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Cold-water coral mounds are common seabed features in the North Atlantic Ocean, where they are mainly re-
stricted to water depths between 200 m and 1000 m. Coral mounds consist of coral fragments and hemipelagic
sediments, reflecting an often complex history of mound aggradation and erosion linked to coral vitality. In the
southern Gulf of Cádiz along the Moroccan margin, a large field (extension: 1800 km2) of 781 comparatively
small buried and exposed mounds (average height: about 20 m) has recently been discovered. The mounds in
the so-called Atlantic Moroccan Coral Province (AMCP) initiated on at least ten different horizons, all of them
most likely related to glacial periods since the Early-Middle Pleistocene Transition. A strong link between the in-
tensification of bottom currents and the number of coralmounds rooting on each of the identified horizons is as-
sumed. Also a shift of the average water depth at which coral mounds initiated towards deeper regions and an
accompanied increase inmoundheight is observed betweenMIS 14 andMIS 12. Finally, reduced or low sediment
input is regarded as one of themain factors causing the rather small size of coral mounds in the AMCP in compar-
ison to other Atlantic mound provinces.

© 2017 Elsevier B.V. All rights reserved.
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1. Introduction

During the last 15 years, cold-water coral (CWC) research experi-
enced a boost resulting in a steadily increasing knowledge regarding
their environmental requirements and preferences, their ecology and
physiology, their recent spatial distribution and their temporal occur-
rence (Freiwald, 2002; Freiwald and Roberts, 2005; Hebbeln et al.,
2016; Roberts et al., 2006). Of particular interest are framework-
forming scleractinian CWC, such as Lophelia pertusa and Madrepora
oculata, as they have the capability to form small to large reefs
(Roberts et al., 2006), possibly leading to the development of huge
CWC mounds (hereafter called coral mounds; de Haas et al., 2009;
Mienis et al., 2006; van Weering et al., 2003). The temporal develop-
ment of coral mounds often is discontinuous with recurring periods of
CWC colonization and mound aggradation alternating with periods of
coral demise and possible mound erosion (Roberts et al., 2006;
Wienberg and Titschack, 2017). Coral mounds are the result of an
lipwaykaai 2, 8400 Oostende,

e).
interplay between sustained phases of CWC growth and concurrent
sediment input, with the sediments being entrapped within the coral
framework (known as baffling effect; Huvenne et al., 2009; Titschack
et al., 2009) and thus stabilizing the biogenic construction. Over time,
this can result in mound aggradation rates of up to 1500 cm kyr−1 as
calculated for Norwegian coral mounds (Titschack et al., 2015). During
periods of coral demise, the mounds might by covered solely by
(hemi) pelagic sediments, which later on may act as a weak layer and
could induce slumping, widening the mound at the base (Eisele et al.,
2008).

Coral mounds are widely distributed in the North Atlantic Ocean,
where they occur on the shelf and along the continental margin mainly
being confined to water depths of 200 to 1000 m (Roberts, 2009;
Wienberg and Titschack, 2017). They can become rather high (tens to
hundreds of meters), as for example in the Porcupine Seabight and
the Rockall Trough (De Mol et al., 2002; Eisele et al., 2008; Huvenne et
al., 2003; Mienis et al., 2006) or remain rather small (several to tens of
meters high) as seen for the Moira mounds in the Porcupine Seabight
(Wheeler et al., 2007) and along the Moroccan margin (Foubert et al.,
2008;Wienberg et al., 2009). Due to their highly heterogeneous compo-
sition, the internal structure of coral mounds appears as acoustically
transparent on seismic profiles (Hebbeln et al., 2016; Huvenne et al.,

http://dx.doi.org/10.1016/j.palaeo.2017.06.021
mailto:thomas.vandorpe@vliz.be
Journal logo
http://dx.doi.org/10.1016/j.palaeo.2017.06.021
Unlabelled image
http://www.sciencedirect.com/science/journal/00310182
www.elsevier.com/locate/palaeo
http://crossmark.crossref.org/dialog/?doi=10.1016/j.palaeo.2017.06.021&domain=pdf


294 T. Vandorpe et al. / Palaeogeography, Palaeoclimatology, Palaeoecology 485 (2017) 293–304
2007; Pirlet et al., 2010). The dimensions of the coralmounds dependon
environmental controls and sediment input. Environmental control for
mound aggradation first and foremost depends on a complex set of suit-
able environmental conditions that allow the CWC themselves to settle,
grow and develop into large thriving reefs. Important are distinct ranges
for seawater temperature (−1.8 °C to 14.9 °C), salinity (31.7–38.8) and
dissolved oxygen concentration (3–7.2 ml l−1) as well as a high net pri-
mary production (Davies and Guinotte, 2011; Davies et al., 2008). Addi-
tionally, several other chemical and biological parameters such as the
pH, the aragonite saturation state and concentrations of dissolved and
particulate organic matter were indicated to play an important role in
the occurrence of CWC (Davies and Guinotte, 2011; Davies et al.,
2008). Given that the physical setting fits the CWC requirements, the
availability of sufficient food particles and distinct hydrodynamic pro-
cesses (geostrophic currents, local bottom currents, internal waves
and tides) to deliver the food particles to the corals or enrich food
around them (nepheloid layers) are the most important parameters
(Hebbeln et al., 2016; Mienis et al., 2007; Mienis et al., 2012). Even
under erosive conditions for the surrounding areas, coral mounds
can still aggrade (Thierens et al., 2013) as sediments delivered by
vigorous bottom currents are entrapped or baffled within the coral
framework (Hebbeln et al., 2016; Huvenne et al., 2009; Titschack
et al., 2009).

