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Abstract  Reef-building cold-water corals form large sea-
bed structures known as coral mounds. As demonstrated 
in studies from the Northeast Atlantic and Mediterranean 
Sea, coral mounds accumulate large amounts of carbon(ate). 
However, beyond the scale of individual mounds, long-term 
accumulation of both organic (Corg) and inorganic carbon 
(Cinorg) at the mound province scale remains poorly quan-
tified. In this study, we investigate the Campeche Mound 
Province, southern Gulf of Mexico, which consists of inter-
connected coral mound ridges covering an area of > 40 km2. 
Using sediment cores, we reconstruct total carbon (Corg and 
Cinorg) accumulation in the Campeche Mounds over the 
past ~ 250 kyr. The results show mean total carbon accu-
mulation rates of 0.5–5.6 g C cm−2 kyr−1. This is three to 
nine times higher than on the surrounding seafloor. We then 
upscale obtained carbon concentration data to the entire 

mound province using high-resolution bathymetry and the 
CoMMa toolbox, a novel morphometric mapping tool. The 
total carbon storage of the Campeche Mounds amounts to 
an estimated 18.5 megatons of carbon that is transferred to 
the long-term carbon cycle and immobilised for millions of 
years. For the first time, we present a combination of core-
based analysis and spatial mapping. Through accounting for 
different approaches and time scales, we provide reliable 
value ranges for carbon accumulation rates in coral mounds. 
The Campeche Mound Province is not fully mapped and 
likely much larger, highlighting the substantial, albeit over-
looked long-term carbon burial through benthic deep-sea 
ecosystems in the southern Gulf of Mexico and beyond.

Abstracta  Los corales de aguas frías constructores de ar-
recifes forman grandes estructuras en el lecho marino cono-
cidas como montes de coral (coral mounds). Como dem-
uestran estudios realizados en el Atlántico nororiental y el 
Mediterráneo, los montes de coral acumulan grandes canti-
dades de carbon(at)o. Sin embargo, más allá de la escala 
de los montes individuales, la acumulación a largo plazo 
de carbono orgánico (Corg) e inorgánico (Cinorg) a escala de 
provincia de montes de coral sigue estando poco cuantifi-
cada. En este estudio, investigamos la Provincia de Montes 
de Coral de Campeche, al sur del Golfo de México, que 
consiste en crestas de montes de coral interconectados que 
cubren un área de > 40 km2. Utilizando núcleos de sedimen-
tos, reconstruimos la acumulación total de carbono (Corg 
y Cinorg) en los montes de coral de Campeche durante los 
últimos ~ 250 ka. Los resultados muestran tasas medias de 
acumulación de carbono total de 0.5–5.6 g C cm−2 ka−1. 
Esto es entre tres y nueve veces más rápido que en el fon-
do marino circundante. También, ampliamos los datos de 
concentración de carbono obtenidos a toda la provincia de 
montes de coral utilizando batimetría de alta resolución y la 
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CoMMa toolbox, una novedosa herramienta de cartografía 
morfométrica. El almacenamiento total de carbono de los 
montes de coral de Campeche asciende a unas 18,5 mega-
toneladas de carbono que se transfiere al ciclo del carbono 
a largo plazo y se inmoviliza durante millones de años. Por 
primera vez, presentamos una combinación de análisis ba-
sados en núcleos de sedimentos y cartografía espacial. Al 
tener en cuenta diferentes enfoques y escalas temporales, 
proporcionamos rangos de valores más fiables para las ta-
sas de acumulación de carbono en los montes de coral. La 
Provincia de los Montes de Coral de Campeche no está to-
talmente cartografiada y es probable que sea mucho mayor 
de lo que se conoce, lo cual resalta la importancia—aunque 
hasta ahora poco reconocida—del enterramiento de car-
bono a largo plazo a través de los ecosistemas bentónicos de 
aguas profundas en el sur del Golfo de México y más allá.

