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Abstract. Cold-water corals (CWC) build biogenic structures, so-calledknown as CWC mounds, that can store 

large amounts of carbon(ate). However, there is a lack of quantification studies on both recent as well as geological 

timescales, and knowledge is limited to the accumulation of carbonate (i.e., the inorganic carbon fraction), ignoring 

the organic carbon fraction. This hinders the calculation of total carbon accumulation rates and a wider 15 

understanding of the role CWC mounds play in the long-term carbon cycle. Here, we investigated two cores 

retrieved from CWC mounds in the Alborán Sea, Western Mediterranean Sea, comprising a ~400 kyr record of 

carbon accumulation. We calculated the accumulation of both inorganic and organic carbon within the CWC 

mounds. Further, we analysed the same parameters in two cores from the adjacent seafloor (~120 kyr record) to 

compare the mound records with the surrounding sedimentary deposits. Our results show that the studied CWC 20 

mounds accumulate up to 15 g C cm-2 kyr-1, of which 6 – 9 % is derived from the organic carbon fraction. 

Moreover, during enhanced mound formation phases, the mounds store up to 14 – 19 times more carbon than the 

adjacent seafloor deposits. We suggest that there is a selective enrichment of organic carbon on the mounds, with 

about an order of magnitude higher organic carbon accumulation rates than on the adjacent seafloor. Consequently, 

in phases of active mound formation, CWC mounds can are be effective local sinks of both inorganic and organic 25 

carbon on geological timescales.  
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1 Introduction 

Within the carbon cycle, there are two sub-cycles, the short-term and the long-term carbon cycle (Burdige, 2007; 

Cartapanis et al., 2018). Within the world’s oceans, the bulk of carbon stays in the “active”, short-term cycle, while 30 

a small fraction is buried in the sediment, that gets removed from the active system and transferred to the geological 

inventory (long-term carbon cycle; Cartapanis et al., 2018). This fraction is immobilized for millions of years and 

stored as organic carbon (Corg) or inorganic carbon (Cinorg; i.e., derived from calcium carbonate). Benthic carbonate 

production through calcification plays a major role in this process (Ridgwell and Zeebe, 2005). As carbonate 

factories, some calcifying organisms create biogenic structures or extensive, carbonate-rich facies over thousands 35 

of years (Schlager, 2000; 2003; Reijmer, 2021). Quantifying their carbonate accumulation has been put into 

practice (Milliman, 1974; 1993; Smith and Mackenzie, 20165; O'Mara and Dunne, 2019), however, large 

knowledge gaps and high uncertainties remain (Cartapanis et al., 2018; Michel et al., 2019; Wood et al., 2023), 

especially for cold-water carbonate factories. In this context, also cold-water coral (CWC) reefs in the deep sea 

may play a significant role in the marine carbon budget (e.g., Lindberg and Mienert, 2005; Titschack et al., 2015; 40 

Hebbeln et al., 2019; Reijmer, 2021). However, due to the particular technological difficulty to explore CWC reefs 

(mostly at 200 – 1200 m water depth), knowledge about their overall role in the marine carbonate budget is still 

limited. CWCs occur circumglobally, with only a few scleractinian CWCs, i.e. carbonate framework-forming 

corals such as Lophelia pertusa (syn. Desmophyllum pertusum) and Madrepora oculata being capable of building 

entire CWC reefs (Roberts et al., 2009; Wienberg and Titschack, 2017). With their three-dimensional framework, 45 

these CWCs provide habitat and the foundation for some of the most biodiverse ecosystems of the deep sea (Henry 

and Roberts, 2007; 2017). The occurrence and proliferation of CWC reefs depends on a certain range of 

environmental conditions such as temperature, pH, and oxygenation (e.g., Davies and Guinotte, 2011), combined 

with sufficient nutrient supply through bottom currents and primary production (e.g., Portilho-Ramos et al., 2022; 

Maier et al., 2023). 50 

In millennial-scale cycles of proliferation and extinction (e.g., Dorschel et al., 2005; Roberts et al., 2009; Wienberg 

and Titschack, 2017), CWC reefs build so-called “CWC mounds”, consisting of successive generations of 

carbonate framework-forming corals that growing on top of each other and are stabilized by sediment infill (e.g., 

de Haas et al., 2009; Titschack et al., 2009; Wang et al., 2021). Individual periods of reef proliferation are herein 

referred to as “mound formation phases”. The investigation of sediment cores taken from CWC mounds revealed 55 

that during mound formation phases, large amounts of carbonate are accumulated (e.g., Dorschel et al., 2007b; 

Titschack et al., 2009). Thereby, one part of it is derived from the coral carbonate itself, and the other part comes 

from pelagic and benthic carbonate buried within the sediment that significantly contributes to mound formation 

(e.g., Titschack et al., 2009). High-resolution 3D-imagery-based core studies provide evidence that CWC mounds 

are substantial carbonate sinks, when comparing their accumulation rates to the surrounding sedimentary 60 

environments (Titschack et al., 2015; 2016). Moreover, the accumulation rates from CWC mounds are in the same 

range as other regional carbonate factories such as coralline algal beds, tropical warm-water coral reefs and 

bryozoan facies (Titschack et al., 2015; 2016). Spatially upscaled estimates of carbonate accumulation for an entire 

mound province suggest a significant, regional or potentially global importance (Titschack et al., 2009; Hebbeln 

et al., 2019; Tamborrino et al., 2022).  65 

Due to the limited number of published carbonate accumulation rates (ranging from 0.3 – 2114 g CaCO3 cm-2 kyr-

1) obtained to date for CWC mounds over both time and space (Lindberg and Mienert, 2005; Dorschel et al., 2007b; 
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Titschack et al., 2009; 2015; 2016; Edinger et al., 2025), CWC mounds are still not part of global carbon(ate) 

budget calculations – or at least not well represented (Titschack et al., 2015; Smith and McKenzie, 2016; Wood et 

al., 2023). Existing high-resolution studies (Titschack et al., 2015; 2016) focus on the most recent mound formation 70 

phase. Hence, the detailed variation in carbonate accumulation across multiple mound formation phases remains 

unknown. Further, all studies so far focused on the carbonate fraction (i.e., Cinorg) of the carbon accumulation on 

CWC mounds, and there is no study that combines Cinorg with Corg to get a holistic total mound carbon 

accumulation.  

Here, we investigated ~400,000 years of CWC mound formation in the Alborán Sea, western Mediterranean. 75 

Covering seven mound formation phases, we quantify the accumulation of Cinorg and Corg from two CWC mounds 

(based on two coral-bearing sediment cores) and provide the first total carbon accumulation rates. To provide 

evidence for their local significance in the long-term carbon cycle and as potential sinks of Cinorg and Corg, we 

further compare these rates with those obtained from the adjacent seafloor (based on two coral-barren sediment 

cores).  80 

 

2 Study AreaRegional Setting 

Within the Mediterranean Sea, the Alborán Sea is a hotspot of primary productivity (Morán and Estrada, 2001; 

Sánchez-Garrido and Nadal, 2022), CWC mound formation (Lo Iacono et al., 2009; Margreth et al., 2011; Lo 

Iacono et al., 2014; Stalder et al., 2018; Corbera et al., 2019; Hebbeln, 2019; Wang et al., 2019; Wienberg, 2019; 85 

Corbera et al., 2021; Sánchez-Guillamón et al., 2022; Wienberg et al., 2022), and potentially, carbon burial 

(Masqué et al., 2003). The formation presence of CWCs mounds in the Alborán Sea is closely linked to the flow 

path of the Levantine Intermediate Water (LIW) (Hayes et al., 2019). This well ventilated and nutrient-rich water 

mass (Álvarez et al., 2023) promotes primary production as well as oxygen and food supply to the CWCs living 

on the mounds (Wienberg et al., 2022; Álvarez et al., 2023). In addition, the steep density gradient (pycnocline) 90 

between the low-salinity LIW and the high-salinity overlying Atlantic Water (Millot, 1999) can be disturbed when 

it intersects a sloping topography, resulting in the formation of high-energy internal waves (e.g., Ercilla et al. 2016) 

that further enhance the delivery of food particles. In the southern Alborán Sea off the Moroccan margin lies the 

East Melilla Coral Mound Province (EMCP), which comprises various CWC mounds of very different sizes and 

morphologies, arising from water depths of 210 – 475 m on the upper continental slope (Fig. 1; Hebbeln 2019). 95 

Two of these mounds are in the focus of this study: Brittlestar ridge I (BRI) in the north of the EMCP is an 

elongated ridge with a height of 140 m above the seabed, while the much smaller and shallower Dragon Mound 

situated ~15 km to the south of BRI arises 20 – 30 m above the seafloor (Fig. 1) with a 30 – 40 m extension below 

the seafloor. The CWC mounds of the EMCP developed during multiple mound formation phases (at least) since 

the ~Marine Isotope Stage (MIS) 11 (~390 kyr ago) until the early Holocene. Mound formation phases in the 100 

EMCP correspond mainly to interglacial periods, but also to one glacial period (MIS 10). While there is no clear 

link between phases of active CWC mound formation and ice age-paced climate oscillations, there seems to be a 

strong coupling with changes in the African hydroclimate  (see Wienberg et al., 2022 for a detailed description).  
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Fig. 1: Overview map the East Melilla Coral Mound Province (EMCP) showing the location of 105 

sediment cores (white stars) used in this study. A) The study area (red box)  located within the 