The current knowledge obtained for coral mounds largely originates
from exampleswhich have today an exposed position at the seabed sur-
face. However, also buried coral mounds have been discovered along
the Moroccan, Mauritanian and Irish margins and in the western Medi-
terranean Sea (Colman et al., 2005; Foubert et al., 2008; Huvenne et al.,
2009; Lo Iacono et al., 2014; Vandorpe et al., 2016). There seem to be
some apparent differences between the above mentioned areas regard-
ing the initiation and development of these mounds. For example, the
Fig. 1.Multibeambathymetricmap of the study area along theAtlanticMoroccanmargin (see ov
single channel sparker reflection seismic profiles in black. The Pen Duick and Renard drifts are in
et al., 2016) is indicated by the thin black dashedoval. The location of the amplitude versus offse
Dufresne cores are indicated in white/black. The white bold lines indicate the position of seism
Iberian Margin faults.
Irish buried mounds of the Magellan mound province, Porcupine
Seabight, nearly all root on one single horizon (Huvenne et al., 2007),
while hundreds of small coral mounds were identified to have originat-
ed at multiple horizons along the Moroccan margin (Foubert et al.,
2008; Hebbeln et al., 2015). However, the existing knowledge on buried
mounds along the Moroccan margin was so far restricted to a rather
small area within and south of the El Arraiche mud volcano province
(Fig. 1). As the number of discovered exposed coral mounds along the
Moroccan margin increased steadily with every new mapping survey
(by now comprising a very large area bordered by the El Arraiche
mud volcano province in the north and the SWIM 2 fault in the south;
henceforth be called the Atlantic Moroccan Coral Province, AMCP), it
is to be expected that also many more buried mounds are present in
the area then assumed so far.

The recent knowledge about the temporal development of the Mo-
roccan coral mounds is based on datings of CWC fragments, obtained
from gravity cores of exposed coral mounds developed on top of the
Pen Duick escarpment and Renard Ridge (Fig. 1), which indicated that
mound aggradation was largely restricted to glacial periods during the
last 500 kyr (Frank et al., 2011; Wienberg et al., 2009; Wienberg et al.,
2010). So far, nothing is known about the timing of the formation of
the buried coral mounds in the AMCP. However, the buried mounds
are present at several depth levels in the vicinity of sediment drift
systems, these provide an initial chronostratigraphic framework
(Vandorpe et al., 2016),which allow an appraisal of the temporal evolu-
tion of the buried coralmounds possibly going back further in time than
the past 500 kyr and indicating whenmound formation initiated in this
region. Additionally, a thorough evaluation of the number of buried
mounds being present in the AMCP as well as of their spatial distribu-
tion and dimensions (height, volume) is still lacking. These quantitative
data might shed new insights on the spatial occurrence pattern of coral
erviewmap in the lower right inset). The PARASOUNDprofiles are indicated in red and the
dicated by the dotted areas. The extent of the El Arraichemudvolcano province (Vandorpe
t (AVO) experiment is indicated by the light blue dot, while the core locations of theMarion
ic profiles displayed in Fig. 2. MD: mud diapir, MV: mud volcano, SWIM: Southwestern

Image of Fig. 1
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mounds in the AMCP and improve our understanding of their link with
the sedimentary environment, especially since the newly obtained
PARASOUND sub-bottom profiler and sparker single channel reflection
seismic data (Fig. 1) provide an improved spatial coverage of the seismic
lines in the AMCP. Combing the results of the analysis of the spatial
distribution and temporal evolution of the coral mounds in the
AMCP may significantly improve our understanding on the develop-
ment of coral mounds in a given region alternating between periods
of mound aggradation and stagnation in relation to the sedimentary
environment and climate change. Additionally, the discovery of this
coral mound province, combined with the continuous discovery of
new coral mound settings (Glogowski et al., 2015; Matos et al.,
Fig. 2. Seismic profiles (for position see Fig. 1) with all depths indicated in seconds two-way-tra
Ridge showing nine (H1-H9) of 10 horizons identified for the study area (H1–H10; see legend f
near-vertical faults (F) disrupt the sedimentary sequence. Many coral mounds are delineated b
profile displayed in Table 2. B. Small part of a PARASOUND profile in between the two SWIM
of mound aggradation. For example, the southern mound initiated on H7 and re-started a
progressively wider with every new re-start of aggradation. C. Sparker profile north of the R
being displayed. D. PARASOUND profile between the two SWIM faults showing clustered and
while the western part is not and contains several buried mounds.
2015; Ross et al., 2017), may shed new light on the enormous
scale of carbonate deposition along the intermediate depths of the
Atlantic margin.

2. Regional setting

The southern Gulf of Cádiz along the northern Atlantic Moroccan
marginwas influenced by several phases of rifting, compression and ex-
tension since the Triassic and is still influenced by the ongoing African-
Eurasian convergence which resulted in the emplacement of a large al-
lochthonous unit (Maldonado et al., 1999; Medialdea et al., 2004). The
study area lies on top of the southern part of this large allochthonous
vel times. A. PARASOUND profile extending from the Becksmud diapir towards the Renard
or color code, which is used for all profiles shown in Fig. 2). In the center of the profile, two
y a thin black line and some of them show moats. The black box indicates the part of the
faults. This profile shows two still exposed coral mounds, which display recurring phases
ggradation during all following horizons. Note that the width of this mound becomes
enard Ridge indicating several near-vertical faults with the lowest base horizon (H10)
exposed coral mounds (black oval). The eastern part of the profile is intensely faulted,

Image of Fig. 2


Table 1
Overview of the root mean square and interval velocities used to convert the heights (sec-
onds two-way-travel time) of the coral mounds intometers based on an amplitude versus
offset experiment (Van Rooij et al., 2005; location, see Fig. 1). The left column indicates the
depth below seafloor of the upper boundary of the interval.

Tsubsurface (ms TWT) RMS velocity (m/s) Interval-velocity (m/s)

0 1502.142 1502.142
99.1 1513.331 1609.995
215.1 1547.495 1829.109
354 1599.937 2004.367
434.4 1637.555 2204.469
749.4 1792.402 2426.758
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unit where Late Miocene to Pliocene sediments were deposited in ex-
tensional basins, delineated by small tectonic ridges (Flinch, 1993;
Maldonado et al., 1999).