Keywords  Cold-water coral reefs · Carbon 
accumulation · Carbon storage · Reef sediments · Habitat 
mapping · Coral mounds

Introduction

The quantification of marine carbon pathways is crucial 
to understanding the earth system and the consequences 
of a rapidly changing global climate (e.g. Friedlingstein 
et al. 2025). While pelagic processes and carbon pathways 
in the short-term carbon cycle (atmosphere-hydrosphere-
biosphere) are better understood, the role of deep benthic 
ecosystems in the transfer of carbon between the short-term 
and long-term carbon cycle remains poorly quantified (e.g. 
Wood et al. 2023; Schultz et al. 2025). This process, known 
as carbon accumulation, refers to the transfer of carbon from 
the active reservoir (10s–103s years) to the inactive reservoir 
(lithosphere; >> 103s years; Cartapanis et al. 2018) through 
benthic carbon burial. Only recently, cold-water coral 
(CWC) reefs were identified as some of the most extensive 
benthic ecosystems of the deep-sea that exist along a wide 
latitudinal and water depth range (Freiwald et al. 2004) and 
equally as considerable carbonate factories (sensu Schlager 
2003; Reijmer 2021).

Cold-water coral reefs can persist for thousands of 
years and build large topographic features on the seabed, 
known as coral mounds (Roberts et al. 2009; Wienberg and 
Titschack 2017). These mounds are composed of carbonate 
coral framework and baffled fine-grained sediment (Wang 
et al. 2021). They develop through alternating cycles of reef 
growth and extinction (i.e. active vs. inactive mound forma-
tion), controlled by a certain set of environmental condi-
tions (Wienberg and Titschack 2017; Hebbeln et al. 2019a). 
Over geological timescales, coral mounds can rise tens to 
hundreds of metres above the seabed and can exceed one 

million years in age (Mienis et al. 2006; Kano et al. 2007). 
Coral mounds are widespread along the continental margins 
of the Atlantic (see Cordes and Mienis, 2023 and references 
therein), as well as in its marginal seas, the Mediterranean 
Sea (Corbera et al. 2019; Fink et al. 2013), and the Gulf of 
Mexico (Mienis et al. 2012; Hebbeln et al. 2014; Roberts 
and Kohl 2018).

During their active state, coral mounds can reach high 
aggradation rates (up to > 100 cm kyr−1; e.g. Wienberg & 
Titschack 2017), leading to rapid accumulation of carbon-
ate (inorganic carbon): this involves the coral carbonate 
framework, as well as hemipelagic and benthic carbonates 
contributing to the mound sediments (e. g. Titschack et al. 
2009). Additionally, coral mounds accumulate organic car-
bon (Corg), suggesting that coral mounds may be hotspots 
of total carbon (Cinorg + Corg) accumulation (Greiffenhagen 
et al. 2025a). Total carbon accumulation is here defined 
as the net burial of all carbon sources, including material 
export from the water column to the seafloor and in situ 
reef-production, minus dissolution and erosion (e.g. Wood 
et al. 2023; Courtney and Andersson 2025). While multiple 
carbon-related dynamics happen around and within a CWC 
reef (e.g. De Clippele et al. 2021a,b; Maier et al. 2023), 
such as organic matter influx and metabolism (short-term 
carbon reservoir), the carbon accumulation refers to the 
material that is being buried in situ into the long-term car-
bon reservoir (> 10 kyr). This reservoir is herein defined as 
the carbon storage. In order to understand the role of coral 
mounds in the carbon cycle, the quantification of this pro-
cess, i.e. carbon(ate) accumulation in coral mounds across 
time and space, is essential. Only a few localised studies 
have addressed this particular question in detail with regard 
to coral mounds (Dorschel et al. 2007; Titschack et al. 2009, 
2015, 2016; Edinger et al. 2025; Greiffenhagen et al. 2025a). 
These sediment core-based studies found carbonate accumu-
lation rates of up to > 100 g CaCO3 cm−2 kyr−1 (Titschack 
et al. 2015, 2016). Depending on location and time scale 
analysed, the rates have a wide range, and can also be much 
lower (< 0.3–17 g CaCO3 cm−2 kyr−1; Dorschel et al. 2007; 
Titschack et al. 2009; Edinger et al. 2025). Recently, the total 
carbon accumulation on a coral mound was quantified for 
the first time, showing that both Cinorg and Corg accumulation 
can occur at rates > 10 times higher than on the surrounding 
seabed, and at the same scale as other carbon-storing eco-
systems (Greiffenhagen et al. 2025a). However, the existing 
studies are limited to specific time periods and individual 
mounds.

