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The formation of cold-water coral (CWC) mounds is commonly seen as being the
result of the sustained growth of framework-forming CWCs and the concurrent supply
and deposition of terrigenous sediments under energetic hydrodynamic conditions.
Yet only a limited number of studies investigated the complex interplay of the various
hydrodynamic, sedimentological and biological processes involved in mound formation,
which, however, focused on the environmental conditions promoting coral growth.
Therefore, we are still lacking an in-depth understanding of the processes allowing
the on-mound deposition of hemipelagic sediments, which contribute to two thirds
of coral mound deposits. To investigate these processes over geological time and to
evaluate their contribution to coral mound formation, we reconstructed changes in
sediment transport and deposition by comparing sedimentological parameters (grain-
size distribution, sediment composition, accumulation rates) of two sediment cores
collected from a Mediterranean coral mound and the adjacent seafloor (off-mound).
Our results showed that under a turbulent hydrodynamic regime promoting coral
growth during the Early Holocene, the deposition of fine siliciclastic sediments shifted
from the open seafloor to the coral mounds. This led to a high average mound
aggradation rate of >130 cm kyr−1, while sedimentation rates in the adjacent off-
mound area at the same time did not exceed 10 cm kyr−1. Thereby, the baffling of
suspended sediments by the coral framework and their deposition within the ecological
accommodation space provided by the corals seem to be key processes for mound
formation. Although, it is commonly accepted that these processes play important roles
in various sedimentary environments, our study provided for the first time, core-based
empirical data proving the efficiency of these processes in coral mound environment.
In addition, our approach to compare the grain-size distribution of the siliciclastic
sediments deposited concurrently on a coral mound and on the adjacent seafloor
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allowed us to investigate the integrated influence of coral mound morphology and
coral framework on the mound formation process. Based on these results, this study
provides the first conceptual model for coral mound formation by applying sequence
stratigraphic concepts, which highlights the interplay of the coral-framework baffling
capacity, coral-derived ecological accommodation space and sediment supply.

Keywords: cold-water coral mound formation, sediment deposition, baffling capacity, ecological accommodation
space, lateral sediment supply

INTRODUCTION

Cold-water coral (CWC) mounds are common and prominent
sedimentary features along the upper and mid continental
slopes (200–1,000 m water depths) in the Atlantic Ocean and
the adjacent marginal seas (e.g., Roberts et al., 2006; Wheeler
et al., 2007; Hebbeln and Samankassou, 2015; Wienberg and
Titschack, 2017; Lo Iacono et al., 2018). They rise up to several
tens and even hundreds of meters above the seafloor (e.g.,
Mienis et al., 2006) and cluster in provinces often comprising
hundreds of individual mounds (e.g., Colman et al., 2005;
Wheeler et al., 2007; Glogowski et al., 2015; Hebbeln, 2019;
Tamborrino et al., 2019; Steinmann et al., 2020). Coral mound
formation results from the complex interplay between sustained
growth of framework-forming CWCs and the concurrent supply
and deposition of sediments under energetic hydrodynamic
conditions (Roberts et al., 2006, 2009). Previous studies on
coral mound formation mainly concentrated on the CWCs and
the environmental factors supporting their proliferation, such
as distinct physical and chemical properties of the ambient
water masses (e.g., temperature, dissolved oxygen concentrations,
pH, and water density; e.g., Freiwald, 2002; Davies et al.,
2008; Davies and Guinotte, 2011; Flögel et al., 2014) and
the supply of food by vertical fluxes triggered by surface
ocean productivity and horizontal fluxes triggered by strong
bottom-water hydrodynamics (e.g., Thiem et al., 2006; Mienis
et al., 2007, 2012; Davies et al., 2009; Hebbeln et al., 2016;
De Clippele et al., 2018). However, with this strong focus
on the CWCs, only one prerequisite for mound formation
was considered. The importance of the sediments deposited
between the coral framework is often neglected, even though
they usually contribute two thirds or more to coral mound
deposits (e.g., Dorschel et al., 2007a; van der Land et al., 2014;
Titschack et al., 2015). Besides the supply of sufficient sediments,
the local deposition of sediments on top of a coral mound,
where commonly an energetic hydrodynamic regime prevails
(Frederiksen et al., 1992; Dorschel et al., 2007b; Mohn et al., 2014;
Juva et al., 2020), depends primarily on the CWC frameworks that
reduce the velocity of near-bottom currents and allow bypassing
suspended sediments to settle between their branches, a process
also known as baffling (e.g., Dorschel et al., 2007b; Guihen
et al., 2013). Baffling by coral frameworks is well known and
described from tropical shallow-water reefs (e.g., Hallock, 1997),
and is also suspected to play an important role for coral mound
formation in the deep sea (e.g., Mullins et al., 1981; Foubert
et al., 2008; Huvenne et al., 2009; Mienis et al., 2009a; Victorero
et al., 2016). For instance, comparing surface sediments from

coral mounds and near-by seafloor settings already revealed a
relative enrichment of fine material on the mounds that was
assumed to reflect (a) the winnowing of fine sediments from the
seafloor next to the mounds and (b) their subsequent deposition
on the mounds forced by coral baffling (Mullins et al., 1981;
Paull et al., 2000; Wheeler et al., 2011). In addition, experimental
and modeling studies have impressively shown how current
velocities are reduced within CWC frameworks favoring the
settlement of suspended sediments (e.g., Chang et al., 2009;
Mienis et al., 2019; Bartzke et al., 2021; Hennige et al., 2021).
However, detailed studies on the processes controlling sediment
delivery and deposition on coral mounds and their impact on
coral mound formation, notably over longer timescales, are still
largely lacking.