The AMCP lies within the southern part of the Gulf of Cádiz and the
studied area stretches from 34°50′N to 35°30′N and 6°30′W to 7°15′W
(Fig. 1). Water depths in the AMCP range from 200 m on top of the Al
Idrisi mud volcano to over 1000m at thewestern edges (Fig. 1). Tecton-
ic and structural features in the AMCP consist of two exposed ridges
(Vernadsky and Renard Ridges in the north), two large reactivated
strike-slip faults (South West Iberian Margin (SWIM) faults 1 and 2;
Zitellini et al., 2009) in the center and south (Fig. 1), and many smaller
faults in the subsurface (Fig. 2). Extensional tectonic forces account for
these features, which is in contrast to the general compressional setting
in the Gulf of Cádiz (Flinch et al., 1996). In the northern part of the
AMCP, ten mud volcanoes and diapirs and four small sediment drifts
are located near the Renard and Vernadsky Ridges (Fig. 1; Van
Rensbergen et al., 2005a,b; Vandorpe et al., 2016), while south of the
SWIM fault 2, the Meknes mud volcano is present (Fig. 1; Alaoui
Mhammedi et al., 2008). Through the deflection of bottom currents,
the steepness of the ridges andmud volcanoes greatly influences the lo-
cation of the sediment drifts (Vandorpe et al., 2016), which provided a
first tentative stratigraphic framework for the El Arraiche area. The
base of the Quaternary could be determined based on correlation with
the nearby LAR-A1well and is coeval with the onset of mud volcano ac-
tivity (Van Rensbergen et al., 2005a, b), while the Early-Middle Pleisto-
cene Transition (EMPT) boundary has been identified based on
increased acoustic impedance values of the reflectors and is coeval
with the cessation of tectonic activity in the region (Vandorpe et al.,
2014; Vandorpe et al., 2016). Long-term sedimentation rates in the El
Arraiche sediment drift area range between 8 cm kyr−1 (duringMarine
Isotope Stage (MIS) 2 and theHolocene) and 25 cmkyr−1 (duringMIS 3
and the last deglacial) (Van Rooij et al., 2011; Vandorpe et al., 2014;
Wienberg et al., 2010). Recently, Delivet (2017) reported sedimentation
rates as high as 100 cm kyr−1 during MIS 3 in the Pen Duick drift (core
MD08-3227; Fig. 1) and the occurrence of a hiatus of 14 kyr (between
33 kyr and 19 kyr), implying that sedimentation in the sediment drifts
was not continuous. Consequently, more erosional events may be pres-
ent and sedimentation rates could have been even higher at times in the
drift systems.

The oceanography of the southern Gulf of Cádiz comprises five dis-
tinct water masses: North Atlantic Surface Water between 0 and
200 m, North Atlantic Central Water (NACW) between 200 m and
600 m, Antarctic Intermediate Water (AAIW) between 600 m and
1500 m, Mediterranean OutflowWater occurring as meddies at depths
averaging 1000 m and North Atlantic Deep Water below 1500 m
(Ambar et al., 2008; Louarn and Morin, 2011; Machín et al., 2006). At
the boundary between NACW and AAIW, east-west oriented internal
waves are generated, reaching speeds exceeding 30 cm s−1 (Mienis et
al., 2012; Vandorpe et al., 2016). Little is known about glacial water
mass distribution and glacial ocean dynamics in the southern Gulf of
Cádiz so far. Two intermediate water masses are reported from this re-
gion, being glacial AAIWand glacial North Atlantic IntermediateWaters,
located beneath a glacial NACW water mass (Delivet, 2017). Glacial
north Atlantic intermediate waters are known to occur down till depths
of 2200m (Marchitto and Broecker, 2006) andmay have influenced the
AMCP. However, the presence of glacial AAIW, of which the production
is known to increase during colder periods (Jung et al., 2011; Wainer et
al., 2012), is inferred in theAMCPduring colder periods (Vandorpe et al.,
2014). Additionally, Delivet (2017) reported more energetic bottom
currents during Dansgaard-Oeschger stadials and Heinrich events and
even erosive conditions at the foot of the Renard ridge during the Last
Glacial Maximum. The causal mechanisms might be related to an in-
creased advection of glacial AAIW, increased salinity of glacial NACW
and/or increased pycnal gradients at the glacial NACW/AAIWboundary,
leading to higher along-slope velocities andmore vigorous internal tidal
motions (Delivet, 2017).
3. Material and methods

Two datasets have been combined to investigate the buried coral
mounds in the AMCP. The first dataset was obtained in 2013 during
the “COMIC” expedition on board of the R/V Belgica and consists of sin-
gle channel reflection seismic sparker profiles (Figs. 1, 2) comprising 85
profiles covering nearly 650 km in total length (1m vertical resolution).
The energies used were 500 or 600 J, with a shooting rate of 1 or 2 s, de-
pending on the water depth. The data were recorded with a 10 kHz
sampling rate and a record length of 0.9 or 1.8 s, again depending on
thewater depth. Survey speeds weremaintained at 3–4 knots. The pro-
fileswere processed in order to improve signal-to-noise ratios using the
DECORadexPro software. AnOrmsbybandpass filter (75/150Hz as low-
cut ramp and 1250/1500 Hz as high-cut ramp), a swell filter, burst noise
removal and spherical divergence corrections were applied.

The second dataset was collected in 2014 during the MSM36
“MoccoMeBo” campaign on board of R/V Maria S. Merian and consists
of about 1430 km sub-bottom profiles (SBP ATLAS PARASOUND type
P70; decimeter-scale vertical resolution; Figs. 1, 2). The maximum
transmission power was 70 kW with a maximum penetration of
200 m. The beam width of the primary (19.3 kHz) and secondary
(3.85 kHz) frequencies was 4° by 4.5° and 4° by 5°, respectively. Maxi-
mum transmission voltagewas set at 100–120V and the receiver ampli-
fication at 15 dB. Survey speeds were kept at 2 to 4 knots. The sub-
bottom profiles were recorded with ATLAS PARASTORE software and
processed in several steps. The first step includes the transition from
the *.ps3 format into the *.segy format using the ps32segy software of
Dr. Hanno Keil (University Bremen). The second step was performed
using the REFLEXw software (vers. 7.2.2) and consisted of a static cor-
rection, muting of the water column and applying an automatic gain
control. The final processing step was performed with the DECO
RadexPro software and consisted of calculating a Hilbert transform, re-
moving burst noise and applying a spherical divergence correction.

For all coral mounds, the base horizon was mapped and correlated
throughout the AMCP along the SBP and seismic profiles. Several pa-
rameters were defined for each coral mound: coordinates, width (at
several cross-sections), height and the depth of the seafloor above the
coral mound. The total mound volume (TMV) for each mound was cal-
culated assuming an ideal demi-ovoid shape by using the following for-
mula:

TMV ¼
π�height� widthmax

2

� �2

3

Due to the 2D nature of the seismic methods, the measured widths,
heights and calculated TMV's of the coralmounds have to be considered
as their minimum dimensions as the mounds might have a far more
complex shape, not represented by the 2D crosscut. As a consequence,
the mound dimensions given in this paper have to be interpreted with
caution, bearing in mind that the true dimensions may be deviant. The
depth of the seafloor and the height of the mound were transferred
from seconds two-way-travel time (TWT) to meters using seismic
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velocities determined by awide angle test in 2005 (location indicated as
AVO in Fig. 1; resulting velocities indicated in Table 1; AVO test
discussed in Appendix A.1).