Taking a different approach, mapping-based spatial stud-
ies have estimated that the absolute amount of carbon(ate) 
stored in large coral mound provinces off Norway, Morocco 
and Namibia is regionally considerable (Lindberg & Mienert 
2005; Hebbeln et al. 2019b; Tamborrino et al. 2022). These 
upscaling-approaches are yet limited by either simplified 
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assumptions about mound quantity, shapes and volume, or 
lack locally derived carbon(ate) accumulation data. Con-
sequently, the role and significance of coral mounds in the 
carbon cycle is still lacking a comprehensive understanding, 
and cannot be integrated appropriately into global carbon 
budget calculations (see Smith and Mackenzie 2016; Woods 
et al. 2023). Thorough, multi-point assessments of carbon 
accumulation dynamics over time, as well as suitable and 
representative spatial upscaling techniques, are necessary 
to advance this field of research. Further, our knowledge is 
geographically limited to coral mound sites in the eastern 
Atlantic and Mediterranean Sea, while carbonate accumula-
tion studies are missing in the western Atlantic, despite the 
widespread occurrence of large mound provinces there (e.g. 
Correa et al. 2012; Steinmann et al. 2020; Raddatz et al. 
2020; Sowers et al. 2024).

One example is the Campeche Mound Province, south-
ern Gulf of Mexico, where ridge-shaped coral mounds with 
heights of 20–40 m rise from water depths of 500–600 m 
(Hübscher et al. 2010; Hebbeln et al. 2014) at the eastern 
margin of the Campeche Bank, a carbonate shelf that is 
connected to the Yucatan Peninsula, Mexico (Wilhelm and 
Ewing 1972). Stretching beyond a mapped area of 40 km2, 
the Campeche Mounds comprise the largest known coral 
mound province within the Gulf of Mexico (Hebbeln et al. 
2014; Brooke et al. 2023). The Campeche Mounds are asso-
ciated with contourite drift deposits in an oceanographic set-
ting characterised by strong bottom currents (Hebbeln et al. 
2016), localised upwelling (i.e. high-productivity; Merino 
1997; Reyes-Jiménez et al. 2023) and internal wave activity 
along the pycnocline between the Tropical Atlantic Central 
Water and the Antarctic Intermediate Water (Hebbeln et al. 
2014; Meunier et al. 2023). Together, the sufficient avail-
ability and delivery of food (organic matter) generate suit-
able conditions for a thriving CWC reef ecosystem, which 
is largely dominated by colonies of the framework-building 
scleractinian CWCs Lophelia pertusa (syn. Desmophyl-
lum pertusum) and Enallopsammia profunda (Hebbeln 
et al. 2014). Matos et al. (2017) provided evidence for re-
occurring mound formation (i.e. active reef growth) on the 
Campeche Mounds since > 250 kyr ago, mainly restricted 
to interglacial periods (marine isotope stage MIS7, 5, 1). 
While mound formation stagnated during the entire last gla-
cial, the reefs on the Campeche Mounds have been thriving 
since ~ 10 kyr BP, and therefore accumulating carbon.

Here, we aim to provide the first detailed study investi-
gating both the temporal scale of carbon accumulation and 
the spatial scale, i.e. total amount of carbon stored within 
the Campeche Mound Province. This combination is made 
possible through the analysis and combination of sediment 
cores (temporal integration of carbon accumulation) and 
bathymetry data (spatial integration of carbon accumula-
tion across the coral mound province). By upscaling multiple 

detailed carbon accumulation records to an approximation of 
total carbon storage, we provide the first numbers of carbon 
accumulation and large-scale storage across the Campeche 
Mounds. Ultimately, we then discuss their role in deep-sea 
benthic carbon storage.