In this study, we investigated the importance of coral
baffling and sediment supply for coral mound formation on
geological timescales. Therefore, we assessed differences in
grain-size distribution, composition and accumulation rates of
siliciclastic sediments deposited contemporaneously in two well-
dated sediment cores, one obtained from a coral mound in
the western Mediterranean (Alborán Sea, East Melilla coral
mound province) recording a pronounced Early Holocene
mound formation period, and one from the adjacent seafloor
displaying slope sedimentation before, during and after this
episode in mound formation. In concert with coral preservation
patterns within the coral mound core, these data were used
to decipher the hydrodynamic and sedimentary processes that
prevailed in the respective settings (a) to prove the importance
of the coral baffling capacity for mound formation, and (b)
to apply, for the first time, sequence stratigraphic concepts to
conceptually describe coral mound formation as an interplay
between sediment supply and ecological accommodation space
(sensu Pomar, 2001; Pomar and Haq, 2016). In this sense, the
baffling capacity is defined as the capacity of a coral framework
to create a local low energy environment, which allows current-
transported sediments to settle even under generally turbulent
background conditions (e.g., Ginsburg and Lowenstam, 1958;
Flügel, 2004; Titschack et al., 2009), whereas the ecological
accommodation space describes the space generated by the coral
frameworks that is available for sediment deposition.

MATERIALS AND METHODS

Two gravity cores were investigated within this study, which
were retrieved from the East Melilla coral mound province in
the southern Alborán Sea (western Mediterranean) during RV
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Poseidon cruise POS 385 (Hebbeln et al., 2009). The on-mound
core GeoB13729-1 was collected at∼440 m water depth (Table 1)
from the western flank of an elongated ridge-like coral mound
(named Brittlestar Ridge I; Figure 1). This large coral ridge
has a maximum elevation of 150 m above the seafloor (for
further details see Hebbeln, 2019), and is currently bathed by the
Levantine Intermediate Water flowing with velocities of up to
14 cm s−1 from east to west at water depths of 200–600 m (Millot
and Taupier-Letag, 2005). The on-mound core has a recovery
of 447 cm and contains coral fragments of various preservation
states throughout the core (see Titschack et al., 2016). Previously
published coral ages obtained from this core determined by
accelerator mass spectrometry (AMS) radiocarbon (14C) dating
revealed a pronounced mound formation phase during the Early
Holocene (11.2–9.8 kyr BP; Fink et al., 2013). The off-mound
core GeoB13731-1 is 431-cm-long and was collected at 360 m
water depth about 4 km southeast of the coral ridge I from the
southward shallowing continental slope (Figure 1 and Table 1).
A previously established age model (based on seven AMS14C
dates of mixed planktonic foraminifera) suggests that the core
sediments were deposited during the last ∼23 kyr (for details see
Fink et al., 2013).

AMS14C Age Calibration, U/Th Dating on
Coral Fragments and Calculation of
Sedimentation and Mound Aggradation
Rates
For this study, all previously published conventional AMS14C
ages obtained for the on- and off-mound cores (see Fink et al.,
2013) were re-calibrated using the software CALIB8.2 (Stuiver
et al., 20211; Table 2A). For the re-calibration, we have applied the
MARINE20 calibration curve (Heaton et al., 2021) with a local
reservoir age correction of 1R =−90± 80 years accounting for a
deglacial to Holocene marine reservoir age of R = 370± 40 years
(according to Siani et al., 2000; Reimer and McCormac, 2002;
Siani et al., 2011).

For the on-mound core, ten additional coral fragments
were sampled from various core depths for Uranium-Thorium
(U/Th) dating to improve the existing age model of this
core. The coral fragments were mechanically and chemically
cleaned according to the procedure described by Frank et al.
(2004), and measurements were performed according to the
procedures described in detail by Wefing et al. (2017). 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 spectrometer (Thermo Fisher Neptune plus). Absolute
U/Th dates are reported as kyr BP (Table 2B) in order to compare
them with the AMS14C coral ages.

Sedimentation rates (SRs) for the off-mound core were
(re-)calculated based on a linear interpolation between the ages
(Table 3). Also, for the calculation of the mound aggradation
rates (ARs) for the on-mound core, an age-to-age calculation was

1http://calib.org/calib/calib.html

applied, whenever coral ages revealed a strict chronological order.
SRs and ARs are given in centimeters per kiloyear (cm kyr−1;
Table 3).

Grain-Size Analyses
For the off-mound core GeoB13731-1, grain-size distribution
data of the siliciclastic sediment fraction were already published
by Fink et al. (2013). The sampling resolution was 10 cm and
analyses were performed with a Beckman Coulter LS200 (for
further details see Fink et al., 2013). For this study, additional
samples (per sample ∼1–2 g of bulk sediment) were collected
from the off-mound core from the core depth interval of 318–
338 cm in 2-cm-resolution, which, according to the existing age
model, temporally corresponds to the Early Holocene mound
formation period that is represented by the on-mound core
GeoB13729-1 (Fink et al., 2013). Further samples for grain-
size analyses were collected from the matrix sediments (per
sample ∼1–2 g of sediment without coral fragments) of the
on-mound core in 10-cm-resolution throughout the core. For
all sediment samples (off- and on-mound cores), the biogenic
components (organic carbon, carbonate, and biogenic opal) were
removed prior to the grain-size analyses following the protocol
of Fink et al. (2013). During the entire preparation, deionized,
degassed and filtered water (mesh size of 0.2 µm) was used
to reduce the potential influence of air bubbles or particles in
the water. The new set of sediment samples was measured in
the Particle-Size laboratory at MARUM (University of Bremen,
Germany) using a Beckman Coulter LS13320. To be consistent
with the data of Fink et al. (2013), only the size range between
0.4 and 2,000 µm, divided into the same 92 size classes, was
used. Results are provided in volume percentages (vol.%) of the
specific size classes.

Dry Bulk Density Measurements
Sediment dry bulk density measurements were conducted on
the sediments of the off-mound core GeoB13731-1 and on the
matrix sediments of the on-mound core GeoB13729-1 in 10-cm-
resolution. Approximately 8 cm3 of material were wet weighed
and subsequently dried for 24 h within a convection oven at
temperatures of 100–110◦C. After cooling to room temperature
in a desiccator, sediment volumes were measured with a PentaPyc
5200e gas pycnometer (Quantachrome instruments) in the
Geotechnical Laboratory at MARUM, University or Bremen,
Germany. The dry bulk density was determined by following the
ODP methodology of Blum (1997).