From the heights and TMV's of themounds rooting on each horizon,
a histogram was constructed and the probability distribution was
modelled with a log-logistic function (e.g. for the height of mounds
rooting on H3 displayed in Fig. 3A, B). The correlation coefficient be-
tween histogram and fit was always high (around 0.99). From the log-
logistic fit, the 5% percentile, mode and 95% percentile of the height
and TMV were calculated and plotted for each horizon (Fig. 3C, D).

4. Results

By analyzing the seismic and sub-bottom (PARASOUND) data, a
total of 781 coral mounds were identified for the AMCP (Table 2).
From these 781 coral mounds, 615 are fully buried by sediments,
while 166 are still exposed and arise several meters above the
Fig. 3.A.Histogram of the height of themounds rooting on horizon 3with indication of the log-l
and log-logistic fit (red). C. Evolution of the height of the mounds rooting on the different ho
information is calculated due to the low number of identified mounds for these horizons (resp
10 horizons. The red axis on top of the plot is twice the actual measured heights and displays
the TMV (total mound volume) of the mounds rooting on the different horizons based on
calculated due to the low number of identified mounds for these horizons (respectively 6 and
The red axis on top of the plot is twice the actual measured TMV's and displays the assumed tr
seafloor (Fig. 2A, B, D). However, considering the limitation in pen-
etration of the PARASOUND sub-bottom profiler (mostly b80 m, Fig.
2) and the areal coverage of the surveyed areas (limited to profile
lines), the ultimate number of exposed as well as buried mounds
is likely considerably higher.

4.1. Seismic characteristics

Both in the reflection seismic and sub-bottom (PARASOUND)
datasets, buriedmounds can be recognized due to their (almost) acous-
tically transparent facies (Fig. 2). Small coralmounds (up to 20ms TWT)
appear mostly as transparent structures embedded within well-strati-
fied sub-horizontal reflectors (Fig. 2A, C, D), while larger coral mounds
(N20ms TWT; Fig. 2B)may contain small chaotic reflections and diffrac-
tion hyperbola. The mounds may affect the surrounding sediments as
smallmoat-like structures are sometimes present (Fig. 2) or as the over-
lying sediments have a mounded appearance once mound aggradation
ogisticfit (red). B. Cumulative distribution of the height of themounds of horizon 3 (black)
rizons based on the log-logistic fit. For the upper two horizons H1 and H2, no statistical
ectively 6 and 16; Table 2). The red striped line indicates the average of the modes of the
the assumed true average heights of the coral mounds for each horizon. D. Evolution of

the log-logistic fit. For the upper two horizons H1 and H2, no statistical information is
16; Table 2). The red striped line indicates the average of the modes of the 10 horizons.
ue average TMV's of the coral mounds for each horizon.

Image of Fig. 3


Table 2
Statistical evaluation of coral mounds in the AMCP. Column 1: Seismic expression of 9 of the 10 horizons based on the PARASOUND profile of Fig. 2A. Column 2: Number of horizons iden-
tified to act as a base formound formation. Columns 3/4: Amount andpercentage ofmounds rooting on eachof the 10 horizons. Columns 5/6: Amount and percentage of coralmounds still
having an exposed position at the seabed surface in relation to the 10 horizons. Column 7: The average water depth where the coral mounds occur.
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has ceased (Figs. 2A, B & D). Within the sedimentary sequence (which
can be up to 400ms TWT), many faults are observed (Fig. 2A, C, D). Off-
sets aremostly only a fewms TWT (Fig. 2A, D), but some faults have off-
sets N10 ms TWT (Fig. 2C).
Fig. 4.Theposition of the identified coralmounds (color-coded based on their base horizon, see
contour lines are indicated in red. The green dashed lines indicate (from north to south) the Ver
extent of the Pen Duick drift. BMD: Becks mud diapir, SWIM: Southwestern Iberian Margin.
4.2. Horizon description

Ten horizons (H10−H1) were identified in the sedimentary se-
quence of the AMCP, on which the Moroccan coral mounds have
legend)with amapof the slope angle as a background (grey scales). The 600mand 1100m
nadsky Ridge, the Renard Ridge, SWIM fault 1 and SWIM fault 2. The red area indicates the

Unlabelled image
Image of Fig. 4
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initiated in the past (regardless if they are fully buried or are still ex-
posed at the seafloor). These horizons were numbered from top to bot-
tom (Figs. 2, 3).

Horizon 10 is the top reflector of a package of moderate to high am-
plitude reflectors (Fig. 2C). On top of this horizon, a package of low-am-
plitude reflectors with intermittent high amplitude reflectors is present.
Due to the limited penetration of the PARASOUND signal, H10 can only
be observed on the sparker profiles. Coral mounds initiating on H10 (in
total 70) weremainly identified close to the 700mbathymetric contour
line around the Vernadsky Ridge and south of the Renard Ridge. Five
mounds rooting on H10 were also identified between the two SWIM
faults (Fig. 4).

Horizon 9 is the lower of two strong reflectors within a sequence of
mostly low-amplitude reflectors (Fig. 2C). It was mainly indicated by
the sparker data,while it is only visible on someof the PARASOUNDpro-
files. The62 coralmounds initiating onH9mostly occur directly south of
the Renard Ridge (84%) with occurrences around the Vernadsky Ridge
(5) and between the SWIM faults (6) as well (Table 2; Fig. 4).

Horizon 8 is recognized as a strong reflectorwhen not positioned too
deep (up to 100 ms TWT below the seafloor; Figs. 2B, D) but is far less
pronounced when more sediments have been deposited on top (150–
200ms TWT; Fig. 2C). A total of 143 coralmounds (~18% of all identified
mounds in the AMCP; Table 2) were observed to initiate on H8. This is
the largest number of mounds identified for any of the ten horizons.
The majority of H8-mounds (~85%) occur directly around the
Vernadsky Ridge and south of the Renard Ridge, while just ten mounds
were identified around the Becksmud diapir in thewesternmost part of
the AMCP and 14 mounds are positioned between the SWIM faults
(Table 2; Fig. 4).