Western Mediterranean Sea  B) The East Melilla Coral Mound Province (EMCP , red box in A) 

showing the location of sediment cores (stars , white represents mound cores, grey represents off-

mound cores) used in this study.  Location of the EMCP (red box) within the western Mediterranean 

Sea. C) Close up 3D view of Brittlestar Ridge I, with 2D (contour lines every 25 m depth) and 3D 110 

view (3x vertical exaggeration), and D) Close up view of Dragon Mound, with 2D (contour lines every 

5 m depth) and 3D view (7.5x vertical exaggeration). Maps created using ESRI ArcGIS Pro and ZIB 

Amira software. Bathymetry Data in A) derived from GEBCO (2024, in A) and in B) partly 

supplemented by EMODnet (2022 , in B). Detailed bathymetry of EMCP available at: 

https://doi.org/10.1594/PANGAEA.895349 (Hebbeln and Gaide, 2018).  115 

 

3 Material and Methods 

This study focuses on four sediment cores collected from the EMCP in the Alborán Sea (Table 1). Two cores are 

taken from the CWC mounds Brittlestar Ridge I (BRI) and Dragon Mound (on-mound cores; GeoB18116-2, 

GeoB13729-1), and two from the same location in the “off-mound” area between the mounds (off-mound cores; 120 
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MD13-3457, GeoB13731-1; Fig. 1). Brittlestar Rridge I, located (BRI) in the north of the EMCP is an elongated, 

ridge-shaped CWC mound with a height of 140 m above the seabed, while the much smaller and shallower Dragon 

Mound situated ~15 km to the south of BRI arises 20 – 30 m above the seafloor (Fig. 1) with a 30 – 40 m extension 

below the seafloor.  

 125 

The on-mound core GeoB18116-2 was taken during R/V Maria S. Merian cruise MSM36 “MoccoMeBo” 

(Hebbeln et al., 2015) using the seafloor drill rig MeBo70 of MARUM, University of Bremen, Germany 

(Freudenthal and Wefer, 2013). The ~70-m-long MeBo core was retrieved from the summit of Dragon Mound in 

the southern part of the EMCP (Fig. 1; Table 1; Wienberg et al., 2022 for more details). MeBo drill cores are 

recovered in core barrels (235 cm each), which may lack sediment material (i.e., gaps in the sedimentary units) 130 

due to drilling operations, or may have recoveries >100 % due to core expansion (this needs to be corrected for, 

using specific depth models; see Sect. 3.2). Overall, GeoB18116-2 has a recovery rate of 96 % and contains coral 

fragments down to ~60 – 61 m core depth (encompassing 26 core barrels), while below only fine-grained, coral-

barren sediments occur (Wienberg et al., 2022). Completely penetrating a large CWC mound from the top to its 

base, GeoB18116-2 is a unique record in the Mediterranean Sea. Its corresponding stratigraphy covers an 135 

approximate timespan between ~100 and 390 kyr BP and includes several mound formation phases (~MIS5 – 

MIS11; Wienberg et al., 2022). 

The on-mound core GeoB13729-1 was collected during R/V Poseidon cruise POS385 from BRI (Fig. 1; Hebbeln 

et al., 2009). The gravity core is 4.47 m long, contains coral fragments throughout and its stratigraphy refers to a 

timespan between 9 and 12 kyr BP (late Younger Dryas and Early Holocene; Fink et al., 2013; Wang et al., 2021). 140 

For this core, we used previously published data (Table 1), based on five accelerator mass spectrometry (AMS) 

radiocarbon (14C) coral ages, originally published by Fink et al. (2013) and 10 additional Th/U-dates published by 

Wang et al. (2021).  

The off-mound core GeoB13731-1 was collected during R/V Poseidon cruise POS385 from the adjacent seafloor 

within the EMCP, on the continental slope in between the two on-mound cores (10 km and 4 km distance, Fig. 1). 145 

The gravity core is 4.31 m long and covers the last 23 kyr (Fink et al. 2013; Wang et al. 2021), including the 

mound formation phase covered in on-mound core GeoB13729-1, hence making it suitable for comparison. For 

this core, we use previously published data from Fink et al. (2013; seven7 AMS 14C ages; Table 1). From the same 

site, off-mound core MD13-3457 was collected using a Calypso piston cCorer during expedition MD194 onboard 

R/V Marion Dufresne (Van Rooij et al., 2013). With a core recovery of 20.31 m, it provides a stratigraphically 150 

longer record and was therefore dated and included in the analysis to extend our comparison between on- and off-

mound records towards MIS5, i.e.g., the latest mound formation phase covered in on-mound core GeoB18116-2.  

 

 

Table 1: Metadata of sediment cores used for this study including coordinates, water depth in meters 155 

below sea level (mbsl), core recovery in meters below sea floor (mbsf) . The time period covered by 

the cores, and a description of the origin of all data (CT: computed tomograp hy, TIC/TOC: total  



6 

 

inorganic and organic carbon) are provided. References [1]: Wienberg et al.  (2022), [2]: Fink et al.  

(2013), [3]: Wang et al.  (2021), [4]: Titschack et al.  (2016). 

 160 

While the raw data measurements in this study were performed on the Dragon Mound core (GeoB18116-2) and 

the long off-mound core (MD13-3457), (raw) data from BRI (GeoB13729-1) and the shorter off-mound core 

(GeoB13731-1) have been previously published. The latter data have been obtained using the same protocols, and 

were eventually processed for the specific purpose of this study. The detailed origin of all raw data is outlined for 

each methodological step, and in Table 1. 165 

 

3.1 Computed Tomography of on-mound cores GeoB18116-2 and GeoB13729-1 

Computed tomography (CT) scans were performed on on-mound core GeoB13729-1 (previously published in 

Titschack et al., 2016) and the coral-bearing part of the MeBo core GeoB18116-2 (upper ~60 – 61 m, this study). 

The coral-bearing core sections of GeoB18116-2 were frozen at -20°C and split length-wise with a stone saw, into 170 

a “work” half for sediment sampling, and an “archive” half (undisturbed) for CT scanning. The MeBo core was 

scanned at a resolution of 0.3 mm, using a Philips Brilliance iCT Elite 256 computer tomograph with an x-ray 

source voltage of 120 kV and a current of 300 mA (Klinikum Bremen-Mitte, Germany). CT data were processed 

using the ZIB edition of Amira Software Vers. 2022.31 (Stalling et al., 2005), closely following the approach of 

Titschack et al. (2015; 2016). Accordingly, the segmentation of the macrofossil fraction and the sediment was set 175 

bybased on thresholding followed by watershedding, and all macrofossils >1 mm within the sediment were 

quantified. The parameters, given for each core depth at an 0.3 mm interval, include the mean x-ray attenuation in 

Hounsfield units (HU), and sediment and macrofossil contents in volume % (vol.%). Since the macrofossil content 

consists predominantly of corals, their fraction is referred to as “coral content” in the following (sensu Titschack 

et al., 2016). The data points corresponding to the outlined parameters were averaged to a 5 cm resolution, using 180 

a running average function. In the specific case of the MeBo core GeoB18116-2, each core barrel (n= 26; each 

~235 cm in length including a core catcher) was treated individually. CT orthoslice images, 3D clast quantification, 

clast size, clast orientation and coral content, mean x-ray attenuation and its standard deviation (SD) are presented 

for each core barrel, along with its corresponding depth in the Supplementary Material.  

 185 

Core Location Depth 

[mbsl] 

Recovery 

[mbsf] 

Age 

[kyr BP]  

Dating CT TIC/TOC 

+ Density 

GeoB18116-2 

Dragon Mound 

35°18.64’ N, 

02°34.93’ E 

236 

 

70.85 100-390 [1] this study this study 

GeoB13729-1 

Brittlestar Ridge 1 

35°26.07’ N, 

02°30.83’ E 

442 

 

4.47 9-12 [2; 3] 

 

[4] [3] 

GeoB13731-1 

Off-Mound 

35°24.80′ N, 

02°33.22′ E 

362 4.31 0-23 [2; 3] N/A [3] 

MD13-3457 

Off-Mound 

35°24.80′ N, 

02°33.22′ E 

345 

 

20.31 0-126 this study N/A this study 
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3.2 Depth Model of MeBo core GeoB18116-2 (Dragon Mound) 

For the purpose of this study, a new depth model was introduced that compensates for core expansion (>100% 

recovery) in MeBo core GeoB18116-2, calculated according tofollowing the IODP Core depth below Sea Floor B 

(CSF-B; IODP depth scales terminology standards IODP, 2011). This new depth model results in some minor 

depth differences compared to the depth model of Wienberg et al. (2022), which was calculated according 190 

tofollowed the IODP Core depth below Sea Floor A (CSF-A) standard of IODP, and results in some minor 

differences in the calculated mound aggradation rates (ARs). While CSF-A refers to the drill top depth of the barrel 

and adds the length of core recovery (allows core overlap by core recoveries exceeding 100 %), this study refers 

to CSF-B that uses linear interpolation to recalculate, i.e., compress, the core recovery length to the core barrel 

length when it exceeded 100 % recovery (correcting for occurring core overlaps). depth based on actual core barrel 195 

length, this study requires the use of CSF-B, that uses a compression algorithm (i.e., linear squeeze) of the core 

barrel length to 100% recovery. This is necessary to assign more accurate depths to the data points obtained from 

the CT scan. Gaps in the sediment record (void air spaces) were also subtracted from the record, and not counted 

as depth (CSF-B). In addition, several section tops showed an unusually high coral content for the first ca. 5 cm. 