Firstly, we (1) increase the age resolution of the Campe-
che Mounds’ development by dating corals from multiple 
locations and periods of mound formation. Secondly (2), 
combining the age models with measurements of carbon 
content, we determine total carbon (organic + inorganic) 
accumulation rates for the last ~ 250 kyr. For comparabil-
ity, we thereby (3) also compare the effectiveness of carbon 
accumulation relative to a core record from the adjacent 
seafloor. Finally, we (4) extrapolate our results to the total 
mapped area of the Campeche Mound Province by utilising 
a newly developed tool, the CoMMa toolbox (Gafeira et al. 
2024), that allows us to obtain 3D mound volumes, and thus, 
the total amount of carbon stored.

Material and methods

Core material

Five gravity cores were collected from the Campeche Mound 
Province (Campeche Bank, southern Gulf of Mexico) dur-
ing the RV MARIA S. MERIAN cruise MSM20-4 (Heb-
beln et al. 2012). One off-mound core GeoB16320-2 was 
retrieved from a sediment drift deposit slightly downslope 
of the coral mounds at a water depth of 626 m (Fig. 1). This 
core has already been intensively studied by Matos et al. 
(2017) and Portilho-Ramos et al. (2022) to reconstruct the 
palaeoceanographic conditions in the area and to link them 
to coral mound formation phases. For this study, the core 
is used to compare carbon accumulation between the off-
mound environment and the Campeche Mounds.

Four on-mound cores, all composed of CWC fragments 
embedded in fine sediments, were taken from three differ-
ent coral mounds within the Campeche Mound Province at 
depths ranging from 556 to 579 m (Table 1; Fig. 1). Cores 
GeoB16310-2 and GeoB16310-3 were taken from the same 
coral mound (Ixchel Mound), only a few metres apart. 
Core GeoB16313-2 was taken from a coral mound (Ah Xoc 
Mound) further north, and core GeoB16318-1 from a coral 
mound (Chaac Mound) in the southern part of the Campe-
che Mound Province (Fig. 1).

We combined data published by Matos et  al. (2017; 
25 230Th/U coral ages obtained from on-mound cores 
GeoB16310-3, GeoB16313-2, GeoB16318-1; stable oxy-
gen isotopes and five accelerator mass spectrometry (AMS) 
14C ages obtained from off-mound core GeoB16320-2) 
with an array of newly obtained data (see Table 1), fol-
lowing the same approach as presented in Greiffenhagen 
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et al. (2025a): By using 230Th/U dating of coral fragments, 
computed tomography (CT) scan-based volumetric data of 
coral carbonate, as well as dry bulk density and Corg/inorg 
content measurements from sediments, total carbon (mass) 
concentration and accumulation on the coral mounds were 
calculated.

Computed tomography scanning of on‑mound cores

In order to derive coral and sediment contents within the 
coral mounds, we performed a volumetric core quantifica-
tion of all coral mound records (GeoB16310-2, GeoB16310-
3, GeoB16313-2 and GeoB16318-1) through CT scans. 
Cores were scanned at Klinikum Bremen-Mitte (Bremen, 
Germany) using a Toshiba Aquilion 64 computer tomo-
graph, as well as a Philips Brilliance iCT Elite 256 computer 

tomograph. Images were reconstructed using Toshiba’s pat-
ented helical cone beam reconstruction technique, as well as 
the filtered Back Projection and bone kernel, respectively. 
Further technical details are given in the metadata descrip-
tion of the openly available CT scan data sets (see Titschack 
et al. 2025a, b, c; Greiffenhagen et al. 2025b). Data were 
processed with the ZIB edition of Amira Software (Ver. 
2024.11; Stalling et al. 2005), closely following the meth-
odology of Titschack et al. (2015; 2016). Macrofossils were 
quantified by a marker-based watershed segmentation (in 
volume per cent: vol.%) in the Segmentation Editor, with 
markers set using threshold segmentation (Contour-Tree 
Segmentation) and quantified with the Material Statistics 
Module. Since the macrofossils consist predominantly of 
CWCs, we refer to them as “coral content” in the follow-
ing (sensu Titschack et al. 2016). The sediment in which 