Horizon 7 is identified as a higher-amplitude base reflector in a small
package of low-amplitude reflections. This low-amplitude package is
positioned between two higher-amplitude packages (Figs. 2A, B, C).
The majority (61%) of the 66 identified coral mounds originating on
H7 are found clustered in a small area between the two SWIM faults
confined to a water depth of 800 m, while others are scattered over
the entire AMCP (Fig. 4).

Horizon 6 is recognized on the profiles as the lower boundary of a
high amplitude interval of several reflectors, with the upper boundary
of this interval being marked by H5 (Figs. 2A, B). A total of 124 coral
mounds (~16% of all identified mounds in the AMCP; Table 2) that ini-
tiated on H6 occur mostly (about 87%) north of the SWIM fault 1 and
16mounds are also observed between both SWIM faults (Fig. 4). In con-
trast to H6, a rather low number of coral mounds (n = 40; ~5% of all
identified mounds in the AMCP; Table 2) initiated on H5, whereby 27
mounds occur between the SWIM fault 1 and the Renard Ridge, while
13 mounds are present south of the SWIM fault 1 (Fig. 4).

Horizon 4 is characterized by a very low amplitude reflector (Fig. 2).
Coral mounds (n = 119; Table 2) rooting on this horizon occur every-
where in the AMCP. South of the Vernadsky Ridge, H4-mounds are con-
fined to awater depth interval between 800m and 1000m,while those
directly surrounding the Vernadsky Ridge occur at 650 m water depth
(Fig. 4).

Horizon 3 is the reflector with the highest amplitudes present in the
sedimentary sequence in theAMCP (Fig. 2; Table 2). It can be recognized
throughout the area and 135 coral mounds (~17% of all identified
mounds in the AMCP; Table 2) initiate on this horizon. The mounds
rooting on H3 occurmainly in an 8 km radius around the Becks mud di-
apir and in a cluster between the SWIM faults (~65%), corresponding to
a water depth interval of 800 m to 900 m (Fig. 4).

Horizon 2 is recognized in the sedimentary deposits as the top of a
high amplitude interval (Figs. 2A, C), while H1 is a high-amplitude re-
flector, which occurs only a fewms TWT below the seafloor. The sixteen
coral mounds that were identified to have initiated on H2 (2% of all
identified mounds in the AMCP; Table 2) are all but one positioned
north of the SWIM fault 1, while five of a total of six mounds identified
for H1 (b1% of all identified mounds; Table 2) occur around the
Vernadsky Ridge (Fig. 4). A lot of mounds, from which the base ho-
rizon cannot be determined, are present on the steep slopes of the
AMCP (Fig. 2D). As a consequence, more mounds, rooting on several
(possibly until now undiscerned) horizons are expected to be present
in the AMCP.
4.3. Coral mound characteristics

Due to the limited number of coral mounds rooting on H1 (n = 6)
and H2 (n = 16), contributing to b3% of all identified mounds in the
AMCP (Table 2), they are not considered for the statistical analyses
(Fig. 3C, D). All other horizons show a high number of mounds rooting
on them, ranging from 40 mounds identified for H5 to 143 mounds
for H8 (Table 2).

All coral mounds in the AMCP are foundwithin a water depth range
of 600 m to 1100 m (marked by red lines in Fig. 4). Based on the aver-
aged present-day water depths for all coral mounds rooting on one ho-
rizon, a trend towards an increasingly deeper location is observed going
from H10 (701.4 m) to H3 (882.7 m), with a large exception for H6
(740 m) (Table 2).

Some of the larger coral mounds towered a fair amount above the
palaeo-seafloor, still exhibiting a positive topographywhen thenext ini-
tiation phase occurred, after which they were re-colonized, seemingly
displaying continuous coral mound growth (e.g. several H4-mounds in
the eastern part of Fig. 2A or the mounds displayed in Fig. 2B). At pres-
ent, 166 coral mounds still surface on the seafloor, none of which root
on the deepest horizons H10 and H9. For the following three horizons
(H8-H6) only 2 mounds of each horizon (1.4–3% of the total number
of mounds identified per horizon) still pierce the seafloor (Table 2).
From H5 onwards, the percentage of exposed mounds contributing to
the total number of mounds strongly increases to over 30% as identified
for H5 and H4, and to even ~70% of mounds rooting on H3 (Table 2). As
the base horizon for many exposed mounds is not easy to discern, the
percentage of exposed mounds rooting on H2 and H1 will likely even
be higher than 70%.

The 5th percentile (indicating the average height of the smaller
mounds) together with the mode of the heights show a continuous
trend with similar values for H8, H7, H6 and H4 (between 4.7 m and
6.4 m and between 10.5 m and 11.4 m respectively) and lower values
for H10, H9 and H5 (between 2.6 m and 4.8 m and between 6.3 m and
8.1 m respectively). Horizon 3 has the highest height-values for these
parameters compared to all other horizons (6.8 m and 13.3 respective-
ly). The 95th percentile for the heights (indicating the average height of
the tallest mounds) varies differently and no clear trend is observed. H5
reveals much larger values (64.1 m) compared to the other horizons.
The 5th percentile and mode of the TMV for horizons H8, H7, H6, H5
andH4are similar (between 6.8 ×103m3 and 8.7× 103m3 and between
15.3 × 103 m3 and 21.4 × 103 m3 respectively), while lower values for
H10 and H9 (between 2.2 × 103 m3 and 2.5 × 103 m3 and between 3.5
× 103 m3 and 6.2 × 103 m3 respectively) are observed (Fig. 3D). The
95th percentile of the TMV and height display a similar trend, with
values for the TMV ranging between 98.8 × 103 m3 and 1304.2
× 103 m3 (Fig. 3C). The large variation of the 95th percentile of both
height and TMV may be caused by the skewed distribution of the
heights and TMV's towards smaller mounds (e.g. Fig. 3A).