This is an effect specific to Me-Bo drilling, where core barrels are separately retrieved from the drill holes. As this 200 

may cause core breccia, i.e., coral fragments, falling into the drill hole in between drilling sections, i.e., coral 

fragments, the corresponding data are considered inaccurate and were subsequently removed from the depth record 

and assigned “no data”. The depth models are made available in the PANGAEA open data repository. In the 

following, all core depths of GeoB18116-2 refer to the CSF-B depth model. 

 205 

3.3 Age Models  

For core GeoB18116-2 (Dragon Mound), all coral ages (n= 76) and the derived mound formation phases and 

mound ARs are based on Th/U-dating of the scleractinian CWC Lophelia pertusa and were previously published 

by Wienberg et al. (2022). Coral ages range from 390 to 103 kyr BP, and were assigned to six mound formation 

phases (DM1 to DM6; for each phase an average AR is providedeach corresponding to one AR), see Wienberg et 210 

al. (2022) for more detail. The mound formation phases are separated by hiatuses, i.e., periods without any CWC 

mound formation which span remarkably long time periods of 10 – 90 kyr (Wienberg et al. 2022). Except for DM2 

(~MIS10; glacial), all pronounced mound formation phases on Dragon Mound clearly correspond to interglacial 

periods. Notably, several coral ages between ~20 and 27 m core depth are scattered across a large time span 

covering MIS7d – MIS9, which results in low ARs of <15 cm kyr-1. Accordingly, this low aggradation period 215 

(DM4) was classified as a period of slow mound formation, i.e., scarce reef growth, following Frank et al. (2009). 

Due to the CT-based high-resolution imagery and based on sudden changes in coral content, coral fragment 

orientation and matrix sediment density (see Supplementary Material), the exact position of mound formation 

phase boundaries were newly determined for this study, resulting in slightly adapted boundary depths and ARs 

compared to Wienberg et al. (2022). The depth of the mound base is slightly deeper than the deepest obtained coral 220 

age, consequently the AR for DM1 during MIS11 is likely underestimated.  

The age model of on-mound core GeoB13729-1 (Brittlestar Ridge I), This study used the age model of  is provided 

by Wang et al. (2021), partly based on coral ages from. is based on five accelerator mass spectrometry (AMS) 

radiocarbon (14C) coral ages, originally published by Fink et al. (2013, Table 1). and 10 additional Th/U-dates 

published by Wang et al. (2021). This study used the age model of Wang et al. (2021). The record documents one 225 
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mound formation phase between 9 and 12 kyr BP, which is the last of several mound formation phases on BRI 

(Fentimen et al., 2020; Wienberg et al., 2022; Fentimen et al., 2022). This phase will hereafter be referred to as 

“BRIfinal”. Notably, BRIfinal is also documented in several other cores collected from BRI (Fink et al., 2013; Stalder 

et al., 2018; Fentimen et al., 2020; Fentimen et al., 2022; Wienberg et al., 2022; Fentimen et al., 2023; Korpanty 

et al., 2023), pointing out that BRIfinal started earlier than documented in core GeoB13729-1. However, Wienberg 230 

et al. (2022), who investigated the entire phase covering coral ages from 15 – 8 kyr BP found overall ARs of 130 

– 140 cm kyr-1, which matches well with the AR for BRIfinal used in this study (135 cm kyr-1; Wang et al., 2021), 

supporting the use of GeoB13729-1 for our purposes, despite not covering the entire mound formation phase with 

our record. 

The age model of off-mound core MD13-3457 was created for the purpose of this study and is based on eight 235 

AMS 14C ages obtained from mixed planktonic foraminifera. Measurements were performed on >15 mg of 

planktonic foraminifera >150 µm at the Poznan Radiocarbon Laboratory, Poland. Additionally, the stable oxygen 

isotope (18O) composition of the epi-benthic foraminifera Cibicidoides mundulus was analysed for ~10 specimens 

in the same size fraction at a 5 cm core resolution to extend the age model of MD13-3457. Measurements were 

performed using a Finnigan MAT 252 gas isotope ratio mass spectrometer connected to a Kiel II automated 240 

carbonate preparation device at the MARUM, University of Bremen, Germany., For oxygen isotope analysis a 

working standard was used (standard deviation: ±0.09‰ 18O) calibrated against the NBS 19 standard and reported 

relative to the Vienna Pee Dee Belemnite standard. following Vienna Pee Dee Belemnite and NBS 19 standards 

(±0.09‰ 18O standard deviation). The age model of core GeoB13731-1 is based on seven 14C ages previously 

published by Fink et al. (2013) and Wang et al. (2021) but is revised for this study).For the age model of core 245 

GeoB13731-1, seven previously published AMS 14C ages were used (Fink et al., 2013; Wang et al., 2021). 

For both off-mound cores, age models were produced with the Undatable software (Vers. 1.31, Lougheed and 

Obrochta, 2019) in Matlab (R2021b Vers. 7), using 105 Monte Carlo iterations of age uncertainty sampling. AMS 

14C ages from both off-mound cores were calibrated using the IntCal20 calibration curve (Reimer et al., 2020) and 

modelled reservoir ages of Butzin et al. (2017) extracted with Palaeo Data View (PDV) software (Langner and 250 

Mulitza, 2019). For core MD13-3457, additional tie points were set in PDV by comparing the global benthic LR04 

stack (Lisiecki and Raymo, 2005) with our 18O record. The age error of the tie points was conservatively set at 4 

kyr, since this is the estimated uncertainty of the benthic stack curve of Lisiecki and Raymo (2005) for 1 Myr until 

present.  

Sedimentation rates were calculated using a linear interpolation between the calibrated ages (and tie points) for 255 

both cores (see supplementary material for more detail). By working with a consistent methodology for both off-

mound cores, we provide a first age model of core MD13-3457, and update the age model of core GeoB13731-1 

(cf. Wang et al., 2021). 

 

3.4 Matrix Sediment Dry Bulk Density Measurements 260 

Sediment samples of 6-10 cm3 were taken from the on-mound core GeoB18116-2 and the off-mound core MD13-

3457 to determine dry bulk densities (DBDs). DBD data from on-mound core GeoB13729-1 (n= 22) and off-

mound core GeoB13731-1 (n= 22) were generated by Wang et al. (2021) following the same procedure as outlined 

below (data available at: https://doi.pangaea.de/10.1594/PANGAEA.941018).   
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Samples from core GeoB18116-2 were collected at the approximate beginning and end of each mound formation 265 

phase (n= 18; range: 1.17 – 1.40 g cm-3). The off-mound core MD13-3457 was sampled for DBD measurements 

at an equal distance of every meter (n= 21; range: 0.88 – 1.44 g cm-3). The DBD measurements were performed 

following ODP standards (Blum, 1997). Samples were dried for 24h at 105 °C, and their weight was measured 

before and after. Then, dry sediment volumes were determined using a PentaPyc 5200e gas pycnometer 

(Quantachrome instruments) in the Geotechnical Laboratory at MARUM, University or Bremen, Germany. Since 270 

GeoB18116-2 has been scanned by CT, we then followed an additional approach for this core: As CT x-ray 

attenuation data have been used as a proxy for DBD in the past (Orsi et al., 1994; Gerland and Villinger, 1995; 

Orsi and Anderson, 1999; Duchesne et al., 2009) and observing a high linear correlation (R² = 0.89; p-val. ≤= < 

0.0001) between DBD and x-ray attenuation data throughout GeoB18116-2 (see supplementary material for 

calibration details), we calculated DBD values from the x-ray attenuation data for core GeoB18116-2. This highly 275 

increased the resolution of our sediment density data, and may be an alternative, non-invasive and time-efficient 

methodology to obtain density data for similar purposes.  

 

3.5 Total Organic and Inorganic Carbon Analysis 

Sediment samples of 6-10 cm3 were collected from on-mound core GeoB18116-2 and off-mound core MD13-280 

3457 to measure the total organic carbon (TOC) and total inorganic carbon (TIC) content. TIC/TOC data from 

cores GeoB13729-1 (n= 44) and GeoB13731-1 (n= 43) were obtained by Wang et al. (2021) at 10 and 5 cm 

resolution, respectively, following the same procedure as outlined below (data available at: 

https://doi.pangaea.de/10.1594/PANGAEA.941018).   

Samples from the on-mound core GeoB18116-2 (n= 54) were collected at core levels corresponding to roughly 285 

comparable age intervals. Off-mound core MD13-3457 was sampled every 10 cm (n= 169) from core depth 355 

cm downwards, to account for the record that is not already covered by the off-mound core GeoB13731-1. 

Macrofossil fragments of ca. >2 mm were removed from the sample to avoid misrepresentation of the sediment 

fraction, before the freeze-dried samples were ground. From each sample, one sub-sample (~100 mg) was analysed 

for TC, and one for TOC after it was treated with hydrochloric acid to remove carbonate. Measurements were 290 

performed with a LECO CS 744 at the Department of Geosciences, University of Bremen, Germany. 

Subsequently, the TIC content was calculated as TIC = TC – TOC, all given in weight percent (wt.%).  

 

3.6 Methods of Calculating Carbon(ate) Accumulation 

We calculated the total carbon accumulation, which consists of three different carbon fractions: A) the coral 295 

inorganic carbon accumulation (coral Cinorg Acc), specific to the on-mound cores, B) the sediment inorganic 

carbon accumulation (sediment Cinorg Acc), and C) the sediment organic carbon accumulation (sediment Corg 

Acc).  