Total Carbon, Total Organic Carbon, and
CaCO3 Determinations
Total carbon (TC) and total organic carbon (TOC) contents (in
wt.%) of the sediments of off-mound core GeoB13731-1 and the
matrix sediments of on-mound core GeoB13729-1 were analyzed
in 10- and 5-cm-resolution, respectively. Prior to the analyses,
the freeze-dried (matrix) sediments were first ground, and then
divided into two subsamples of approximately 50 mg each to
determine TC and TOC. For the TOC measurements, the total
inorganic carbon was removed with 12.5% HCl prior to the
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FIGURE 1 | (A) Overview map showing the Alborán Sea in the western Mediterranean. Coral mound provinces are indicated by a red triangle. (B) Bathymetry map
of the northern East Melilla cold-water coral mound province in the southern Alborán Sea showing the locations of the sediment cores used for this study
(off-mound: GeoB13731-1, on-mound: GeoB13729-1). Map modified from Hebbeln (2019).

TABLE 1 | Metadata of gravity cores collected from the East Melilla coral mound province (southern Alborán Sea) during the cruise POS 385 with the German RV
Poseidon in 2009 (Hebbeln et al., 2009). Indicated are also analyses which were applied to the core sediments. Some data of these analyses were previously published
in Fink et al. (2013) and Titschack et al. (2016), while others were newly obtained for this study. REC: core recovery, CT: computer tomography, TC: total carbon, TOC:
total organic carbon, CaCO3: carbonate.

Core metadata Core analyses

Core-ID Latitude Longitude Depth REC AMS14C Th/U CT Grain Dry bulk TC, TOC

(GeoB) (N) (S) (m) (cm) Dating Dating Scans Size Density CaCO3

13731-1
off-mound

35◦24.80′ 2◦33.22′ 362 431 7x [1] / / X [1,3] X [3] X [3]

13729-1
on-mound

35◦26.07′ 2◦30.83′ 442 447 5x [1] 10x [3] X [2] X [3] X [3] X [3]

Source of original data: [1] Fink et al. (2013); [2] Titschack et al. (2016); [3] this study.

analysis. Both subsamples (for TC and TOC) were measured with
a Leco CS 200 at the Department of Geosciences, University of
Bremen, Germany. Later on, the CaCO3 content was calculated
following the standard equation:

CaCO3[wt.%] = (TC− TOC)[wt.%] × 8.333

with the factor 8.333 representing the molecular weight ratio of
CaCO3 and carbon (e.g., Faust et al., 2020; Tapia et al., 2021).

Calculation of Sediment Composition
and Associated Accumulation Rates
For the off-mound core, the sediment composition was assessed
on the basis that it consists of three main components: siliciclastic
material, carbonate, and organic carbon. Consequently, the
relative contribution of siliciclastic material (Silic) was calculated
as

Silicoff[wt.%] = 100[wt.%] − CaCO3off[wt.%]

− TOCoff[wt.%]

The main difference in sediment composition between the on-
and the off-mound cores are the corals within the on-mound

core. The coral content per volume (CCoral−V [vol.%]) for the
on-mound core is provided by Titschack et al. (2016) based
on computer tomography (CT). For analyzing the composition
of the matrix sediments of the on-mound core, the same
approach as for the off-mound core was applied. However, for
the assessment of the overall sediment composition, these had to
be combined with the coral content to calculate the individual
contributions as exemplified here for the siliciclastic material

Silicon[wt.%] =

(100 [vol.%]−CCoral−v) × ρmatrix
×matrix Silicon[wt.%]

(100 [vol.%]−CCoral−v) × ρmatrix + CCoral−v
× ρcoral

with ρmatrix corresponding to the measured dry bulk density of
the matrix sediments and ρcoral (2.66 g cm−3) to the density of
coral skeletons (see Dorschel et al., 2007a). The weight percentage
of organic carbon (TOCon [wt.%]) and carbonate (CaCO3on
[wt.%]) were calculated by substituting the matrix Silicon [wt.%]
by the matrix TOCon [wt.%] and matrix CaCO3on [wt.%] in
the above equation.
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TABLE 2 | (A) AMS14C dates obtained from mixed planktonic foraminifera (PLF) of the off-mound core GeoB13731-1 and from cold-water coral fragments (Lophelia
pertusa a.k.a. Desmophyllum pertusum) of the on-mound core GeoB13729-1. The AMS14C ages were corrected for 13C and converted into calendar ages using with
CALIB 8.20 (Stuiver et al., 2021; http://calib.org/calib/calib.html). For the calibration of the conventional AMS14C, the MARINE 20 calibration curve has been applied
(Heaton et al., 2021) with a local reservoir age correction of 1R = −90 ± 80 years accounting for a deglacial to Holocene marine reservoir age of R = 370 ± 40 years
(according to Siani et al., 2000; Reimer and McCormac, 2002; Siani et al., 2011). SD: sampling depth, MPA: median probability age. (B) U/Th dates obtained from
cold-water coral fragments (L. pertusa) of the on-mound core GeoB13729-1. Provided are 232Th concentrations and decay corrected 234U/238U activity ratios [δ234U(i)]
calculated from the given ages and with λ234U: 2.82206 (±0.00302) × 10−6yr−1). The age at 331 cm core depth is marked in italics as it is most likely affected by
diagenetic alternation as indicated by the high 232Th concentration.

A

Core ID SD Material Lab code Conv. 14C age 1σ 2σ range cal. age MPA 2σ

(GeoB) (cm) (kyr) (kyr) (kyr BP) (kyr BP) (kyr BP)

off-mound

13731-1 8 mixed PLF UCIAMS-78807 0.550 0.015 0 0.279 0.120 0.120

13731-1 128 mixed PLF UCIAMS-78808 2.005 0.015 1.292 1.713 1.500 0.210

13731-1 203 mixed PLF UCIAMS-78809 4.035 0.015 3.723 4.261 4.000 0.270

13731-1 328 mixed PLF UCIAMS-78810 9.480 0.020 10.031 10.554 10.280 0.250

13731-1 353 mixed PLF UCIAMS-78811 11.630 0.025 12.809 13.253 13.040 0.230

13731-1 368 mixed PLF UCIAMS-78812 14.775 0.035 16.868 17.464 17.160 0.300

13731-1 423 mixed PLF UCIAMS-78807 19.345 0.050 22.259 22.843 22.530 0.270

on-mound

13729-1 2.5 L. pertusa UCIAMS-73570 9.085 0.030 9.486 10.048 9.740 0.250

13729-1 49 L. pertusa UCIAMS-73571 9.330 0.025 9.768 10.336 10.070 0.310

13729-1 140 L. pertusa UCIAMS-73572 9.705 0.025 10.249 10.880 10.580 0.330

13729-1 315 L. pertusa UCIAMS-73573 9.935 0.030 10.632 11.180 10.910 0.280

13729-1 375 L. pertusa UCIAMS-73574 10.225 0.030 11.064 11.628 11.310 0.240

B

Core ID SD Material Lab code 232Th ± δ234U(i) ± Age ±

(GeoB) (cm) (ng/g) (abs.) (h) (abs.) (kyr BP) (kyr BP)