The height of the coralmounds being deduced from the seismic lines
has to be interpreted with caution as these lines only represent a 2D
slice of a 3D volume. However, when a large number of mounds is
measured, the obtained average height will be close to 50% of the
real average height. As a result, an actual average height twice the
obtained average height (red axis in Fig. 3C) and an actual average
TMV twice the actual TMV (red axis in Fig. 3D) can be assumed.
Consequently, relative changes between average heights and TMV's
measured for mounds rooting on the individual horizons might be
discussed.
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5. Discussion

A large amount of acoustically transparent features is presentwithin
both geophysical datasets (Fig. 2), which have been interpreted as coral
mounds considering the striking similarities (both in acoustic appear-
ance and morphology) with buried coral mounds in the Porcupine
Seabight (Huvenne et al., 2007; Pirlet et al., 2010). Transparent features
can also indicate pockets of gas, fluid flow features or mass wasting of
sediments (e.g. turbidites or mud extrusions). However, these origins
can be excluded for the transparent features identified for the AMCP.
For instance, mass wasting deposits are usually laterally continuous
and have much larger dimensions (up to tens of kilometers long, e.g.
Haines et al., 2017 and Moernaut et al., 2010), while mud extrusions
are confined to the vicinity of the mud volcanoes themselves. Pockets
of gas and fluid-flow features usually do not have a well-delineated
cone or ovoid shape, are rather shapeless and blurred (Haines et al.,
2017; Plassen and Vorren, 2003) or create acoustic chimneys (Somoza
et al., 2014). Neither of these characteristics apply to the features ob-
served in the AMCP (Fig. 2). Additionally, some of the numerous ex-
posed coral mounds being present in the AMCP root on the same
reflectors as the buried mounds. These exposed mounds have been
drilled with the seafloor drill rig MeBo70 during the MoccoMeBo cam-
paign (MSM36) in 2014. Up to 30 m long coral-bearing sediment
cores were recovered, some even penetrating the base of the mounds,
ultimately proving their true coral mound nature (Hebbeln et al., 2015).

5.1. Temporal variability of coral mound occurrence

Regarding the Atlantic coral mound realm, there are just a few areas
known for which buried coral mounds were identified so far. One of the
best studied areas is the Porcupine Seabight along the Irish margin,
where buriedmoundswere foundwithin theMagellanmound province
(De Mol et al., 2002; Huvenne et al., 2003; Huvenne et al., 2007), and
seem to have been originated on one single reflector (Huvenne et al.,
2007; Huvenne et al., 2009). For the SW Rockall Trough, three poten-
tial/possible horizons for mound initiation were reported (van
Weering et al., 2003) and in thewesternmost part of theMediterranean
Sea (Alboran Sea) also three initiation horizons could be distinguished
(Lo Iacono et al., 2014).
Fig. 5. Correlation between the Pen Duick drift (Vandorpe et al., 2014) and 9 of the 10 identi
Transition TWT: Two-Way Travel Time.
In contrast, for the AMCP, at least ten initiation events comprising
distinct generations of coral mounds were identified, with several
mounds restarting aggradation at one of the following horizons (Fig.
2).Within the southernH7 coralmound of Fig. 2B, a small package of re-
flectors is present within the mound immediately below H3, indicating
that mound aggradation had ceased for a while between H4 and H3.
However, from H3 onward, mound aggradation restarted at that loca-
tion with the coral mound still piercing the present-day seafloor. This
indicates that some of the buried coral mounds experienced several re-
curring periods of CWC colonization and coral framework growth
resulting in pronounced mound aggradation followed by coral demise
and subsequent stagnation in mound aggradation or even mound ero-
sion. This pattern in mound development alternating between active
and dormant mound phases has already been described for several
other coral mound areas in the North Atlantic (e.g. Kano et al., 2007;
Eisele et al., 2011; López Correa et al., 2012; Matos et al., 2015). Since
no absolute (coral) ages have been obtained from the Moroccan buried
mounds so far, a correlation with the Quaternary Pen Duick drift was
conducted (Vandorpe et al., 2014; Fig. 5). Themost pronounced seismic
stratigraphic change in this drift system is the transition from sheeted to
mounded drift deposits since the EMPT (red line in Fig. 5), which is
expressed by increasing reflection amplitudes (Vandorpe et al., 2014)
and the accompanied cessation of tectonic activity. This boundary is co-
eval with H10, pointing to a post-EMPT period in coral mound aggrada-
tion in the AMCP. Following this correlation, average sedimentation
rates in the Renard drift (Fig. 1) would be 20.1 cm kyr−1 (using the
depths along the line in Fig. 2C and the interval-velocities of Table 1).
This rate iswithin the range of reported sedimentation rates varying be-
tween 8 and 25 cm kyr−1 (Van Rooij et al., 2011; Vandorpe et al., 2014;
Wienberg et al., 2010).

Coral ages obtained from this region show that 75% of all ages coin-
cide with glacial periods (going back to MIS 12; Fig. 6), implying that
both the occurrence of CWC and coral mound aggradation are mostly
restricted to cold periods in the AMCP (Frank et al., 2011; Wienberg et
al., 2009; Wienberg et al., 2010). Given (1) the climate-related periodic
on- and off-set in coral mound aggradation documented for coral
mound areas all over the Atlantic Ocean (Frank et al., 2011), (2) the
fact that ten horizons (being the base for Moroccan mound initiation)
were discerned from the EMPT onwards, and that (3) the reported
fied horizons. H1 could not be correlated to this profile. EMPT: Early-Middle Pleistocene

Image of Fig. 5


Fig. 6. Tentative correlation between the ten horizons (stars) acting as a base for the initiation of coral mounds and theMarine Isotopic Stages (MIS; boundaries betweenMIS are based on
the stable oxygen isotope LR04 stack by Lisiecki and Raymo (2005)). The black dots indicate cold-water coral ages obtained from the mound-forming species Lophelia pertusa and
Madrepora oculata collected from various exposed mounds in the AMCP (Frank et al., 2011; Wienberg et al., 2009; Wienberg et al., 2010).
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coral ages show that colder (glacial) periods offeredmore suitable envi-
ronmental conditions triggering the sustained occurrence of CWC and
thus the aggradation of coral mounds in the AMCP (at least during the
past ~500 kyr) (Frank et al., 2011; Wienberg et al., 2009; Wienberg et
al., 2010), the ten identified initiation events (horizons) might be
assigned to cold (glacial) periods occurring since the EMPT (Lisiecki
and Raymo, 2005). As such, a preliminary chronostratigraphy, displayed
in Fig. 6, is obtained and may serve as a first approximation of coral
mound aggradation periods in the AMCP, although dating will be re-
quired to finally verify this. As discerning the base horizon of many
mounds on the steeper parts of the AMCP was not possible (e.g. Fig.
2D), more horizons may be present and more than one initiation
event may have occurred in the course of one glacial cycle.