 

Coral Inorganic Carbon Accumulation 300 
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Coral Cinorg Acc for core GeoB18116-2 (Dragon Mound, 1138 data points, spanning the upper 61.27 m (CSF-B)) 

and core GeoB13729-1 (43 data points, 0.05 – 4.25 m) was calculated closely core GeoB18116-2 (Dragon Mound) 

was first calculated at 5 cm core resolution (1138 data points, spanning the upper 61.27 m (CSF-B), closely 

following the methodology outlined in Titschack et al. (2015; 2016). Thereby, a coral density of 2.66 g cm-3 (i.e., 

100% carbonate; Dorschel et al., 2007b) was multiplied with the coral content (vol.%) from the CT data. Combined 305 

with the corresponding mound ARs [cm kyr-1], coral carbonate accumulation [g CaCO3 cm-2 kyr-1] was was first 

determined for each 5 cm-average depth point (Eq. 1).  

𝑐𝑜𝑟𝑎𝑙 𝐶𝑖𝑛𝑜𝑟𝑔 𝐴𝑐𝑐 
𝑔

𝑐𝑚2 × 𝑘𝑦𝑟
=  𝐶𝑜𝑟𝑎𝑙 𝑉𝑜𝑙. % ×  𝐶𝑜𝑟𝑎𝑙 𝐷𝑒𝑛𝑠𝑖𝑡𝑦 

𝑔

𝑐𝑚3  ×  𝐴𝑔𝑔𝑟𝑎𝑑𝑎𝑡𝑖𝑜𝑛 𝑅𝑎𝑡𝑒
𝑐𝑚

𝑘𝑦𝑟
 ×  

12.01

100.09
       (1) 

Accounting for the molecular weight fraction of carbon within carbonate (i.e., 12% C in CaCO3; ratio in g mol-1 ; 

see Eq. 1), coral carbonate accumulation was then converted to coral Cinorg Acc. On-mound core GeoB13729-1 310 

was handled the same way using CT data from Titschack et al. (2016), covering the interval of 0.05 – 4.25 m (43 

data points), combined with the age model and sediment density data published in Wang et al. (2021). 

 

Sediment Organic and Inorganic Carbon Accumulation  

The calculation of Ssediment Cinorg Acc and sediment Corg Acc were determined using the equation:is based on 315 

the Cinorg and Corg wt.% contents resulting from the obtained TIC/TOC data (Sect. 3.5) on the matrix sediments.  

𝑠𝑒𝑑. 𝐶(𝑖𝑛)𝑜𝑟𝑔  𝐴𝑐𝑐 
𝑔

𝑐𝑚2 × 𝑘𝑦𝑟
=  𝑇𝐼𝐶

𝑇𝑂𝐶
𝑤𝑡. % ×  𝑠𝑒𝑑. 𝑉𝑜𝑙. % ×  𝑠𝑒𝑑.  𝐷𝑒𝑛𝑠𝑖𝑡𝑦

𝑔

𝑐𝑚3  ×  𝐴𝑔𝑔𝑟𝑎𝑑𝑎𝑡𝑖𝑜𝑛 𝑅𝑎𝑡𝑒
𝑐𝑚

𝑘𝑦𝑟
     (2) 

The sediment Corg and Cinorg contents (Sect. 3.5) were multiplied by the CT-derived matrix sediment volume % 

(Sect. 3.1; in case of the coral-bearing on-mound cores, since only part of the total volume consists of matrix 

sediment). Then, each data point was assigned a matrix sediment DBD value ([g cm-3]; based on linear 320 

interpolation or, if available, CT calibration, Sect. 3.4) at the given depth and multiplied. Each of the core depths 

with Corg and Cinorg values [g cm-3] were then assigned to a corresponding AR, and multiplied again. Eventually, 

this results in both a sediment Cinorg and Corg Acc [g C cm-2 kyr-1], see Eq. 2. This was calculated for both CWC-

bearing cores and both off-mound records for comparison. Sediment Cinorg [g cm-3] may also be converted to 

carbonate using the molecular weight share described above, in order to describe the total carbonate accumulation 325 

(coral carbonate + sediment carbonate). 

 

Total Carbon Accumulation  

To determine the total carbon accumulation (Eq. 3) for the studied CWC mounds, the CT-based coral Cinorg Acc 

data points were downscaled to the resolution of the Corg and Cinorg data (i.e., 54 data points for core GeoB18116-330 

2; 44 data points for core GeoB13729-1 from the TIC/TOC measurements). Then, all data points within a mound 

formation phase were averaged and mean, minimum and maximum values per mound formation phase are 

provided for total carbon accumulation, coral Cinorg Acc, sediment Cinorg Acc, and sediment Corg Acc. Additionally, 

we present the same for carbonate accumulation (total carbonate accumulation, i.e., coral carbonate and sediment 

carbonate accumulation). Ultimately, we obtain the relative contribution (%) of each carbon fraction to the total 335 

carbonate and total carbon accumulation.  
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𝐶𝑡𝑜𝑡𝑎𝑙  𝐴𝑐𝑐  
𝑔

𝑐𝑚2 × 𝑘𝑦𝑟
=  𝑐𝑜𝑟𝑎𝑙 𝐶𝑖𝑛𝑜𝑟𝑔 𝐴𝑐𝑐 +  𝑠𝑒𝑑𝑖𝑚𝑒𝑛𝑡 𝐶𝑖𝑛𝑜𝑟𝑔  𝐴𝑐𝑐 + 𝑠𝑒𝑑𝑖𝑒𝑚𝑒𝑛𝑡  𝐶𝑜𝑟𝑔 𝐴𝑐𝑐                         (3) 

The total carbon accumulation was also obtained for both off-mound cores (sediment Cinorg Acc and sediment Corg 

Acc). Here, we present use weighted-mean values of accumulation rates from the off-mound core corresponding 

to a specific mound formation phase in the on-mound cores. This facilitates a comparison of mean carbon 340 

accumulation between on- and off-mound settings during the same time interval (Table 1). While samples from 

core GeoB13731-1 (9 – 12 kyr BP; n= 6) were used to compare the carbon accumulation rates with the latest 

mound formation phase (BRIfinal) (GeoB13729-1; n= 43), core MD13-3457 (108 – 115 kyr BP; n = 10) was used 

to compare with the latest mound formation phase (DM6) preserved in Dragon Mound (GeoB18116-2; n= 9). All 

parameters from the off-mound cores were averaged and compared with regards to that exact timespan, rounded 345 

up to kyr scale (for raw data beyond the period of DM6 in off-mound core MD13-3457, please refer to data sets 

published in Pangaea and the supplementary material).. 

 

 

4 Results 350 

4.1 On-Mound Carbon(ate) Accumulation 

4.1.1 Dragon Mound Record: Results from a 61 m long CT scan 

The visual inspection of the CT scans revealed that the coral content of core GeoB18116-2 was mainly composed 

of Lophelia pertusa, with minor contributions of dendrophylliid corals. The average coral content is 14 vol.% (5 

cm average) with a maximum of 42 vol.% (for core sections with high coral content, see  (Fig. 2a). There are no 355 

major coral-barren units, and some clearly visible hiatuses (Fig. 2b). The mound base lies at ~61.1 mbsf (CSF-B 

depth; Fig. 2c).  
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Fig. 2: CT-image based core section close-ups of the MeBo on-mound core GeoB18116-2 collected 

from Dragon Mound (left: orthoslice; right: 3D macrofossils reconstruction, each coral fragment 360 

with individual color; core depth given in CSF-B meters below seafloor). (A) Hiatus covering a 

timespan of ~100 kyr between mound formation phases DM5 and DM6, red arrow indicating the top 

of DM5 (coral ages ~MIS7b), fol lowed by DM6 (corals ages ~MIS5d). (B) Example of a high-coral 

carbonate-bearing unit during mound formation phase DM2 (MIS10, ~350 kyr BP) . (C) Scan of the 

mound base (61.1 mbsf), including burrows filled with cold-water coral mound sediments  (white 365 

outline)few bioturbations,  the first cold-water coralCWC clasts and several  oyster shells  (blue 

arrow), DM1 (~MIS11). Grey scale bars on the bottom represent ~2 cm length.   

 

Based on the CT-derived localisation of mound formation phase boundaries and considering the new core depth 

model (CSF-B), the newly calculated ARs of the individual mound formation phases deviate slightly from those 370 

previously published by Wienberg et al. (2022; cf. Table 2). The mound initiation phase DM1 (~MIS11) shows an 

AR of 22 cm kyr-1, followed by DM2 and DM3 (~MIS9b-d and MIS10), corresponding to an AR of 61 cm kyr-1 

each. The slow mound formation phase DM4 (~MIS7d – MIS9) has an AR of 11 cm kyr-1, during DM5 (~MIS7b) 

ARs amount to 131 cm kyr-1, and the most recent mound formation phase DM6 (~MIS5d) has the highest AR with 

147 cm kyr-1 (Fig. 3; Table 2).  375 
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For further details on all core raw data results (DBD, TIC/TOC and CT coral volumes, CT raw data and obtained 

off-mound AMS 14C ages) that fed into the calculation of carbon accumulation rates, please refer to the 

supplementary material and PANGAEA open data repository. 

