near"-dormant state during the
previous MIS 6 and the following glacial period. During this very
long time-span of ~200 kyr (210e15 ka), the coral ridge grew only
by about 6 m likely related to a sparse occurrence of CWCs (e.g.,
small, scattered colonies on the mound).

Moreover, it seems likely that during the last glacial period (MIS
2e4), CWCs were (almost completely) absent on the BRI as well as
on other coral mounds in the region (Dragon, Elf, Mole, Cabliers) as
evidenced by the apparent lack of coral ages for this cold climate
period (except of one single age fromMole mound; Fig. 3). Hence, a
long-lasting period with limited or without coral growth, which
resulted in a marked slow-down and even stagnation in mound
development during the last glacial, seems to be a general phe-
nomenon in the southern Albor�an Sea that had long remained
speculative due to the lack of suitable core material (see Fink et al.,
2015).

Following this pronounced glacial interruption in mound
development, the BRI had its most recent development pulse dur-
ing the last deglaciation to Early Holocene (Fig. 3), which is well-
documented for all cores obtained from BRI (Fink et al., 2013;
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Stalder et al., 2018; Fentimen et al., 2020; this study), and was also
found for Mole mound, two further coral mounds of the central
mound belt in the East Melilla CMP (Serpent and Horse mounds,
Fig. 2a; Stalder et al., 2015; Stalder et al., 2018), and for the Cabliers
mound in the north (Corbera et al., 2021).

5.3. Environmental controls on coral mound development in the
southern Albor�an Sea

The vitality of CWCs directly depends on the local ambient
environmental conditions (e.g., water temperature, oxygen con-
centrations, pH, food controlled by surface productivity and tur-
bulent bottom currents; Davies and Guinotte, 2011). In turn, the
development of coral mounds not just requires vivid CWC reefs, but
also the concurrent supply of terrigenous sediments, which derive
from fluvial or aeolian input but also from iceberg discharge, and
are delivered or resuspended by moderate to strong bottom cur-
rents (e.g., Pirlet et al., 2011). Since an energetic hydrodynamic
regime commonly prevails on top of a coral mound (Dorschel et al.,
2007b; Mohn et al., 2014; Cyr et al., 2016; Juva et al., 2020; van der
Kaaden et al., 2021), bypassing suspended sediments only become
deposited when large and densely distributed coral (reef) frame-
works are present, as those have the capability to reduce the ve-
locity of near-bottom currents allowing sediment deposition
between their branches (baffling; Huvenne et al., 2009; Titschack
et al., 2009; Wang et al., 2021). Moreover, a flourishing reef needs
the stabilising effect of a sediment infill for preventing successive
fragmentation (by bioerosion, currents, gravity) and for developing
into a mound several tens or even hundreds of metres high. Hence,
to unravel the environmental controls which fostered mound
development in the past, it is not just necessary to decipher envi-
ronmental conditions promoting coral growth, but also potential
sediment sources and periods of enhanced sediment supply need
to be identified.

5.3.1. The missing link between climate oscillations and coral
mound development in the southern Albor�an Sea

The temporal pattern of mound development documented for
the East Melilla coral mounds in the southern Albor�an Sea during
the last ~480 kyr apparently follows no ice age-paced oscillations.
Mound development coincided either with full interglacials (MIS
9e, MIS 11a), stadials (e.g. MIS 5d, MIS 7d) or interstadials (e.g. MIS
5a) of interglacial complexes (MIS substages according to Railsback
et al., 2015, definition of interglacials according to Past Interglacials
Working Group of PAGES, 2016), but also occurred during the
glacial period of MIS 10 as documented for the Dragon mound
(Fig. 3). In addition, the most recent mound development stage
during the BA and Early Holocene, which is documented in all core
records obtained frommounds in the southern Albor�an Sea (except
of Dragon and Elf mound; e.g., Fink et al., 2015; Stalder et al., 2018;
Wang et al., 2019; Fentimen et al., 2020; Corbera et al., 2021; our
study), is the only one, whose onset coincided with one of the
major glacial terminations during the last 480 kyr (Fig. 3).