Fig. 1   Left: Map of the Campeche Mound Province (based on 
MBES data collected during RV MARIA S. MERIAN expedi-
tion MSM20-4; Wintersteller & Eberli, 2019). The location of the 
Campeche Mounds within the Gulf of Mexico is indicated by the 
red box in the overview map (based on GEBCO 2024). White stars 
indicate locations of on-mound cores collected from coral mounds in 
the Campeche Mound Province, the grey star indicates the location 
of the off-mound sediment core. Right: Remotely operated vehicle 

(ROV) image showing dense live cold-water coral reef framework 
(mainly Lophelia pertusa) covering the Campeche Mounds (copy-
right MARUM ROV Cherokee, Bremen, Germany). Each of the 
studied coral mounds (Ixchel, Ah Xoc and Chaac) is shown in a 3D 
illustration, core positions are indicated by stars. Note that for optimal 
visualisation, colour map symbology was subjected to dynamic depth 
range adjustment for the 3D illustrations
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the macrofossils are embedded is referred to as sediment 
matrix. Additionally, the mean X-ray attenuation in Houns-
field units (HU) is computed. Using the same approach as 
Greiffenhagen et al. (2025a), running average values with a 
5 cm core interval thickness were extracted from the high-
resolution scan data (0.3 mm resolution) at the central slice 
position to best represent the core depth of interest, ending 
up with > 400 data points for the volumetric data of the on-
mound cores.

230Th/U Dating of cold‑water corals

A total of 27 well-preserved fragments of the CWC spe-
cies L. pertusa and E. profunda were collected at strate-
gically picked core depths from all four on-mound gravity 
cores (see Table 1). The coral fragments were mechanically 
and chemically cleaned following Frank et al. (2004), and 
230Th/U dated according to the procedures described in 
Wefing et al. (2017). Sample preparation, chemical puri-
fication of the Th and U fractions, and mass spectrometric 
analyses were carried out at the Institute for Environmental 
Physics (IUP, University of Heidelberg, Germany) using a 
multi-collector inductivity coupled plasma mass spectrom-
eter (ThermoFisher Neptune plus). The ages were obtained 
based on decay constants from Cheng et al. (2013), and age 
correction was performed according to the “Ghost Signal” 
correction (Kerber et al. 2023; 2025). Absolute 230Th/U 
dates are reported as kiloyears before present (kyr BP, pre-
sent = 1950). The new ages were combined with 26 coral 
ages previously published by Matos et al. (2017; see Table 1) 
to improve the on-mound core age models by more precisely 
defining the boundaries (i.e. hiatuses) between distinct coral 
age clusters that represent individual mound formation 

phases within each core (MFPs, see Wienberg et al. 2018; 
2022). Thereby, the hiatuses represent stratigraphic periods 
of reef extinction, i.e. without any mound formation.

Age models of coral mound records

Coral mound aggradation rates (given in cm kyr−1) for each 
MFP were calculated using linear interpolation between the 
oldest and youngest 230Th/U ages of each age cluster, com-
bined with the top and bottom core depth of the correspond-
ing MFP (following the approach presented by Wienberg 
et al. 2018, 2022). Boundaries between the different MFPs 
were defined by a combination of coral age information 
and abrupt changes in CT mean x-ray attenuation or visible 
changes in sediment colour following the approach of Greiff-
enhagen et al. (2025a). Supporting information is provided 
in Suppl. mat. I. Since the Campeche Mounds are currently 
covered by thriving CWC reefs (Hebbeln et al. 2014; see 
Fig. 1), the top depth of the youngest MFP, corresponding 
to the Holocene was defined to be at 0 cm for each core.

Update of the age model of the off‑mound core

The age model from Matos et al. (2017) for the off-mound 
core GeoB16320-2 was updated by (i) recalibrating the 
AMS 14C ages with the Palaeo Data View software (PDV; 
Langner and Mulitza 2019) using the IntCal20 calibration 
curve (Reimer et al. 2020) and the reservoir age model of 
Butzin et al. (2017) and (ii) re-calculating the age model and 
sedimentation rates (SRs; given in cm kyr−1) with Bacon 
(Blaauw and Christen 2011; in PDV), including the six vis-
ual correlation tie points of Matos et al. (2017).