 

4.1.2 Carbonate Accumulation Rates 380 

Total mean on-mound carbonate accumulation rates, averaged across each defined mound formation phases from 

the sediment cores collected from Dragon Mound and BRI, lie between 49 – 115 g CaCO3 cm-2 kyr-1 for DM2, 

DM3, DM5, DM6 and BRIfinal (Fig. 3, Table 2). Exhibiting mean rates of 105 – 115 g CaCO3 cm-2 kyr-1 (range: 71 

– 167 g CaCO3 cm-2 kyr-1), the youngest “enhanced” mound formation phases (DM5, DM6 and BRIfinal) are all in 

the same range, and more than twice as high as the rates from the earlier mound formation phases (DM2 and DM3) 385 

that show mean rates of 49 and 53 g CaCO3 cm-2 kyr-1 (range: 32 – 66 g CaCO3 cm-2 kyr-1). The mound initiation 

phase DM1 as well as the slow mound formation phase DM4 show much lower rates, with 16 and 11 g CaCO3 

cm-2 kyr-1 (range: 9 – 19 g CaCO3 cm-2 kyr-1), respectively. Overall, the contribution of the coral carbonate fraction 

to the total mound carbonate accumulation (Fig. 3, Table 2) varies between 32 % and 56 % (DM1 and BRIfinal, 

respectively) throughout the mound formation phases. Accordingly, the carbonate derived from the sediment 390 

matrix (sediment carbonate) contributes 44 – 68 % to the total mound carbonate accumulation.  
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455 

Fig. 3: Illustration of the carbonate accumulation (blue tone colours) and carbon accumulation 

(green-yellow colours) for Dragon Mound and Brittlestar Ridge I (BRI), based on each mound 

formation phase (Brittlestar Ridge I:  BRI f ina l ,  Dragon Mound: DM6 – DM1),  Mound formation 

phases (duration to scale) and aggradation rate (AR) shown in the top graph. Top x-axis provides a 

timescale, and corresponding global climate variations according to the benthic δ 18O stack (pink 460 

curve) by Lisiecki and Raymo (2005), with marine isotope stages (MIS) indicated above. Glacial 

periods are highlighted by light blue bars. Bottom graph showing the contribution of each 

carbon(ate) fraction to the total .  Note that the bar width for the lower graph has no timescale, and 
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carbonate and carbon accumulation rates are scaled to different axes  (left and right y-axis, 

respectively).  465 

 

4.1.3 Carbon accumulation rates 

Total mean mound carbon accumulation rates, averaged across the defined mound formation phases, amount to 6 

– 15 g C cm-2 kyr-1 for DM2, DM3, DM5, DM6 and BRIfinal (range: 4 – 21 g C cm-2 kyr-1; Fig. 3, Table 3). 

Analogous to the carbonate accumulation, the three most recent mound formation phases show a comparable total 470 

carbon accumulation rate of 14 – 15 g C cm-2 kyr-1 (range: 10 – 21 g C cm-2 kyr-1), while during DM2 and DM3 

accumulation was ~50% lower (mean 6 and 7 g C cm-2 kyr-1, respectively; range: 4 – 8 g C cm-2 kyr-1). During the 

slow mound formation phase (DM4) and the Dragon Mound initiation phase (DM1), only 1.3 – 2.1 g C cm-2 kyr-

1 (range: 1.1 – 2.4 g C cm-2 kyr-1) were accumulated.  

The Cinorg Acc accounts for the largest contribution to total carbon accumulation here, with coral Cinorg varying 475 

between 30 – 52 %, and sedimentary Cinorg between 41 – 63 %. The sedimentary Corg fraction contributes, with 0.1 

– 1.3 g C cm-2 kyr-1 (range: 0.1 – 1.5 g C cm-2 kyr-1), 6 – 9 % to the total mound accumulation amongst the studied 

sites. For all carbon fractions individually, DM5, DM6 and BRIfinal exhibit the highest values in accumulation, by 

a factor of ~2 higher than during DM2 and DM3, which in turn, exceed DM1 and DM4 by a factor of ~2 (Fig. 3, 

Table 3). 480 

 

4.2 Off-mound carbon(ate) accumulation rates 

The two combined off-mound cores cover a time span of 0 – 126 kyr BP. During BRIfinal, the off-mound record 

GeoB13731-1 accounts for a mean sedimentation rate (SR) of 16 cm kyr-1, and a total mean carbonate 

accumulation of 7.25 g CaCO3 cm-2 kyr-1 (range: 4.17 – 9.83 g CaCO3 cm-2 kyr-1; based on data from Wang et al., 485 

2021). The total mean carbon accumulation accounts for 0.99 g C cm-2 kyr-1 (range: 0.56 – 1.33 g C cm-2 kyr-1), 

comprised of a sediment Corg Acc of 0.11 g C cm-2 kyr-1 (range: 0.05 – 0.16 g C cm-2 kyr-1), and a sediment Cinorg 

Acc of 0.87 g C cm-2 kyr-1 (range: 0.50 – 1.18 g C cm-2 kyr-1; based on data from Wang et al., 2021).  

During DM6, the off-mound record MD13-3457 accounts for a mean sedimentation rate of 12 cm kyr-1, and a 

mean carbonate accumulation rate of 5.50 g CaCO3 cm-2 kyr-1 (range: 3.83 – 7.25 g CaCO3 cm-2 kyr-1). The total 490 

mean carbon accumulation accounts for 0.75 g C cm-2 kyr-1 (range: 0.52 – 0.98 g C cm-2 kyr-1) comprised of 

sediment Corg Acc of 0.09 g C cm-2 kyr-1 (range: 0.06 – 0.12 g C cm-2 kyr-1) and a sediment Cinorg Acc of 0.66 g C 

cm-2 kyr-1 (range: 0.46 – 0.87 g C cm-2 kyr-1).  

 

4.3 On-Mound versus Off-Mound Carbon Accumulation Rates 495 

The comparison of synchronously deposited off-mound (GeoB13731-1 and MD13-3457) with the on-mound core 

sequences (GeoB13729-1 and GeoB18116-2) for the last two periods of mound formation reveals contrasting 

carbon contents and accumulation rates (Fig. 4; Table 4). 
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Fig. 4: Comparison of sediment C ino rg  and Co rg  contents [bold lines, wt. %; left y-axes] and 500 

accumulation (Acc) rates [ filled bars, g C cm - 2  kyr - 1; right y-axes] between on- and off-mound cores, 

focusing on two mound formation phases (timespan see x -axis) with BRI f ina l  on Brittlestar Ridge I 

corresponding to MIS1 (background highlighted in dark grey; GeoB13729 -1 and GeoB13731-1); and 

DM6 on Dragon Mound corresponding to MIS5 (background highlighted in light grey; GeoB18116 -

2 and MD13-3457). A) All C inor g  data in the top half (green),  B) All Cor g  data are shown in the bottom 505 

half (yellow).  All  off-mound data have a  blue  colour outline, all on-mound data have a black  colour 

outline. Carbon accumulation rates shown as bars ,  carbon contents shown as line .  Rates of on-mound 

record shown as mean per mound formation phase. Rates of off -mound record shown at TIC/TOC 

sample resolution including the trend prior to and after the corresponding mound formation phase. 

For comparison, the mean C org  and C ino rg  contents are displayed too. Note x-axis break (15 – 105 kyr 510 

BP) between mound formation phases.  

 

 

During the mound formation phase BRIfinal, the sediment Corg content (wt.%) is about 1.4 times higher on the CWC 

mound, compared to the off-mound record (Fig. 4, Table 4). During the mound formation phase DM6, the sediment 515 
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Corg content is about 1.2 times higher on the mound. The mean sediment Cinorg content iss just slightly higher on 

the CWC mounds, compared to the off-mounds (ratio 1.1 for both periods). Hitherto, all mean carbon content 

values (sediment Corg and sediment Cinorg) are higher on the mounds.  

 

Table 4: All core data from the mound formation phases BRI f ina l  (documented in core GeoB13729-1; 520 

Brittlestar Ridge I ,  i .e. ,  BRI), and DM6 (documented in core GeoB18116 -2; Dragon Mound), each 

compared to the corresponding time interval measured in the off -mound cores GeoB13731-1 and 

MD13-3457, respectively. Columns show mound aggradation or sedimentation rate (AR or SR) 

organic carbon content (C org),  inorganic carbon (C inor g) content, mound aggradation (AR) / 

sedimentation rate for the off-mound core (SR), carbon accumulation (Corg  and C inorg  Acc) Total 525 

C inor g  Acc is composed of Sediment C inor g  and Coral C inorg .  Ratio indicates the factor by which the 

CWC mounds exceeds the off-mound record (i.e.,  on-mound : off-mound). Available Co rg  and C ino rg  

content raw data points per mound formation phase: 43 (GeoB13729-1), 6 (GeoB13731-1), 9 

(GeoB18116-2), 10 (MD13-3457), standard deviation in brackets (grey).  