on-mound

13729-1 21 L. pertusa IUP-10867 0.3541 0.0006 148.9 0.9 8.959 0.024

13729-1 74 L. pertusa IUP-10868 1.4134 0.0021 147.0 0.5 10.422 0.063

13729-1 91 L. pertusa IUP-10869 0.3246 0.0006 147.2 1.1 10.460 0.035

13729-1 159 L. pertusa IUP-10870 0.2809 0.0005 148.7 0.7 10.779 0.031

13729-1 231 L. pertusa IUP-10871 0.2478 0.0004 149.3 0.8 10.930 0.029

13729-1 269 L. pertusa IUP-10872 0.2933 0.0005 149.0 0.5 10.872 0.031

13729-1 331 L. pertusa IUP-10873 5.1269 0.0084 147.9 0.5 10.546 0.200

13729-1 395 L. pertusa IUP-10874 0.3053 0.0007 149.4 0.6 11.437 0.041

13729-1 413 L. pertusa IUP-10875 0.3942 0.0009 150.5 0.6 12.130 0.038

13729-1 426 L. pertusa IUP-10876 0.2344 0.0005 148.9 0.6 12.126 0.038

Subsequently, for the on-mound core, the coral content per
weight (CCoral−w [wt.%]) was obtained following the equation:
CCoral−w[wt.%] = 100[wt.%] − Silicon[wt.%] − TOCon[wt.%]

− CaCO3on[wt.%]

To assess the accumulation rates of the siliciclastic sediments
being in the focus here, especially for the on-mound core,
the significant contribution of coral carbonate to the overall
accumulation must be considered. In a first step, the total
sediment density (ρtotal) was obtained by summing up the
densities of corals and matrix sediments with respect to their
contributions as

ρtotal = CCoral−V × ρcoral + (100[vol.%] − CCoral−V)

× ρmatrix

In the second step, the weight contribution of siliciclastic
sediments per volume of total sediment (WSilic, g cm−3) was
obtained by the equation:

WSilic = ρtotal × Silicon[wt.%]

The same approach has been used for the off-mound core.
Finally, accumulation rates of the siliciclastic sediment

(AccSilic) were calculated by multiplying the contribution of
siliciclastic sediments per volume of total sediments with the
respective SR (for the off-mound core) or AR (for the on-mound
core):

AccSilic = WSilic × SR or WSilic × AR.

Frontiers in Marine Science | www.frontiersin.org 5 December 2021 | Volume 8 | Article 760909

http://calib.org/calib/calib.html
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


fmars-08-760909 December 24, 2021 Time: 15:42 # 6

Wang et al. Cold-Water Coral Mound Formation

TABLE 3 | Sedimentation rates (SR) calculated for off-mound core GeoB13731-1 and mound aggradation rate (AR) calculated for on-mound core GeoB13729-1 (U/Th
dates are marked by an asterisk; note that one coral age at 331 cm core depth (∼10.5 kyr BP; given in italic) was disregarded for AR calculation). SD, sampling depth.
For further explanation see text.

off-mound on-mound

Core ID SD Age ± SR Core ID SD Age ± AR

(GeoB) (cm) (kyr BP) (kyr BP) (cm kyr−1) (GeoB) (cm) (kyr BP) (kyr BP) (cm kyr−1)

13731-1 8 0.120 0.120 – 13729-1 3 9.740 0.250

13731-1 128 1.500 0.210 87 13729-1 21 8.959* 0.024

13731-1 203 4.000 0.270 30 13729-1 49 10.070 0.310 41

13731-1 328 10.280 0.250 20 13729-1 74 10.422* 0.063 71

13731-1 353 13.040 0.230 9 13729-1 91 10.460* 0.035 447

13731-1 368 17.160 0.300 4 13729-1 140 10.580 0.330 408

13731-1 423 22.530 0.270 10 13729-1 159 10.779* 0.031 95

average SR: ∼19 cm kyr−1 13729-1 231 10.930* 0.029

13729-1 269 10.872* 0.031

13729-1 315 10.910 0.280 1033

13729-1 331 10.546* 0.200

13729-1 375 11.310 0.240 158

13729-1 395 11.437* 0.041 157

13729-1 413 12.130* 0.038

13729-1 426 12.126* 0.038 45

average AR: ∼133 cm kyr−1

RESULTS

Off-Mound Core GeoB13731-1
Age Model and Sedimentation Rates
The off-mound sediments were deposited during the last ∼23
kyr with calculated SRs ranging from 4 to 87 cm kyr−1 (average
SR: ∼19 cm kyr−1). The SRs were rather low with 4 – 10 cm
kyr−1 before 10.3 kyr BP and remained moderate with values of
20 – 30 cm kyr−1 throughout the Holocene. Only since 1.5 kyr
BP, the SR reached highest values of 87 cm kyr−1 (Tables 2A, 3
and Figure 2).

Grain-Size Distribution
The grain-size distribution of the siliciclastic sediment fraction
showed changing dominant modes throughout the entire core.
Before 17.2 kyr BP and since ∼9.8 kyr BP, the dominant mode
was at∼8 8 (4 µm) with maximum size fraction contents of 2.3–
3.4 vol.% (Figures 2, 3). Between 17.2 and 9.8 kyr BP, the grain-
size distribution showed a distinctively different pattern with a
dominant mode at ∼4 8 (63 µm) with maximum size fraction
contents between 2.2 and 4.9 vol.% (Figures 2, 3).