This is in contrast to what is reported for coral mounds in the NE
Atlantic Ocean, where mound development in the northern NE
Atlantic (off NW Europe) occurred primarily during warm climate
periods (e.g., Dorschel et al., 2007a; Frank et al., 2009; L�opez Correa
et al., 2012; van der Land et al., 2014; Wienberg et al., 2020), while
mound development was largely restricted to glacial periods in the
warm-temperate to sub-tropical NE Atlantic (off NW Africa;
Foubert et al., 2008; Wienberg et al., 2010; Eisele et al., 2011;
Wienberg et al., 2018). These synchronous north-south oscillations
of the biogeographic limits of coral mound development have been
related to shifts of the polar front that caused north-south dis-
placements of cold and nutrient-rich intermediate waters (Frank
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et al., 2011). However, since such an ice age-paced pattern
(matching the 100-kyr cycle in eccentricity) is obviously less clear
for the southern Albor�an Sea, and also, since mound development
only occurred as short pulses with a duration of only ~10e30 kyr
(Figs. 3 and 4), environmental processes changing on shorter
timescales must have had a more significant influence on the
development of the coral mounds in the southern Albor�an Sea.

5.3.2. The influence of changes in African continental hydroclimate
on coral mound development in the southern Albor�an Sea

The Mediterranean Sea is located at the boundary between two
climate regimes, and therefore responds very sensitive and quickly
to changes in atmospheric forcing and hydroclimate in adjacent
continents (Alpert et al., 2006; Lionello et al., 2006). Its northern
part represents a maritime coastal climate, dominated by west-
erlies and influenced by the North Atlantic Oscillation (e.g., Hurrell,
1995; Wassenburg et al., 2016), while its southern part is charac-
terised by a subtropical desert climate, dominated by trade winds
and influenced by the descending branch of the Hadley cell (e.g.,
Chylek et al., 2001; Giraudi, 2005). Moreover, the Mediterranean
Sea is influenced by two important monsoon systems, namely the
South Asian and the Africanmonsoons, which control precipitation,
vegetation cover, dust mobilisation and river discharge in the re-
gion (Alpert et al., 2006). All these climate phenomena regulate the
climate of the Mediterranean region, and also affect the thermo-
haline circulation structure, deep-water formation, surface pro-
ductivity and the heat balance of the Mediterranean Sea, thus
significantly impactingmarine ecosystems (e.g., Durrieu deMadron
et al. 2011; Josey et al., 2011; Kim et al., 2019).

During the Late Quaternary, precessional variations of the
Earth's orbit (with a cyclicity of ~23 kyr) exerted regular north-
south shifts of the Inter Tropical Convergence Zone (ITCZ) and the
African monsoon system (Rossignol-Strick, 1985; Rohling et al.,
2002; Larrasoa~na et al., 2003; Ziegler et al., 2010), resulting in
major hydrological changes in northern Africa (Gasse, 2000; L�ezine
et al., 2011; McGee et al., 2013; Tierney et al., 2017). During boreal
summer insolation maxima of the northern hemisphere, the ITCZ
and the tropical rainbelt moved northward over the continent. The
enhanced precipitation over northern Africa turned regions, which
were formerly characterised by deserts, into areas covered by river
systems (Fig. 1a), lakes and dense vegetation (African Humid Pe-
riods, AHPs) (e.g., deMenocal et al., 2000; Gasse, 2000; Tjallingii
et al., 2008; L�ezine et al., 2011; Grant et al., 2017; Blanchet et al.,
2021). Conversely, during boreal summer insolation minima, the
ITCZ and the monsoon rain belt moved southward (e.g., Tjallingii
et al., 2008; L�ezine et al., 2011). This caused a desertification of
the Sahara and northern Africa, resulting in increased aeolian dust
transport as commonly documented in marine and lacustrine
sediments of the Mediterranean region (e.g., Larrasoa~na et al.,
2003; Bout-Roumazeilles et al., 2007; Revel et al., 2010; Rodrigo-
G�amiz et al., 2011; Ehrmann et al., 2017; Sabatier et al., 2020;
Blanchet et al., 2021). We propose that this had two potentially
positive effects on coral mound development: (i) enhanced pro-
ductivity triggered by dust fertilisation supported CWC growth (see
also Wienberg et al., 2010), and (ii) high dust fluxes delivered suf-
ficient sediments to stabilize the reef structure and to significantly
contribute to the mound volume, thereby promoting enhanced
mound aggradation (e.g., Roberts et al., 2006; Huvenne et al., 2009;
Wienberg and Titschack, 2017). Indeed, we found an intriguing
temporal correlation of the mound development pulses docu-
mented for the southern Albor�an Sea with enhanced fluxes of
aeolian dust towards the Mediterranean (Fig. 4). Most convincing is
the correlation with intense dust pulses recently documented for
the MIS 5 (starting after the termination of the strong Eemian
AHP5) with each lasting for only 10e14 kyr (D5 - D3; Ehrmann and
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Schmiedl, 2021), which temporally coincided almost perfectly with
the mound development pulses documented for the Dragon/Elf,
Mole, and Cabliers mounds lasting for similarly short time intervals
(~7e15 kyr; Fig. 4). Immediately after the abrupt termination of
AHPs, these dust pulses delivered high loads of sediments from
desiccated soils, lake and river beds towards the Mediterranean
Sea. Their intensity was directly proportional to the monsoon in-
tensity steering the preceding AHP as more weathering products
were formed and mobilised by wind erosion after desiccation,
while the dust transport decreased successively to a stable back-
ground level when the main dust sources became exhausted
(Ehrmann et al., 2017; Ehrmann and Schmiedl, 2021). The fact that
the dust pulses during theMIS 5 triggeredmound formation only at
one specific site might be related to the depth of the mounds, their
distance to the continent, or yet unidentified (local) oceanographic
processes.