  

AR or SR 

[cm kyr-1] 

Corg  

[wt.%] 

Cinorg  

[wt.%] 

Total Carbon 

Acc  

[g C cm-2 kyr-1] 

Cinorg  

Acc  

[g C cm-2 kyr-1] 

Corg  

Acc 

[g C cm-2 kyr-1] 

                
Sediment Total 

    

9 - 12 kyr BP                         

                            

BRI 135 0.84 (0.07) 4.91 (0.39) 14.1 (2.9) 5.77 (0.48) 13.16 (2.99) 0.99 (0.14) 

Off-Mound 16 0.62 (0.12) 4.68 (0.34) 1.0 (0.3) 0.87 (0.29) 0.87 (0.29) 0.11 (0.05) 

ratio 8.5 1.4   1.1   14.3   6.6   15.1   8.7   

                            

108 - 115 kyr BP                         

                            

DM6 147 0.77 (0.07) 5.21 (0.28) 13.9 (2.1) 8.47 (0.22) 12.62 (2.32) 1.26 (0.18) 

Off-Mound 12 0.65 (0.11) 4.75 (0.55) 0.8 (0.2) 0.66 (0.16) 0.66 (0.16) 0.09 (0.02) 

ratio 12.6 1.2   1.1   18.5   12.8   19.1   14.0   

                            
 530 

The difference between on- and off-mound records becomes clearer when comparing the accumulation rates during 

the same time period (Fig. 4, Table 4). Most importantly, all carbon accumulation rates during BRIfinal and DM6 

are around one order of magnitude higher compared to the off-mound cores GeoB13731-1 and MD13-3457. 

During the mound formation phases BRIfinal and DM6, the sediment Corg Acc is 9 and 14 times higher on the CWC 

mounds than in the off-mound records, respectively. The sediment Cinorg Acc on the mounds exceeds the off-535 

mound records by factors of 7 (BRIfinal) and 13 (DM6). 

These factors increase to 15 (BRIfinal) and 19 (DM6), when also accounting for the coral Cinorg Acc in the on-mound 

records, due to the lack of coral macrofossils in the off-mound setting. The total carbon accumulation (coral Cinorg 

+ sediment Cinorg + sediment Corg Acc) on the mounds is 15 (BRIfinal) and 19 (DM6) times higher (Fig. 4, Table 4), 

compared to the off-mound environment during the same period, e. g. 9 – 12 kyr BP and 108 – 115 kyr BP.  540 
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The data presented in figure 4 show contrasting trends for off-mound sediment Corg Acc between the mound 

formation phases. During and after BRIfinal, off-mound Corg Acc increases, while before and throughout DM6, 

values decrease. At the same time, Cinorg Acc during BRIfinal first increases in the off-mound record, but then show 

a sudden drop that continues after mound formation has ceased. During DM6, Cinorg Acc drops to a lower level. 

Generally, mean Corg and Cinorg contents in the off-mound cores are on the same level, irrespective of the mound 545 

formation phase. Regarding the on-mound cores, mean Corg content is slightly higher on BRI than on Dragon 

Mound, while Cinorg content is slightly higher on Dragon Mound. At a glance, all mean carbon content- and Acc 

values are higher for the CWC mounds, despite large variations in the off-mound cores.  

 

5 Discussion 550 

CWC mounds have been widely described as major carbonate factories (e.g., Titschack et al., 2009; 2015; 2016; 

Reimer et al., 2021) with elevated carbonate accumulation rates, and have been suggested as potentially important 

local to regional carbonate sinks. Previous accumulation studies, and broader estimates investigating CWC 

mounds off Norway, Ireland, Morocco, the Mediterranean Sea and off Namibia, found carbonate accumulation 

rates to be 2 – 11 times higher on the mounds compared to the adjacent seafloor or regional average (Lindberg and 555 

Mienert, 2005; Dorschel et al., 2007b; Titschack et al., 2009, 2015, 2016; Hebbeln et al., 2019; Tamborrino et al., 

2022). However, just two study have directly measured and compared carbonate accumulation on a mound to the 

immediate surrounding environment (Titschack et al., 2009, 2015), and all studies so far have focused on carbonate 

accumulation. This study provides a first holistic approach looking at the total carbon accumulation, including 

both Cinorg and Corg Acc on two mounds, and two nearby off-mound records. To make any conclusion about carbon 560 

accumulation rates and whether the studied CWC mounds are effective carbon sinks, comparability is essential. 

Ultimately, this raises the unresolved question of what timeframes we should be looking at when discussing carbon 

sinks (Rossi and Rizzo 2020). 

The comparability of aggradation rates and subsequently carbon accumulation rates between different ecosystems 

(also different CWC mound records) depends strongly on the considered time interval. The so-called “time-565 

averaging effect” complicates comparisons between records, with generally decreasing accumulation aggradation 

rates in correspondence to increasing time intervals analysed (e. g., Schlager, 2003). For instance, present-day 

shallow water coral reefs are carbonate factories that swing between states of active formation and extinction, 

being locally absent or displaced due to periodic sea-level fluctuations and associated environmental changeFor 

instance, present-day shallow-water reefs are carbonate factories, which were locally absent during the glacial 570 

intervals due to sea-level fluctuations and thus, periodically swing between states of active formation and 

extinction (e. g., Schlager, 1981; Milliman, 1993; Camoin and Webster, 2015; Wood et al., 2023). If carbon 

accumulation rates of such ecosystems are not only calculated for their active formation phase, but also include 

periods of their temporal, local extinction, the time-averaging effects shifts the accumulation rates to lower values. 

This also relates to rates within formation phases if the accumulation rates show large variations as it is the case 575 

in CWC mound records. Hence, any comparison of (CWC mound) carbonate and carbon accumulation rates has 

to be done with utter caution, aware of whether these rates are calculated for large time-scales across several (CWC 

mound) formation phases interrupted by periods of extinction (e.g. Titschack et al. 2009; the latter partly covering 

time intervals of hundreds of kyr), for intermediate time-scales treating each (CWC mound) formation phase 

separately (~tens of kyr; this study), or for individual “units” within one (CWC mound) formation phase 580 
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(~hundreds of yr; e.g., Titschack et al. 2015). For instance, Norwegian CWC mound formation exhibits short-term 

maxima of up to >2000 g CaCO3 cm-2 kyr-1 (Titschack et al., 2015). However, averaged across the entire mound 

formation phase record, aggradation- and accumulation rates off Norway are on the same level as the enhanced 

mound formation phases described here (~100 g CaCO3 cm-2 kyr-1).  

Thus, for consistency, we have chosen to look at complete mound formation phases, which are compared to the 585 

exact same period in the off-mound records. This approach allows the comparison of mound formation phases 

discussed in this study with to total mean rates from Titschack et al. (2015; 2016), who calculated accumulation 

rates over similar timespans (~3 – 8 kyr). Ultimately, only studies that analysed core records covering similar time 

periods of at least >1 kyr were selected for further comparisons between CWC mound records or with other 

ecosystems. 590 

 

5.1 Patterns of Carbon(ate) Accumulation in CWC mounds across space and time 

Based on the mean and min-max range in total carbon(ate) accumulation for each mound formation phase in our 

study (Table 3), we identified the three different groups of accumulation: Phases of high carbon(ate) accumulation 

(DM5, DM6, BRIfinal; mean >100 g CaCO3 cm-2 kyr-1 and ~15 g C cm-2 kyr-1), phases of moderate carbon(ate) 595 

accumulation (DM2, DM3; 49 – 53 g CaCO3 cm-2 kyr-1 and 6 – 7 g C cm-2 kyr-1), and phases of slow carbon(ate) 

accumulation (DM1, DM4; <16 g CaCO3 cm-2 kyr-1 and 1 – 2 g C cm-2 kyr-1). These correspond each to high (>100 

cm kyr-1), moderate (<100 and >20 cm kyr-1), and low (<20 cm kyr-1) CWC mound ARs. A similar pattern has 

also been found for CWC mounds studied by Titschack et al. (2015; 2016; Norway; Mediterranean). For instance, 

compared to the high carbonate-accumulating mound formation phases in this study (AR ~140 cm kyr-1; ~110 g 600 

CaCO3 cm-2 kyr-1), the Norwegian CWC mounds of Træna Reef have very similar ARs (138 cm kyr-1) and 

accumulate a similar amount of carbonate, with 103 g CaCO3 cm-2 kyr-1 during a comparable timespan (~4 kyr; 

Titschack et al., 2015). Combining our new data with all mean values from Titschack et al. (2015; 2016), we find 

an overall correlation of R2 = 0.971 (p <0.0001) between ARs and on-mound carbonate accumulation rates for 

CWC mounds (Fig. 5), suggesting that carbonate accumulation is mainly driven by ARs, and that the sediment 605 

composition plays a subordinate role.  
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Fig. 5: Cross-plot outlining the relationship between Cold-water coral (CWC) mound aggradation 

rates (AR) and carbonate accumulation rate with an R² = 0.971 (p <0.0001) for mean rates calculated 

for individual mound formation phases or, i f not available,  formation units covering timespans of 610 

>>32 kyr and minimum ARs of > 5 cm kyr - 1  (n= 134; blue symbols: this study;, green symbols: 

Titschack et al. ,  2016, with two cores from the Ionian Sea (Santa Maria di Leuca (SML a and b);  

pink symbol: Titschack et al. ,  2015, Norway). For the literature data the approximate time period 

of the mound formation records is given in brackets (entire (H), early (EH), or late (LH) Holocene).  

 615 

Enhanced mound formation phases with high ARs of >100 cm kyr-1, as presented above, have been reported from 

many more CWC mound provinces (when averaged across similar timespans), such as Mauritania (Wienberg et 

al., 2018; Wienberg et al., 2023), Namibia (Tamborrino et al., 2019) and Scotland (Douarin et al., 2013; Douarin 

et al., 2014). Based on the correlation we found (Fig. 5), we assume that these CWC mound provinces also 

accumulate high amounts of carbon(ate). Using a 70-m-long MeBo core record, we can for the first time compare 620 

carbon(ate) accumulation rates on the same CWC mound at the resolution of individual mound formation phases. 