Sediment Composition
The sediment composition of core GeoB13731-1 was dominated
by siliciclastic sediments with contents ranging from 58.2 to
73.0 wt.% (average: 63.9 wt.%; Figure 2). Carbonate contributed
between 26.2 and 41.2 wt.% (average: 35.3 wt.%), while the
organic carbon content was very low (<1.0 wt.%; not displayable
in Figure 2). Before 9.8 kyr BP, the siliciclastic and carbonate
contents showed almost no fluctuations and ranged from 58.2 to
66.0 wt.% and from 33.3 to 41.2 wt.%, respectively (Figure 2).
Since 9.8 kyr BP, the siliciclastic sediment content slightly

increased (59.1 – 68.7 wt.%) and finally reached its highest
content (60.3 – 73.0 wt.%) since 1.5 kyr BP (Figure 2). On the
contrary, the carbonate contents slightly decreased to 30.4 –
40.3 wt.% between 9.8 and 1.5 kyr BP and to 26.2 – 38.8 wt.%
since 1.5 kyr BP.

Accumulation Rate of the Siliciclastic Sediment
Fraction
The accumulation rate of the siliciclastic sediments (AccSilic)
varied throughout the core between 3 and 59 g cm−2 kyr−1

(average: 23 g cm−2 kyr−1) and showed a trend comparable
to the SRs (Figure 2). The lowest AccSilic occurred before
10.3 kyr BP (3 – 7 g cm−2 kyr−1; average: 6 g cm−2 kyr−1),
which tripled between 10.3 and 1.5 kyr BP (12 – 19 g cm−2

kyr−1; average: 16 g cm−2 kyr−1). Since 1.5 kyr BP, the AccSilic
increased to maximum values of 47 – 59 g cm−2 kyr−1 (average:
55 g cm−2 kyr−1).

On-Mound Core GeoB13729-1
Age Model and Mound Aggradation Rates
The newly obtained U/Th coral ages ranged from 12.1 ± 0.04
to 9 ± 0.02 kyr BP (Table 2B), while the re-calibrated AMS14C
coral ages ranged from 11.3 ± 0.24 to 9.7 ± 0.25 kyr BP
(Table 2A). Hence, combining both age data sets revealed that
mound formation lasted for∼3 kyr corresponding to the very late
Younger Dryas and the Early Holocene. Even though, the U/Th
and AMS14C coral ages complement each another, the ages do
not always follow a strict chronological order, which had to be
considered for the calculation of mound ARs as it partly avoided
a strict age-to-age calculation. At core depths of 426–413 cm and
315–231 cm, the coral ages showed a minor dis-chronological
order, however, which were within the given age error (Table 3).
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FIGURE 2 | Core logs of the off-mound core GeoB13731-1 and the on-mound core GeoB13729-1. Data obtained from the off-mound core (from left to right):
AMS14C dates (indicated by red arrows) obtained from mixed planktonic foraminifera, grain size distribution of siliciclastic sediments, sediment composition (SC),
sedimentation rate, and accumulation rate of siliciclastic sediments (AccSilic). The off-mound core interval temporally corresponding to the mound formation period
archived in the on-mound core is highlighted by a gray bar (for detailed comparison see also Figure 3). Data obtained for the on-mound core (from left to right):
AMS14C and U/Th dates (indicated by red arrows) obtained from cold-water coral fragments, grain size distribution of siliciclastic sediments, SC, coral mound
aggradation rate, and AccSilic. Coral ages in gray were not used for the calculation of mound aggradation rate. All 14C dates were published by Fink et al. (2013).

Here, we used the oldest and youngest coral ages in relation to
the maximum and minimum core depths of the respective core
intervals for the AR calculation. The coral age obtained from
the core top (9.7 kyr BP) was ∼700 years older than a coral age
obtained from a slightly deeper part of the core (21 cm). However,
as the upper 10–20 centimeters of a sediment core are commonly
disturbed related to the coring procedure and core handling, the
younger age likely displays the true age of the core top and was
therefore considered for AR calculation. Finally, the U/Th -age
of 10.5 kyr BP at 331 cm core depth has been disregarded for
AR calculation as it revealed an enhanced 232Th concentration
of >5 ng/g (Table 2B), which points to diagenetic alteration.

The average AR calculated for the entire ∼3 kyr mound
formation period (12.1–9 kyr BP) documented by the on-
mound core was ∼133 cm kyr−1, while the ARs varied through
time between 40 and 1,040 cm kyr−1 (Table 3). Highest
ARs (100–1,040 cm kyr−1) with an average of 320 cm kyr−1

occurred between 11.4 and 10.4 kyr BP, while before and
after this period ARs were lower (though still high) with 40–
70 cm kyr−1 (Table 3).

Grain-Size Distribution
The grain-size distribution of the siliciclastic fraction was quite
homogenous and no significant variations occurred, not even
when the corresponding mound ARs showed distinct variations.
Throughout the core, the grain sizes show a dominant mode at
∼7 8 (8 µm) with maximum size fraction contents of ∼2.2 –
3.3 vol.% (Figures 2, 3).

Sediment Composition
In contrast to the off-mound core, the sediments of the on-
mound core not only comprised siliciclastic sediments, carbonate
and organic carbon within the matrix sediments, but also coral
fragments (Figure 2). The carbonate content of the matrix
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FIGURE 3 | (A) Grain-size distribution of the siliciclastic sediment fraction obtained from the off-mound core GeoB13731-1 and the on-mound core GeoB13729-1
for the mound formation period (∼12.1 to 9 kyr BP). (B) The averaged grain-size distribution of the two cores. The difference in grain-size distribution between the
on- and the off-mound cores (1Content) was obtained by subtracting the off-mound core from the on-mound core grain-size distribution. The dashed area
represents the averaged total enhancement of the siliciclastic fine fraction (61ContentFine). (C) Scatter plot of the 61ContentFine versus accumulation rate of
siliciclastic sediments (AccSilic).