The three horizonswith the highest acoustic amplitudes (H3, H6 and
H8; Fig. 2, Table 2) also represent the initiation base for N50% of all coral
mounds identified in the AMCP (Table 2). High amplitude values are
usually caused by a facies change, such as a change from fine-grained
(silty) to coarse-grained (sandy) sediments, inducing a difference in
acoustic impedance. Indeed, two long (up to 45 m) off-mound MeBo
cores recovered in the AMCP revealed overall silty sediments down to
a drill depth of 30 m, while below several centi- to decimeter thick
layers composed of well-sorted, dark fine sands are intercalated
(Hebbeln et al., 2015). These layers might correspond to one of the ho-
rizons with higher acoustic amplitudes and may either be derived from
contouritic or turbiditic processes. Three main factors contradict a
turbiditic origin for these horizons. Firstly, the three horizons (especially
H3 and H8) can be observed margin-wide, which is not consistent with
turbidite deposits on continental slopes, which are expected to be fo-
cussed in channels or levees (Picot et al., 2016; Piper and Normark,
2009; Stow and Mayall, 2000). Secondly, the fairly low slope angle of
themargin (usually below 1°; Fig. 4) in combination with the low aver-
age sedimentation rates (Delivet, 2017;Wienberg et al., 2010) are not in
favour of slope failure that could cause turbidite deposits (Piper and
Normark, 2009). And thirdly, the dark fine sands in the lower parts of
two off-mound MeBo-cores are well-sorted (Hebbeln et al., 2015),
which is not consistentwith turbidite deposits. Contourites and the bot-
tom currents associated with them on the other hand are known to
occur widespread in this region (Vandorpe et al., 2016). Although the
depositional and erosional features of these bottom currents are largely
restricted to the areas bordering the main topographic features in the
AMCP such as the Pen Duick escarpment (Vandorpe et al., 2016), bot-
tom currents usually do create regionally rather widespread (erosional)
horizons. Given the occurrence of N50% of the identified coral mounds
on the highest acoustic amplitude layers and the likely bottom cur-
rent-controlled origin of these layers, the number of coral mounds
that initiate in a certain period may be controlled by the intensity of
the bottom currents. Since bottom currents and the AAIW, present
within the depth ranges of the coral mounds of the AMCP (600 m to
1100 m; Fig. 1; Vandorpe et al., 2016), themselves are known to be
strongly influenced by climate (Jung et al., 2011; Makou et al., 2010;
Rebesco et al., 2014), the base horizons (and hence mound initiation)
may be strongly climate-controlled as well.

5.2. Coral mound dimensions and location

The AMCP is one of the largest coral mound provinces discovered so
far in theworld, covering an area of over 1800 km2, consisting of at least
615 buried coral mounds and 166 exposed coral mounds. In compari-
son, the Campeche coralmound province in the southernGulf ofMexico
(N40 km2; Hebbeln et al., 2014), the Røst Reef (N120 km2) and the
Traena Reefs (about 300 km2) along the Norwegian margin (Fosså
et al., 2005) and the Magellan (about 1200 km2) and Hovland
(about 380 km2; Huvenne et al., 2003) coral mound provinces in
the Porcupine Seabight are all considerably smaller. When compar-
ing the density of buried coral mounds in the Magellan mound prov-
ince (0.93 mounds km−2; Huvenne et al., 2003) to that of the AMCP
(0.43 mounds km−2), it is noticed that while the AMCP covers a
much larger area (by a factor of 15), the density of coral mounds
in this area is not considerably smaller (by a factor of 2.1). The aver-
age height of the coral mounds in the AMCP (defined here as the av-
erage of the modes of the 10 horizons) is about 20 m (red line in Fig.
3C) and is among the smallest observed in the North Atlantic, in par-
ticular when compared to coral mounds of the Magellan, Hovland
and Belgica mound provinces of the Porcupine Seabight with aver-
age mound heights varying between 70 m and 100 m (De Mol et
al., 2002; Huvenne et al., 2007) or to coral mounds along the Mauri-
tanian margin with an average height of 100 m (Colman et al.,
2005). The average TMV of the coral mounds in the AMCP (defined
here as the average of the modes of the 10 horizons) is 36.1
× 103 m3 (Fig. 3D) and is 34 times smaller compared to the average
TMV of coral mounds from the Magellan mound province (1200
× 103 m3, derived by applying the same formula described above
to the dimensions given by Huvenne et al. (2003)). Also compared
to the West-Melilla coral mounds in the western Mediterranean
Sea, which are between 227 and 1060 × 103 m3 (Lo Iacono et al.,
2014), the AMCP coral mounds have a 6–30 times smaller TMV.

The overall very low TMV (up to 34 times smaller) and mound
heights (up to 5 times smaller) of the Moroccan buried mounds point
to rather low aggradation rates. This is already indicated for the exposed
mounds in the area, for which glacial mound aggradation rates of
1–53 cm kyr−1 are calculated (Wienberg and Titschack, 2017), being
in the lower range of rates compared to the Irish and Norwegian coral

Image of Fig. 6
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mounds (up to 220 cm kyr−1 and 1500 cm kyr−1 respectively; Frank et
al., 2009; Titschack et al., 2015). Mound aggradation is controlled by
sustained CWC growth and a contemporary input of sediments, which
are baffled by the open coral framework, stabilizing the biogenic frame-
work and allowing continued, enhanced vertical aggradation (e.g.
Hebbeln et al., 2016; Huvenne et al., 2009; Titschack et al., 2015;
Wienberg and Titschack, 2017). Average sedimentation rates between
10 and 25 cm kyr−1 have been reported from the AMCP drift systems
(Van Rooij et al., 2010; Vandorpe et al., 2014; Wienberg et al., 2010), al-
though erosional features and higher sedimentation rates of up to
100 cm kyr−1 were inferred by Delivet (2017) in the Pen Duick drift dur-
ingMIS 3 (coreMD08-3227; Fig. 1). However, outside the El Arraiche drift
systems (Vandorpe et al., 2016), where most of the coral mounds are sit-
uated (Figs. 1, 4), average sedimentation rates are as low as ~2 cm kyr−1