This study shows that carbon(ate) accumulation occurred at comparable rates during young and old mound 

formation phases, making a secondary loss of carbon by diagenetic processes unlikely, and confirms the potential 

for long-term carbon storage. In addition, the CWC mounds discovered to date are all located on passive 

continental margins (cf. Bradley, 2008), further highlighting their potential as very long-term carbon sinks.  625 

 

5.2 The Role of Sediments in Carbon Accumulation on CWC Mounds 

Our results demonstrate that sediments are not only essential for CWC mound formation (Thiem et al., 2006; 

Wheeler et al., 2007; Roberts et al., 2009; Pirlet et al., 2011; Wang et al., 2021), but also play a substantial role for 

carbon storage within the mounds with a contribution of up to 70 % (Table 3). During phases of enhanced CWC 630 

mound formation, i.e., high ARs, fast-growing coral frameworks are preserved in upright-position and provide 
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accommodation space and baffling capacity for greater sediment deposition (Wang et al., 2021; see also Dorschel 

et al., 2007a; Wheeler et al., 2008; Huvenne et al., 2009; Titschack et al., 2009, 2015). This results in mound 

deposits with low coral and high sediment contents. In contrast, slower-growing CWC frameworks get degraded 

over time, creating a coral rubble layer with less sediment baffling capacity, resulting in mound deposits with high 635 

coral and low sediment contents (Titschack et al., 2015; 2016; Wang et al., 2021). However, there are also other 

factors influencing the contribution of the sedimentary carbon fraction to the total carbon accumulation on a CWC 

mound. While during the enhanced Dragon Mound formation phases (DM5; DM6), the sedimentary carbon 

fraction dominates the carbon accumulation (contributes 57 – 70 % to the total carbon accumulation; Table 3), the 

most recent mound formation phase documented for BRI (BRIfinal) shows a relatively lower contribution of 48 % 640 

(Tables 2, 3) despite a comparable mound AR. This implies that, while carbon(ate) accumulation is steered by 

ARs, the overall contribution of sedimentary carbon to the total carbon accumulation on a mound can vary, when 

averaging rates over entire mound formation phases.  One explanation for this could be that BRI is located slightly 

deeper and further away from the coast compared to Dragon Mound: Naturally, Generally, the amount of sediment 

input increases with proximity to shore / nearest rivers mouths (e.g., Diesing, 2020; Epstein et al., 2024).  645 

 

5.3 The Role of Organic Carbon in CWC Mounds: A Geological Perspective 

The global Holocene average Corg Acc for sediment drift deposits globally is 0.09 g C cm-2 kyr-1 (Yin et al., 2024), 

which is well within the range of our mean Corg Acc from the off-mound record (cf. Table 4). This suggests that, 

at the time of mound formation, our off-mound Corg Acc is representative for a contourite setting, which typical 650 

for hydrodynamic environments surrounding CWC mounds (e.g., Hebbeln et al., 2016). 

For the first time, we demonstrate that not only Cinorg, but also Corg Acc is higher on the studied CWC mounds is 

higher, compared to the adjacent off-mound deposits. This is partly mostly due to a higher AR of CWC mound 

deposits. However, iIndependent of the AR, we found a on-mound matrix sediments are selectively enriched in 

Corg, expressed as higher sediment Corg wt.% content on the mounds, compared to the sediment of the adjacent 655 

seafloor (off-mound) by a factor of 1.2 – 1.4 (Table 4). This indicates that not only Corg not only gets accumulated 

faster on the mounds, but that the material itself deposited on the mounds itself has a different composition and is 

enriched in Corg. Irrespective of the quantity of sediment deposition, the Corg fraction of a sedimentary unit on the 

mound is higher, meaning that the on-mound matrix sediments are selectively enriched in Corg. Thus, CWC mounds 

are effective sinks of Corg due to 1) the higher CWC mound ARs compared to sedimentation rates on the adjacent 660 

seafloor, and 2) selective enrichment in Corg of the mound matrix sediments.   

While CWC mounds are generally located in areas of high bottom currents (Mienis et al., 2007; Dorschel et al., 

2009; Hebbeln et al., 2016), the coral framework itself locally reduces the regional flow speed by up to 70%, 

changes the carrying capacity of the water mass, and allows the deposition of suspended, fine-grained and lighter 

sediment particles between the corals (Bartzke et al., 2021; Wang et al. 2021). There is a link between fining of 665 

sediments and increase in Corg content (e. g., Dahl et al., 2016; Paradis et al., 2023), which has also been observed 

on CWC mounds (Kiriakoulakis et al., 2007; Stalder et al., 2018). This suggests that, despite strong bottom 

currents, Corg-rich sediment particles (large-surface area per weight, low density; Bergamaschi et al., 1997; Paradis 

et al., 2023) were trapped on the mound through the baffling effect of the coral framework (Wang et al., 2021; 

Corbera et al., 2022), while at the same time, the adjacent (off-mound) seafloor faced a sediment bypass situation 670 
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(sensu Wang et al., 2021). In addition, pycnocline-related nepheloid layers, carried by internal waves, certainly 

play a role in the transport of Corg across the Alborán Sea (Masqué et al., 2003; Puig et al., 2004; Sanchez-Vidal 

et al., 2005), and have been widely attributed to the occurrence of CWCs and mounds (Frederiksen et al., 1992; 

Mienis et al., 2007; Hanz et al., 2019). Following this concept, Wang et al. (2019) and Corbera et al. (2021) also 

suggested internal waves as a key control on CWC reef development within the southern Alborán Sea, by 675 

delivering Corg-rich materials as food to the corals on CWC mounds in certain depth intervals. Ultimately, it is 

currently unclear whether the selective enrichment of Corg within the mound records is caused by nepheoloid layer 

formation and/or a Corg bypass situation in the off-mound setting due to a lack of baffling capacity (absence of 

CWC framework). Large CWC mounds, forming significant elevations on the seafloor, can also self-induce local 

downward transport of organic matter towards the mound summit (Mohn et al., 2014; Cyr et al., 2016; Soetart et 680 

al., 2016; van der Kaaden et al., 2021), which may further contribute to a higher Corg supply to mounds, compared 

to the plain seafloor. 

Notably, it is the combination of (i) outlined physical hydrodynamic processes and (ii) biological processes that 

controls the Corg Acc on a CWC mound. Both processes happen at two scales: While at a larger hydrodynamic 

scale, Corg is delivered to the reef by currents, the baffling of Corg happens at the scale of the coral frameworks on 685 

the mound. From a biological perspective, Corg is produced at a large scale by primary (Corg) production in the 

surface ocean, and after being supplied to the CWC mound, biological processes at the local scale of the reef 

further determine how much Corg eventually gets accumulated. Thriving CWC reefs are highly productive and 

considered hotspots of biomass, metabolism and Corg turnover (van Oevelen et al., 2009; Cathalot et al., 2015; De 

Clippele et al., 2021a; De Clippele et al., 2021b). This includes further recycling of organic waste products within 690 

the CWC reef’s food web (Maier et al., 2020; 2023). As primary production-derived Corg is exclusively respired 

or transformed, but not newly produced by the heterotroph CWC reef fauna, Corg accumulation in CWC mound 

should be lower compared to off-mound deposits. Accordingly, high-level metabolism (i.e., higher carbon turnover 

relative to the surrounding seafloor; de Froe et al., 2019; De Clippele et al., 2021a) within the reef framework may 

reduce the amount of Corg available for accumulation in the sediment (Wehrmann et al., 2009). This is in contrast 695 

to our finding that CWC mound sediment deposits are enriched in Corg and have higher Corg Acc rates compared 

to the off-mound deposits.  Two studies on CWC reef surface sediments (North East Atlantic) also found a Corg 

wt.%-enriched top layer, relative to an off-mound setting (Kiriakoulakis et al., 2004; de Froe et al., 2019). 

Consequently, the sediments arriving at the CWC mound may initially have an even higher Corg-enrichment, but 

the CWC reef fauna prevented part of it from being buried in the long-term. On the other hand, other benthic 700 

ecosystems characterised by high biodiversity and species density exhibit enhanced levels of Corg-rich detritus, 

bioturbation, etc. which may also increase the quantity of Corg buried (Canfield, 1994; Karlson et al., 2010; Strong 

et al., 2015; James et al., 2024). However, it is unknown what role these processes play on CWC reefs. This all 

emphasises that, especially regarding Corg burial,  the complex interplay here on CWC mounds between biological 

and geological processes on CWC mounds, especially with regards to Corg burial, with regards to Corg burial is 705 

poorly understood or quantified. 

 

5.4 Cold-water coral mounds as carbon sinks 

Carbon sinks are natural systems that remove carbon from the atmosphere-hydrosphere carbon cycle, and store it 

in the bio- , hydro-, or lithosphere (cf. Baker, 2007; Hiraishi et al., 2014; Howard et al., 2017; Cartapanis et al., 710 
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2018). CWC mounds transfer carbon from the short-term carbon cycle (atmosphere-hydrosphere) into the long-

term carbon cycle (lithosphere). While the Cinorg sink removes dissolved inorganic carbon from the surrounding 

water mass, the Corg sink relies on Corg production in the surface ocean (primary production), hence removes carbon 

from the surface ocean. Consequently, both carbon sinks remove carbon from different short-term reservoirs. 