sediments was rather stable, contributing between 19 and 35 wt.%
(average: 27 wt.%) to the overall sediment composition. The
organic carbon content was very low (<0.7 wt.%; not displayable
in Figure 2) throughout the entire core. The main variations
in sediment composition resulted from changing coral and
siliciclastic sediment contents that showed opposing trends
through time. Before 11.4 kyr BP, the coral content was high,
with values of 42 – 59 wt.% (average: 51 wt.%), whereas the
siliciclastic sediment content remained relatively low with values
of 22 – 32 wt.% (average: 26 wt.%; Figure 2). Between 11.4
and 10.8 kyr BP, the coral content decreased to values in the
range of 13 – 41 wt.% (average: 25 wt.%), while the siliciclastic
sediment content concurrently increased, contributing between
35 and 53 wt.%. Between∼10.8 and ∼9.7 kyr BP, the corals
and siliciclastic sediments contributed almost equally to the total
sediment composition, with values in the range of 22 – 42
wt.% (average: 38 wt.%) and 29 – 47 wt.% (mean: 36 wt.%),
respectively. Only at the core top (<9.7 kyr BP), the content
of corals (44 – 51 wt. %; average 47 wt.%) dominated again
over the siliciclastic sediments (23 – 32 wt.%; average: 28 wt.%;
Figure 2).

Accumulation Rates of the Siliciclastic Sediment
Fraction
The AccSilic co-varied with the mound AR and ranged in total
between 15 and 655 g cm−2 kyr−1 (average: 260 g cm−2 kyr−1).
Before 11.4 kyr BP, the AccSilic was very low, ranging between
16 and 17 g cm−2 kyr−1. Between 11.4 and 10.9 kyr BP,
the AccSilic increased to values between 57 and 99 (average:
84 g cm−2 kyr−1). The highest values of up to 655 g cm−2

kyr−1 were obtained between 10.9 and 10.4 kyr BP (average:
425 g cm−2 kyr−1) and only dropped once to ∼ 45 g cm−2

kyr−1 at ∼10.7 g cm−2 kyr−1. Since 10.4 kyr BP, the AccSilic was
again very low, with values in the range of 15 – 34 g cm−2 kyr−1

(average: 23 g cm−2 kyr−1; Figure 2).

Difference in Grain-Size Distribution of
the Simultaneously Deposited
Siliciclastic Sediments in the On- and
Off-Mound Cores
Between 17.2 to 9.8 kyr BP, the siliciclastic sediment fraction
within the off-mound core exhibited a significant shift of
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the major mode to coarser grain sizes (∼4 8) compared to
the sediments deposited before and after this period (∼8 8;
Figure 3B). In contrast, the on-mound sediments deposited
during the mound formation period between 12.1 and 9 kyr
BP were constantly dominated by a fine major mode (∼7 8;
Figures 2, 3A), which is very close to the major mode of
the typical off-mound sediments prior to 17.2 kyr BP and
after 9.8 kyr BP. Calculating the difference of the average
grain-size distributions between the simultaneously deposited
siliciclastic sediments (1Content) highlights the enrichment of
fine sediments (fine silt and clay; 1ContentFine) in the on-mound
core (hatched area in Figure 3B). Summing up the enrichments
for the relevant size classes reveals an overall enrichment of the
siliciclastic fine fraction in the on-mound core (61ContentFine)
in the range of 22 – 40 vol.% (average: 30 vol.%), which shows no
clear correlation to the AccSilic (Figure 3C).

DISCUSSION

To elucidate the complex interaction between coral mound
morphology, coral framework and sediment supply on the
mound formation process, we quantitatively compared the grain-
size distribution, sediment composition and accumulation rates
of siliciclastic sediments deposited contemporaneously on a
coral mound and on the adjacent (off-mound) seafloor. The
sedimentological data obtained from the off-mound site (core
GeoB13731-1) indicated a pronounced shift to coarse sediments
(mode: ∼4 8/63 µm) between 17.2 and 9.8 kyr BP, while before
and after this time interval fine sediments (mode: ∼8 8/4 µm)
prevailed (Figure 2). This shift to coarser sediments was caused
by a significant strengthening of the regional bottom-water
hydrodynamics (e.g., geostrophic currents, internal waves). It
is supported by the simultaneous deposition of fine sediments
on the coral mound, which clearly point to a sediment bypass
situation in the area adjacent to the coral mound. A likely
related contemporaneously increased supply of sediment (and
food) particles was also suggested to be a trigger for the most
recent major coral mound formation period documented for
various coral mounds in the southern Alborán Sea since the last
deglaciation (Fink et al., 2013; Stalder et al., 2015, 2018; Wang
et al., 2019; Fentimen et al., 2020; Corbera et al., 2021).

However, in contrast to the off-mound area, the matrix
sediments deposited on the coral mound (core GeoB13729-1)
investigated in this study showed a homogenous grain-size
distribution with a dominant fine mode (∼7 8/8 µm)
throughout the documented mound formation period between
12.1 and 9 kyr BP, even exhibiting an average ∼30 vol.% -
enrichment of the fine fraction in comparison to the concurrently
deposited off-mound sediments (Figure 3). This points to
rather calm hydrodynamic conditions prevailing on top of the
coral mound which was capped by dense CWC frameworks
that allowed even the fine fraction of the current-transported
sediment load to become deposited. At first glance, this conflicts
with the reconstructed enhanced hydrodynamics at the near-
by seafloor and also contradicts with the common sense that
a seafloor obstacle, such as the positive topography of a coral

mound, is expected to accelerate bottom-current velocities
(e.g., Cyr et al., 2016).

However, flume tank experiments and modeling studies
highlighted the remarkable surface roughness of branching corals
with large bottom drag coefficients (Monismith, 2007), which
significantly slow down bypassing currents, both on colony- and
reef-scale (e.g., Chang et al., 2009; Guihen et al., 2013; Johansen,
2014; Lowe and Falter, 2015; Mienis et al., 2019; Bartzke et al.,
2021; Hennige et al., 2021). Hence, the baffling capacity of
densely distributed coral frameworks on the mound’s surface
results in a low energy environment allowing fine suspended
sediments to settle even under generally turbulent background
conditions. With our data, we could confirm that the baffling
capacity of a thriving reef represents a very effective sediment trap
and is therefore an essential factor for coral mound formation.
In combination with very high sediment availability, this led
to a remarkably high average on-mound accumulation rate
of siliciclastic sediments (AccSilic: 260 g cm−2kyr−1), which
was up to ∼25-fold higher compared to the contemporaneous
accumulation rate obtained for the adjacent (off-mound) seafloor
(AccSilic: 11 g cm−2kyr−1; Figure 2).