Moreover, a prolonged period of increased dust flux was docu-
mented in sediments of the Mediterranean Sea, lasting from ~400
to 300 ka (MIS 11c to MIS 9b) and interrupted only by a brief period
of more humid conditions between ~338 and 330 ka (related to an
insolation maximum during the first part of the interglacial MIS 9a;
Fig. 4; Konijnendijk et al., 2014). This correlates perfectly with the
mound development pattern documented for the East Melilla CMP
and likely explains the rapid vertical aggradation of the Dragon
mound and the BRI of about 30 mwithin this 100-kyr-time interval
during the Mid-Pleistocene (Figs. 3 and 4). However, while Dragon
mound continued to grow during the glacial period of the MIS 10,
the record of the deeper BRI shows a distinct hiatus at the same
time (Fig. 4). Considering this hiatus was related to an interruption
in coral growth on BRI 10 during theMIS10, this contrasting pattern
might be related to the depth of the mounds and/or their distance
from the African continent. Dragon mound, located at ~230 m
depth just ~15 km north of the Moroccan shelf edge, might have
profited from specific glacial conditions prevailing close to the
shelf. For example, enhanced offshore winds may have intensified
cyclonic circulation and Ekman pumping, resulting in locally
enhanced productivity and/or a shoaling of the pycnocline between
the LIW and Atlantic water (Myers et al., 1998; Jouet et al., 2006;
Rohling et al., 2015). However, further research is needed to sub-
stantiate such speculations.

Our data revealed a strong correlation between increased dust
supply and mound development in the southern Albor�an Sea,
although it was apparently not the only trigger since there are few
deviations from the proposed pattern. Times of high dust supply
that are documented for the last three glacial periods (e.g., dust
pulses D2 during MIS2-4 and D6/7 during MIS 6; Ehrmann and
Schmiedl, 2021) did not result in enhanced mound development,
probably related to a low abundance of CWCs (Figs. 3 and 4). And
even more astonishing, a very intense dust pulse (D1 in Fig. 4;
Ehrmann and Schmiedl, 2021) following the termination of the last
AHP was also not accompanied by mound development. Thus,
although high productivity conditions induced by the fertilisation
effect of the supplied dust should have favoured the growth of
CWC, other environmental factors (e.g., temperature, oxygen) and
oceanographic processes (e.g., ocean circulation, bottom currents,
turbulence) hampered their proliferation preventing them from
forming large reefs on the coral mounds in the southern Albor�an
Sea. Further, we should also consider species-specific effects. The
strong reduction in mound ARs since the Early Holocene coincided
with an apparent change from D. pertusum-to M. oculata-domi-
nated coral (mound) communities (Stalder et al. 2015, 2018;
Fentimen et al., 2020; Corbera et al., 2021). This was previously
linked to the sudden and strong increase in water temperatures
since the BA interstadial (Wienberg, 2019), to which M. oculata
appears to be more resilient (Wienberg and Titschack, 2017).
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However, due to its limited ability to form large frameworks
(Roberts et al., 2009; Orejas et al., 2021), this species may be less
successful at maintaining mound development (Wienberg, 2019).