(Delivet, 2017), indicating an overall sediment-starved margin. In com-
parison, the Irish coral mounds of the Porcupine Seabight and the Rockall
Trough, whose formation was restricted to the recent Holocene and pre-
vious interglacial periods (e.g. Frank et al., 2011; Kano et al., 2007;Mienis
et al., 2009), correspond to sedimentation rates of up to 25 cm kyr−1 and
around 10 cm kyr−1 respectively (Mienis et al., 2009; Rüggeberg et al.,
2007; Van der Land et al., 2010; Van Rooij et al., 2007). Thus, the rather
low sedimentation rates indicated in the AMCP possibly explain the
small dimensions of the Moroccan coral mounds. Even though sediment
availability was limited to maintain coral mound aggradation, increased
bottom currents (leading to hiatuses in the Pen Duick drift; Delivet,
2017) during glacial periods may have flushed sufficient sediment parti-
cles through the coral framework, allowing them to baffle enough sedi-
ment for coral mound aggradation (Hebbeln et al., 2016) and the build-
up of small coral mounds. Similar conditions have already been reported
from the Porcupine Basin, where coral mounds were built up under ero-
sive conditions (Dorschel et al., 2009). The higher average TMV and
height of mounds rooting on H3 (92.2 × 103 m3 and 26.6 m respectively;
Fig. 3C andD)may result from a temporary higher baffling capacity of the
CWC framework or from the availability of more sediments during MIS 3
(Fig. 6). A mechanism indicated by Glogowski et al. (2015) for the south-
ern Moroccan mounds as well.

5.3. Lateral variability and clustering of coral mound occurrence

The optimal conditions for coralmound initiationmay have progres-
sively moved towards deeper areas as the average depth for the succes-
sive horizons changes from 701.4 m for H10 to 882.7 m for H3 with the
exception of H7where the average depth is 814.4 m (Table 2). The larg-
est change occurs at H5, where water depths increase rather abruptly
from ~700–740 m (H10–H6) to ~830–880 m water depth (H5–H3).
As most of the coral mounds rooting on H4 and H3 cluster around the
Becks mud diapir or between the two SWIM faults (Fig. 4), the optimal
conditions for CWC growth and thus mound aggradation must have
shifted to those deeper regions.

Clusters of buried coral mounds have been discerned in the AMCP
(Fig. 4),with all of them containing coralmounds from several horizons.
Clustering of mounds is not only observed in the AMCP, but occurs in
many mound provinces, e.g. in the Porcupine Seabight (De Mol et al.,
2002), the Gulf of Mexico (Hebbeln et al., 2014) or off the southern At-
lantic Moroccan coast (Glogowski et al., 2015). The small coral mounds
can deflect bottom currents, which is evidenced by the presence of
small moats around some of the buried coral mounds (Fig. 2A), similar
to the small-scale contourites around the Campeche coral mounds
(Hebbeln et al., 2012). Deflection of bottom currents will enhance the
current speeds (Rebesco et al., 2014) andmay bringmore food particles
and sediments to the neighbouring coralmounds (Hebbeln et al., 2016).
As coral mounds in many cases cut through the subsequent base hori-
zon (Fig. 2), indicating they had an exposed position when the next ini-
tiation phase occurred, they could create a locally more favorable
environment, leading to continued coral growth in that cluster. This is
evidenced by the presence of several horizons in one cluster (Fig. 4).
Moreover, besides continued coral growth in that particular cluster,
the coral mound will be exposed to accelerated bottom currents
(Wienberg and Titschack, 2017), making recolonization of the coral
mound by CWC and renewed coral mound aggradation more likely.

6. Conclusions

With an extension of 1800 km2, the AMCP along the Atlantic Moroc-
can margin is one of the largest coral mound provinces worldwide dis-
covered so far. Moreover, this mound province is unique in the Atlantic
realm as hundreds of exposed aswell as fully buried coralmounds exist
in this area, which represent different generations of coral mounds as
they initiated on at least ten horizons, while for most other Atlantic
mound provinces, only one single rooting horizon was indicated. The
ten horizons in the AMCP could all be tentatively traced back to glacial
periods since the Early-Middle Pleistocene Transition, meaning that fa-
vorable conditions formound initiation and subsequent aggradation oc-
curred several times during the last 900 kyr along theAtlanticMoroccan
margin. As a consequence, a strong climatic control onmound initiation
and aggradation can be inferred in this region.

The relatively small heights and volumes of coral mounds (~20 m
and 36.1 × 103m3) in this regionmight indicate that a reduced/restrict-
ed/relatively low sediment inputmay have prevented the development
of giantmounds as found along the Irishmargin. Recolonization by CWC
and renewed mound aggradation was possible when coral mounds
were still exposed during the subsequent initiation phase. Clustering
can intensify bottom currents locally and improve both food and sedi-
ment supply to the coral mounds.

The timing of the mound initiation, mound aggradation and coral
demise cannot be determined from seismic data alone and as a conse-
quence, datings of coral fragments from sediment cores penetrating
the coralmounds are necessary to further understand the forcingmech-
anism. The AMCP can play a vital role in further unravelling the factors
that trigger coral mound initiation and aggradation due to the ubiqui-
tous presence of small coral mounds rooting on multiple horizons and
its unique position close to contourite drifts.
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Appendix A

A.1. Calculation of the interval-velocities based on the AVO (amplitude ver-
sus offset) test

The AVO (Amplitude versus Offset) test (Van Rooij et al., 2005)
consisted of two vessels (R/V Belgica and R/V Pelagia) approaching a
common point (2 km south of the Pen Duick Escarpment, indicated as
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AVO in Fig. 1) and receiving the signal of each other sources. The dis-
tance between source and receiver (x) was deduced from the direct
wave and an assumed average seismic velocity in the water of
1500 ms−1. Besides the seafloor, five other reflectors were picked and
the velocity was determined based on the following equation:

t2 ¼ t20 þ
x2

v2

t0 for all six horizons was determined from the signal of the nearest
point based on:

t20 ¼ t2receiver−t2direct

The root mean square velocity was calculated based on themapping
of these horizons along the seismic line. Based on the root mean square
velocity, the interval velocity could be determined using the following
formula:

v2interval ¼
v2rms

�
tn−v2rms �tn−1

tn−tn−1
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