Our study provides quantitative evidence that burial of both Cinorg and Corg happen at enhanced rates on CWC 715 

mounds. More specifically, we found that during the same period, total carbon accumulation on two Mediterranean 

CWC mounds exceeds the rates from the adjacent seafloor by a factor of 14 – 19 during the same period. For Cinorg 

Acc (carbonate) individually, a factor of 15 – 19 results from our record, confirming that CWC mounds are 

effective local carbonate factories. As a novelty, this study highlights the additional importance of CWC mounds 

as long-term sinks for Corg. The accumulation of Corg is 9 –14 times higher on the CWC mounds, not only due to 720 

the enhanced sediment deposition within coral the mounds, but also due to a higher Corg content of the deposited 

sediment.  

In addition to comparing carbon accumulation rates during the mound formation phases, assessing the total long-

term net carbon burial throughout a mound’s entire existence (i.e., Dragon Mound, ~400 kyr) in both on- and off-

mound settings may provide further insight into the potential role of CWC mounds in the marine carbon cycle. 725 

Notably, there were extensive periods without any mound formation or carbon accumulation (see hiatuses, Fig. 3), 

whereas off-mound accumulation is expected to be continuous. However, our off-mound record is comparably 

short (~126 kyr) and only overlaps with one mound formation phase on Dragon Mound. A stratigraphically longer 

off-mound record, preferably spanning the full record of Dragon Mound from initiation until present, would allow 

a much more meaningful comparison. Sediment core records documenting ~400 kyr of carbon accumulation are 730 

scarce in the Southern Alborán Sea – The only available off-mound sediment core record that provides the 

necessary data is ODP Leg 161 Hole 979A (Comas et al., 1996; ODP Shipboard Scientific Party, 1996), at 1062 

mbsl (35°43.427'N, 3°12.353'W; data sources: https://web.iodp.tamu.edu/OVERVIEW/?&exp=161&site=979, 

biostratigraphic age model from De Kaenel et al., 1999). 

 735 

https://web.iodp.tamu.edu/OVERVIEW/?&exp=161&site=979
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Fig. 6: Long-term comparison of on- and off-mound carbon accumulation in the Southern Alborán 

Sea. The off-mound data are derived from our off -mound cores GeoB13731-1 and MD13-3457 

spanning together the last  ~126 kyr and core ODP161-979A spanning the last 400 kyr (the overlap 

between both records is marked by the grey box). On -mound carbon accumulation is from Dragon 

Mound (GeoB18116-2). Carbon accumulation for all records is divided into its different fractions: 740 

coral inorganic carbon (Coral C inorg), sediment inorganic and organic carbon (Sediment C inorg; 

Sediment C org). Carbon accumulation rates are stacked as cumulative values.  

 

To assess the applicability of this ODP core as a valuable off-mound counterpart to our on-mound record from 

Dragon Mound, we first compare it to the off-mound record analysed in this study. Over the last >100 kyr, the 745 

herein presented off-mound record (originating from cores GeoB13731-1 and MD13-3457) with a mean organic 

carbon accumulation rate of 0.2 g Corg cm-2 kyr-1 (range: 0.03 – 0.7 g Corg cm-2 kyr-1) is comparable to the 0.3 g Corg 

cm-2 kyr-1 (range: 0.1 – 0.5 g Corg cm-2 kyr-1) in the ODP core. Similarly, mean inorganic carbon accumulation of 

0.9 g Cinorg cm-2 kyr-1 (range: 0.3 – 3.6 g Cinorg cm-2 kyr-1) at our off-mound site is very close to 1.0 g Cinorg cm-2 kyr-

1 (range: 0.7 – 1.3 g Cinorg cm-2 kyr-1) in the ODP core. Consequently, also the mean total carbon accumulation rates 750 

in both cores are quite similar with 1.1 g C cm-2 kyr-1 (range: 0.3 – 4.3 g C cm-2 kyr-1) and 1.3 g C cm-2 kyr-1 (range: 

0.9 – 1.7 g C cm-2 kyr-1), respectively, highlighting the regional consistency of off-mound net carbon burial through 

time. Correspondingly, our off-mound core record represents not only local, but also regional off-mound 

accumulation dynamics well suited to the purpose of this study. 

Finally, the integration of net carbon burial for on- and off-mound (GeoB18116-2 vs. ODP161-979A, respectively) 755 

over the complete evolution of Dragon Mound since mound initiation, i.e., the last ~400 kyr, covering several 

glacial-interglacial cycles, reveals that total carbon accumulation at Dragon Mound (649 g C cm-2) is 20% higher 

than at the off-mound site ODP161-979A (544 g C cm-2; Fig. 6). Importantly, this is observed despite >200 kyr of 

non-sedimentation on the mound. In this direct comparison the extensive BRIfinal mound formation phase, widely 

recorded in the EMCP (see Wienberg et al., 2022), cannot be considered as it is not documented at Dragon Mound. 760 

Thus, for other CWC mounds in the EMCP, the surplus on-mound carbon accumulation might be even higher.  

Here we present a ~400 kyr record of CWC mound formation in the Alborán Sea, but notably, there were extensive 

periods without any mound formation (see hiatuses, Fig. 3). Our comparison with the off-mound only covers the 

last ~115 kyrs, and earlier mound formation phases partly show much lower ARs / carbon accumulation rates. 

However, despite the lack of mound formation (i.e., sedimentation) during the last 100 kyrs, Dragon Mound is still 765 

a topographic high, i.e., has not been buried, which demonstrates that the mounds overall accumulate more 

sediment and more carbon than the adjacent seafloor, also averaged across multiple interglacial-glacial cycles (see 

also Titschack et al., 2009). The total Holocene average Corg Acc for sediment drift deposits lies at 0.09 g C cm-2 

kyr-1 (Yin et al., 2024), which matches perfectly with our mean Corg Acc from the off-mound records. This suggests 

that our values are representative for hydrodynamic environments surrounding CWC mounds.  770 

 

From a broader perspective, the carbon and carbonate accumulation on the investigated CWC mounds corresponds 

well to other ecosystems that have been attributed a relevant role in the carbon cycle. Amounting to aThe mean 

carbonate accumulation rates of 105 – 115 g CaCO3 cm-2 kyr-1 during the last three enhanced mound formation 



27 

 

phases at BRI and Dragon Mound, the studied mounds in the western Mediterranean Sea exhibit rates that are 775 

similar to those of tropical coral reefs (mean of ~120 g CaCO3 cm-2 kyr-1; Milliman, 1993). When looking at total 

carbon accumulation, the studied CWC mounds accumulate ~ 1 – 15 g C cm-2 kyr-1 during phases of active mound 

formation, while in a global context, continental slopes are estimated to accumulate <0.2 g C cm-2 kyr-1 (Milliman, 

1993). More specifically, other carbon storing-ecosystems like peatlands accumulate carbon at a rate of 1.4 – 2.2 

g C cm-2 kyr-1 (Roulet et al., 2007), seagrass meadows ~3.6 g C cm-2 kyr-1 (Samper-Villarreal et al., 2018; export 780 

production not considered) and salt marshes ~4.0 g C cm-2 kyr-1 (Johnson et al., 2007). These examples outline 

that the capacity of CWC mounds can to temporarily accumulate carbon at a similar or even higher rates as other, 

well-known carbon-storing ecosystems.  

 

6 Conclusion 785 

This study presents a first calculation of the total carbon accumulation, including inorganic (Cinorg) and organic 

carbon (Corg), on two CWC mounds in the western Mediterranean (Alborán Sea) showing that active CWC mounds 

can be effective carbon sinks across geological timescales. During times of enhanced mound formation with 

mound ARs of >100 cm kyr-1, the total carbon accumulation lies at ~15 g C cm-2 kyr-1, and is estimated to be 14 – 

19 times higher than in the adjacent seafloor deposits during the same time period. We highlight that CWC mounds 790 

effectively act as local carbon sinks for both Cinorg and Corg during mound formation phases, and most likely 

beyond. Moreover, CWC mounds accumulate carbon at a similar level as other ecosystems, e. g., salt marshes, sea 

grass meadows or peatlands, that are known for their high carbon-storing capacity. We find that high carbonate 

accumulation rates correlate with high mound ARs. With multiple known CWC mound provinces exhibiting high 

ARs of >100 cm kyr-1, we speculate that CWC mounds may play a vital role in the carbon budget of many regions. 795 

However, more studies on the role of CWC mounds in the long-term carbon cycle and on the dynamics of carbon 

accumulation across time and space are needed to validate this. Knowledge about the distribution and abundance 

of CWC mounds along the world’s continental margins is still very limited, which currently hinders further 

upscaling.  

We underline with our data that the contribution of sedimentary carbon is crucial in the process of on-mound 800 

carbon accumulation. Furthermore, sediment-derived Corg may play a previously overlooked, important role in on-

mound carbon accumulation, and our data suggest that CWC mound sediments may be selectively enriched in 

Corg. Corg contributes 6 – 9 % to total carbon accumulation on the studied CWC mounds, and needs to be considered 

when evaluating carbon accumulation of marine carbonate factories.  

Through analysing a total timespan of ~400 kyr and investigating all major compartments of carbon accumulation, 805 

this study provides a step towards including CWC mounds into global marine carbon budget assessments. On that 

note, an increasing number of studies highlight the overlooked role that marine fauna and heterotroph ecosystems 

as a whole play in transferring carbon between different carbon reservoirs (i.e., atmosphere, hydrosphere, 

biosphere and lithosphere; Schmitz et al., 2014; Schmitz et al., 2018; James et al., 2024).  

 810 
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