5.3.3. The importance of hydrodynamic processes on
Mediterranean coral mound development

Today, the well-ventilated and nutrient-rich LIW appears to be
an important oceanographic component conditioning a suitable
environment for CWCs, as evidenced by the present-day link be-
tween its flow path and the occurrence of living CWCs (e.g., Taviani
et al., 2017). Moreover, it has been suggested that internal wave
activity at the interface between the LIW and overlying Atlantic
waters, and its positive effect of increasing turbulence and food/
sediment supply, supported the latest CWC bloom and associated
mound development pulse during the last deglaciation (Wang
et al., 2019; Corbera et al., 2021). The flow depth of the LIW in
the western Mediterranean has fluctuated repeatedly, e.g. induced
by sea-level changes during the last 130 kyr (Toucanne et al., 2012),
and it is likely that the deepening/shoaling of the LIW has also
caused a vertical shift of associated internal waves (Rodrigo-G�amiz
et al., 2011; Ercilla et al., 2016). Such vertical shifts would have
resulted in CWC reefs thriving on the coral mounds of the Albor�an
Sea being in and out of optimal (hydrodynamic) environmental
conditions, a scenario which has previously been described for
coral mounds on the Irish margin (Wienberg et al., 2020). More-
over, also the amplitude of internal waves could have varied over
time, due to variations in the LIW flow.

This brings us back to the African hydrology as changes in
continental hydroclimate can affect the flow depth and intensity of
the LIW. A dry and warm climate in combination with a reduced
freshwater input from rivers favours the formation of dense LIW
(Lascaratos et al., 1999; Schroeder et al., 2017). In contrast,
increased precipitation over northern Africa during AHPs is
commonly accompanied by intensified fluvial freshwater discharge
via the Nile river, via palaeo-river systems flowing northward from
the central Saharanwatershed into the Ionian Sea (Gulf of Sirte; e.g.,
Blanchet et al., 2021), and probably also via numerous smaller
rivers along the Moroccan, Algerian and Tunisian coasts draining
from the Atlas Mountains into the western Mediterranean basin
(Fig. 1a). An increased freshwater input would led to decreased
surface water salinity and enhanced water-mass stratification,
which impairs LIW and deep-water formation in the eastern
Mediterranean basin (e.g., Bethoux and Gentili, 1999; Revel et al.,
2010; Toucanne et al., 2012; Bahr et al., 2015; Rohling et al., 2015;
Tesi et al., 2017; Kaboth-Bahr et al., 2018). Indeed, strong decreases
in mound ARs regularly coincided with the onset of AHPs marked
by increased precipitation (during insolation maxima in Fig. 4).
Hence, increased freshwater input during AHPs and its implications
on the ventilation and thermohaline circulation patterns in the
Mediterranean Sea as well as on the formation and vertical range of
internal waves may therefore have adversely affected the Medi-
terranean CWC communities by providing low-energetic and
oxygen-depleted conditions at intermediate to deep depths (see
also Fink et al., 2012). Such a scenario could also explain the tem-
poral differences in mound development between individual
mounds observed during the MIS 5 (see above; Fig. 4). Variations in
the freshwater input, even during relatively dry periods, might
have caused vertical shifts of the LIW-Atlantic Water interface and
associated internal waves; thus, optimal conditions for mound
development may have prevailed only in limited water depth
windows. So far, however, suitable paleoceanographic records for
the southern Albor�an Sea are still lacking that provide information
on hydrodynamic changes at intermediate depths during the last
~480 kyr, and could confirm the positive link between past LIW
flow and mound development.
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6. Conclusions

The here presented MeBo drill core records obtained from the
East Melilla CMP significantly expand our knowledge of coral
mound initiation and mound development in the western Medi-
terranean Sea during the last ~480 kyr. The base of a 60-m-high
mound has been dated to the Mid-Pleistocene (~390 ka), and it has
been shown that mound initiation was non-synchronous, as larger
mounds may have initiated already since the MPT (at ~1000 ka).
Mound development in the southern Albor�an Sea, associated with
high ARs of up to 275 cm kyr�1, was restricted to relatively short
time intervals (10e30 kyr) that could not be assigned to any ice
age-paced climatic oscillation. Instead, our data demonstrate that
hydrological changes of the northern African continental climate
had an evident remote control on coral mound development in the
western Mediterranean Sea. Increased dust supply during dry pe-
riods on the northern African continent affected surface produc-
tivity and sediment supply, while increased freshwater input
during humid periods, altered the intensity and depth of the LIW
flow and associated turbulent internal wave activity. The combined
influence of changes in productivity, sediment supply and hydro-
dynamic processes had likely a strong impact on CWC proliferation
and on mound development. Land-atmosphere-ocean feedback
processes imposed by hydroclimate changes (e.g., Pausata et al.,
2020) are especially amplified in the small and semi-enclosed
Mediterranean Sea placed between two climate regimes. As a
result, its deep-sea ecosystems are likely to be very sensitive to past
and future climate change, pointing to a greater vulnerability
compared to their Atlantic counterparts.
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