When comparing the on-mound grain-size distribution data
of the siliciclastic sediments with those of the off-mound site
obtained before and after the documented mound formation
period, the major grain-size modes are very similar (on-mound:
at ∼7 8/8 µm, off-mound: ∼8 8/4 µm; Figure 2). This
indicates that the sediment transported to our study site in
the southern Alborán Sea did not change significantly in its
grain-size distribution pattern during the past 23 kyr. Instead,
the hydrodynamics, which strengthened during the mound
formation period, caused a bypass situation of the fine sediment
fraction or even erosion in the off-mound setting, while this could
still be baffled by the coral framework and deposited on mound.

Even though our data showed that sediment baffling by
coral frameworks represents the prerequisite for any coral
mound formation, the rather constant 6Contenting ranging
between 22 vol.% and 40 vol.% (Figure 3C) indicated that
the baffling capacity of the coral framework did not vary
significantly during the entire mound formation period despite
strongly varying (though continuously high) on-mound AccSilic
(Figure 3C). This apparent lack in correlation implies that the
baffling capacity must have been continuously high but had
only a minor influence on the mound AR. Hence, the mound
AR was probably rather controlled by changes in sediment
supply, which points to another process called sediment focusing,
i.e., sediment deposition fed by lateral sediment supply (e.g.,
Francois et al., 2004), that seems to play a further important
role in mound formation. Under a prevailing relatively high-
energy environment, most of the delivered sediment was kept
in suspension (or even eroded from the seabed). Deposition
primarily occurred in the low-energy conditions among the coral
branches, resulting in a deposition largely limited to (focused on)
the mounds. Thus, sediments, which become deposited in the off-
mound area under calm hydrodynamic conditions, were baffled
on-mound under more vigorous hydrodynamics. Assuming a
rather stable sediment input to the system, as indicated by rather
similar grain-size distributions between the on-mound deposits
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and the off-mound deposits prior to 17.2 ka BP and after 9.8 ka
BP (Figure 2), the resulting decrease in accommodation space
from the wide off-mound areas to a few coral mounds probably
also contributed to the extremely high AccSilic observed in the on-
mound core.

Furthermore, it is important to note that coral mound
formation does not solely depend on a high baffling capacity of
the coral framework and sediment supply. It depends further
on the space generated by the coral frameworks that is available
for sediment deposition, defined here as coral-derived ecological
accommodation space. Thus, in this sense CWC frameworks on
coral mounds act in a similar way as shallow-water carbonate
factories (e.g., rhodolith and maerl beds, shallow-water coral
reefs; see Riosmena-Rodriguez et al., 2017; Pomar et al., 2017), in
which carbonate-producing organisms alter the hydrodynamics
by baffling and generate ecological accommodation space for
sediment deposition. This ecological accommodation space
within the coral frameworks is predominantly controlled by
the growth of the corals. Large and densely distributed coral
frameworks provide a larger ecological accommodation space
compared to small colonies distributed in a rather scattered
manner (Figure 4). Consequently, changes in mound AR are
primarily controlled by the interplay between sediment supply
and the coral-derived ecological accommodation space defined
by the dimension and density of coral frameworks present on the
mound’s surface.

For our case study from the Alborán Sea, the contents of corals
and siliciclastic sediments displayed in the on-mound core are
rather constant through time, although the mound AR and the
accumulation rates of both components show major, but parallel
changes (Figure 2). The mound AR is high (>100 cm kyr−1) for
most of the record, which suggests a close-to-optimal interplay of
coral growth – providing the ecological accommodation space –
and sediment supply. The CT-based coral preservation pattern
supports this assumption as coral frameworks that experienced
minor breakdown or compaction correlate with ARs of ∼100–
300 cm kyr−1, while coral frameworks preserved in life position
coincide with ARs of >300 cm kyr−1 (see also Titschack et al.,
2016). Consequently, minor changes of this close-to-optimal-
conditions ratio result in significant changes in mound ARs
and sediment accumulation rates. Under these conditions, the
hydrodynamic setting might be a key component as stronger
currents provide (i) more food for faster growth of a dense
coral framework and (ii) deliver more suspended sediments. Both
factors increase simultaneously the ecological accommodation
space and sediment supply and, thus, are directly reflected
in the mound AR.

The important role of the interplay between ecological
accommodation space (A) and sediment supply (S) for coral
mound formation and coral preservation patterns within mound
deposits is revealed, when considering various mound settings
described in the literature (see below). This comparison allows
the postulation of three major coral mound formation scenarios
(Figure 4):

Scenario 1: The coral-derived ecological accommodation
space considerably exceeds the sediment supply (A/S > > 1;
Figure 4A). The fast and sustained growth of corals forming

large, densely distributed frameworks results in a high baffling
capacity, provides an increased accommodation space and allows
the current-transported sediments to be deposited on the mound.
As the sediment supply is low, a large part of the accommodation
space remains unfilled and part of (the dead portion of)
the coral frameworks is exposed to prolonged bioerosion and
fragmentation. This eventually causes the collapse of the coral
framework and its deposition as coral rubble, which results
in a high coral content within the mound deposits. The coral
mound AR under this scenario is low to moderate (<100 cm
kyr−1) and mainly controlled by sediment supply. Such coral
rubble-dominated mound deposits are frequently described in
the Mediterranean Sea (e.g., Stalder et al., 2015; Titschack et al.,
2016; Wang et al., 2019; Corbera et al., 2021) as well as in the
Atlantic (Eisele et al., 2008; Frank et al., 2009).