Table 1   Sediment cores used for this study were collected during RV MARIA S. MERIAN expedition MSM20-4

Number of samples / data points available for each core is indicated. 230Th/U coral ages and CT scans were obtained from the four on-mound 
cores collected from the Campeche cold-water coral mounds Ixchel, Ah Xoc and Chaac (this study; Matos et al. 2017). Previously published 
number of 230Th/U coral ages obtained from three of the four on-mound cores and accelerator mass spectrometry (AMS) 14C ages obtained from 
the off-mound core (Matos et al. 2017) are given in brackets. Dry bulk density (DBD) and total inorganic and organic carbon (TIC/TOC) were 
obtained for all cores (this study)

Core ID Description Location
[lat / lon]

Water depth 
[m]

Core Recov-
ery [m]

230Th/U or 
AMS 14C 
dating

DBD TIC/TOC CT scan

GeoB16310-2 Ixchel 
Mound

23°49.443’ N
87°10.217’ W

565 4.95 13 6 15 x

GeoB16310-3 Ixchel 
Mound

23°49.450’ N
87°10.220’ W

573 10.56 8 (16) 11 23 x

GeoB16313-2 Ah Xoc 
Mound

23°52.365’ N
87°12.373’ W

556 2.51 1 (4) 3 6 x

GeoB16318-1 Chaac 
Mound

23°51.399’ N
87°12.160’ W

579 4.67 5 (6) 6 25 x

GeoB16320-2 Off
Mound

23°50.305’ N
87°09.003’ W

626 4.39 (5) 15 34 n/a
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Total organic and inorganic carbon analysis

A total of 69 sediment samples collected from the four on-
mound cores and 34 from the off-mound core were analysed 
for total Cinorg and Corg contents (TIC/TOC; Table 1). Prior 
to the measurements, macrofossil fragments of ca. > 2 mm 
were removed from the sample material, to ascertain that 
the measurements are representative of the “sediment 
matrix” previously determined in the CT analysis. Samples 
were freeze-dried, ground and then measured for TIC/TOC 
content at the Department of Geosciences, University of 
Bremen (Germany) using a LECO CS 744. For each sedi-
ment sample, a sub-sample of approximately 100 mg was 
measured for total carbon content (TC), while a second sub-
sample was first treated with hydrochloric acid to remove 
Cinorg (TIC) before the TOC content was measured. The TIC 
content was calculated as TIC = TC–TOC. The results of the 
TIC/TOC analyses represent the sediment-derived Cinorg and 
Corg fraction, hereafter referred to as Cinorg and Corg content 
in weight per cent (wt.%).

Matrix sediment dry bulk density measurements

All on-mound cores were sampled for dry bulk density 
(DBD) measurements at an equal distance interval of ~ 1 m 
(n = 26; see Table 1). For off-mound core GeoB16320-
2, DBD samples were taken at a 30 cm-interval (n = 15). 
According to ODP standards (Blum 1997), DBD was 
determined based on wet-weight, dry-weight and volume 
measurements of each sample. Samples were dried for 24 h 
at 105 °C and then, after cooling down, the volumes were 
determined using a PentaPyc 5200e gas pycnometer (Quan-
tachrome instruments) in the Geotechnical Laboratory at 
MARUM, University of Bremen (Germany).

All on-mound core DBD data were then set in relation to 
the mean CT X-ray attenuation data (proven as a proxy for 
sediment density; Orsi et al. 1994) at the same core depth 
(see Greiffenhagen et al. 2025a). Based on a regression func-
tion between both data sets (correlation of R2 = 0.97), DBD 
was recalculated from the CT x-ray attenuation to signifi-
cantly increase the DBD resolution (for more details, see 
Suppl. mat. II and III). Composed of fine sediments through-
out, the off-mound core naturally has a much less complex 
density distribution than the on-mound cores (containing 
varying contents of coral fragments). Accordingly, for the 
case of the off-mound core, pycnometer-based DBD data 
points were linearly interpolated to fit the resolution of the 
respective off-mound Corg and Cinorg data.