Scenario 2: The coral-derived ecological accommodation
space equals sediment supply (A/S∼1; Figure 4B). The fast and
sustained growth of corals forming large and densely distributed
frameworks results not only in a high baffling capacity but
also in a large ecological accommodation space. The sediment
supply is constantly high and the coral-derived accommodation
space becomes continuously filled. The coral frameworks
become quickly buried protecting them from bioerosion and
fragmentation and preserving them in life position. This results
in a low coral content within the mound deposits but in a high
mound AR (>100 cm kyr−1), which is controlled by both the
coral-derived ecological accommodation space and the sediment
supply. Under such optimal conditions, the hydrodynamic
setting has a major influence on the accommodation space and
sediment supply, which is directly reflected in the highly variable
mound AR. Mound ARs of >300 cm kyr−1, corresponding to an
A/S ratio close to 1, reflect the conditions in the record presented
here from the coral ridge in the Alborán Sea (see also Fink et al.,
2013). Similar high ARs are frequently described from various
coral mounds but only during short coral mound formation
pulses lasting a few hundred years (e.g., López Correa et al.,
2012; Douarin et al., 2013; Stalder et al., 2015; Wienberg et al.,
2018). During such formation pulses, ARs are quite close to the
annual growth rate of the respective framework-forming coral
(∼2–35 millimeters per year; e.g., Larcom et al., 2014; Büscher
et al., 2019) and should be therefore close to the upper theoretical
limit for mound aggradation (see also Titschack et al., 2015). In
contrast, mound ARs of 100–300 cm kyr−1 are more frequently
encountered in coral mound records (e.g., Frank et al., 2009;
Douarin et al., 2013; Wienberg et al., 2018) and reflect less optimal
A/S ratios with values slightly above or below 1, suggesting that
mound aggradation was limited either by accommodation space
or sediment supply, respectively.

Scenario 3: In contrast to the previous two scenarios, in which
the environmental conditions for coral proliferation and coral
framework development were optimal, scenario 3 is marked by
environmental conditions less favorable for corals. The corals
survive as scattered colonies but do not form large frameworks.
Consequently, their baffling capacity is low to moderate and
locally restricted. This results in limited to no coral-derived
ecological accommodation space and the predominant bypass
of suspended sediments on the coral mound (0 < A/S < < 1;
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FIGURE 4 | Scheme showing three different scenarios of cold-water coral mound formation and associated mound aggradation rates (ARs) resulting from the
interplay between sediment supply (S) and the growth of framework-forming corals providing ecological accommodation space (A). (A) The coral-derived A exceeds
S (A/S > > 1). Large and densely distributed coral frameworks result in a high baffling capacity and provide large A. As S is too low to completely fill the
coral-derived A, the coral frameworks become exposed to bioerosion and fragmentation, which causes their collapse and the deposition of coral rubble (high coral
content in mound deposits). The associated AR is low to moderate and mainly controlled by S. (B) The coral-derived A is equal to S (A/S∼1). Large and densely
distributed coral frameworks result in a high baffling capacity. Due to a high S, the large A provided by the coral frameworks becomes rapidly filled preventing
bioerosion and preserving the coral frameworks in life position (low coral content in mound deposits). The associated AR is high and controlled by A and S. (C) The
coral-derived A is outpaced by S (0 < A/S < < 1). Due to less optimal environmental conditions, only small coral frameworks are present on the mound, which are
distributed in a scattered manner and provide only small A. The low to moderate baffling capacity limits the on-mound deposition of current-transported sediments.
Consequently, the coral frameworks are largely exposed to bioerosion and fragmentation, which causes their collapse and the deposition of coral rubble (moderate
to high coral content in mound deposits). Despite the high S, the associated mound AR is very low as it is mainly controlled by A.

Figure 4C). Consequently, the scattered coral colonies largely
remain exposed above the seafloor and are bioeroded and
deposited as coral rubble. Despite the high sediment supply,
the mound AR is low (<10 cm kyr−1) and mound formation
is mainly controlled by the limited coral-derived ecological
accommodation space. This scenario is often encountered close
to phases of coral mound stagnation, expressed as hiatuses,
condensed sections or significant drops in ARs, which are
frequently described from various coral mound provinces in the
Atlantic and Mediterranean Sea (Dorschel et al., 2005; Rüggeberg
et al., 2007; Foubert and Henriet, 2009; Frank et al., 2009; Mienis
et al., 2009b; Wienberg et al., 2018; Corbera et al., 2021).

CONCLUSION

Whereas previous comparisons of on- and off-mound surface
sediments provided snap-shots of the presence of relatively finer
sediments in on-mound settings, the new sediment core-based
data presented here, provide a coherent temporal framework
and reveal that changing hydrodynamic conditions can shift
hemipelagic sediment deposition from off- to on-mound settings
and vice versa. However, although the hydrodynamic forcing
appears to be the first order control on coral mound formation by
providing food and suspended sediment, the complex interplay
between the coral framework and sediment deposition has a
major impact on the rates of mound aggradation, and hence
mound formation.

Coral framework alters the local hydrodynamic regime
and its baffling capacity enables fine sediments to settle

between the coral branches even under the influence of strong
regional hydrodynamics. In addition, it generates ecological
accommodation space for sediment deposition. However, while
a high baffling capacity merely is the prerequisite for any
coral mound formation, the lack of correlation between the
enrichment of the on-mound siliciclastic fine sediment fraction
and the mound AR clearly points to the interplay of the
coral-derived ecological accommodation space (A) controlled
by the height/dimension of the coral framework and the
sediment supply (S) as additional key factors for mound
formation. The record presented here from a coral ridge in
the Alborán Sea reveals the efficiency of this interplay. It
represents a scenario with an A/S ratio close to 1, allowing
for very fast mound aggradation accompanied by an extremely
high on-mound accumulation rate of siliciclastic sediments,
which is up to ∼25-fold higher compared to the adjacent
seafloor at that time. In combination with distinct differences
in sediment grain size (coarse sediments off-mound vs. fine
sediments on-mound), this points to a bypass situation at
the adjacent seafloor triggered by strong hydrodynamics and
intense sediment focusing resulting in enhanced deposition
of suspended sediments within the coral frameworks of
the coral mound.

By comparing our results with other studies from the
Mediterranean Sea and the Atlantic Ocean, three scenarios based
on the relation of available ecological accommodation space (A)
and sediment supply (S) (A/S > > 1; A/S∼1; 0 < A/S < < 1)
could be differentiated, which describe their effect on mound
formation and coral preservation patterns in coral mound
deposits. Furthermore, it is the first application of the sequence
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stratigraphic A/S concept (e.g., Homewood et al., 1999) to explain
CWC mound formation.
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