Calculation of carbon accumulation

The calculation of the total carbon accumulation [g C 
cm−2 kyr−1] is determined from the three different carbon 

fractions, i.e. sources: (1) the coral inorganic carbon 
accumulation (coral Cinorg Acc), specific to the on-mound 
cores, (2) the sediment inorganic carbon accumulation 
(sediment Cinorg Acc), and (3) the sediment organic car-
bon accumulation (sediment Corg Acc). These are obtained 
using the following formulas and units:

For (1), a coral density of the CWC Lophelia pertusa 
is needed. Dorschel et al. (2007) and Lunden et al. (2013) 
provided mean values of 2.66 g cm−3 from the NE Atlan-
tic and 2.81 g cm−3 from the Northern Gulf of Mexico, 
respectively. For the calculation here, the lower value 
of 2.66 g cm−3 was chosen as conservative estimate and 
multiplied with the mean coral content as volumetric 
fraction derived from the CT analyses for each specific 
MFP. Aggradation rates are based on the age models of 
the respective cores.

For (2) and (3), sediment density is represented by the 
sediment DBD data. Further, the volumetric share of the 
sediment matrix (total volume minus coral volume) needs 
to be accounted for. The off-mound record’s accumula-
tion is equally calculated through (2) and (3), but using 
the SRs, DBD and carbon contents from GeoB16320-2, 
without the necessity to define two volumetric fractions, 
i.e. 100% sediment.

Total carbon accumulation rates (1 + 2 + 3) for the 
four on-mound cores are presented as mean per MFP. 
Total accumulation rates were calculated by adjusting 
the CT-based coral Cinorg data points to the data point 
resolution of the sediment Corg/Cinorg measurements. 
Total carbonate accumulation is determined by conver-
sion of the Cinorg fraction (1 + 2) based on the molecular 
weight ratio of Cinorg within calcium carbonate (CaCO3) of 
12.01:100.09, and vice-versa to convert the coral density 
in (1), i.e. ~ 100% carbonate, to Cinorg. To allow for a com-
parison between on- and off-mound records, rates for the 

(1)

coral CinorgAcc = CT coral Vol.% × Coral Density
g

cm3

× Aggradation Rate
cm

kyr
×

12.01

100.09

(2)

sed. Cinorg Acc = TIC wt.% × CT sed.Vol.%

× sed. Density
g

cm3

× Aggradation Rate
cm

kyr

(3)

sed. Corg Acc = TOC wt.% × CT sed.Vol.%

× sed. Density
g

cm3

× Aggradation Rate
cm

kyr
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off-mound core were calculated using the time intervals 
corresponding to the MFPs documented in the on-mound 
cores. All raw off-mound data beyond the temporal MFP 
limits, and the raw on-mound data are provided in Suppl. 
mat. III and IV.

Estimation of carbon storage

To prepare the data obtained from the core records for 
volumetric 3D upscaling, (4) the mass carbon per volume, 
here defined as the total carbon (mass) concentration, was 
equally calculated for each MFP.

The values from the sediment Cinorg and Corg measure-
ments, as well as the coral Cinorg fraction, were multiplied 
by their density, as outlined above, and added up, bearing in 
mind their share in vol.% given by the CT scan data. Results 
are provided in g C cm−3. Based on that, the mean total 
carbon concentration was calculated by averaging all data 
points across time and space (each location and MFP) to 
get a representative value for the entire Campeche Mound 
Province. To obtain the total carbon storage, this value must 
be multiplied by the volume of the Campeche Mounds.

The determination of coral mound volumes is based on 
the multibeam echosounder (MBES) bathymetry data (reso-
lution of 10 × 10 m) collected during the RV MARIA S. 
MERIAN expedition MSM20-4 (data: Wintersteller and 
Eberli 2019) and was performed using the Confined Mor-
phologies Mapping (CoMMa) Toolbox Ver. 1.2 (Gafeira 
et al. 2024; Arosio et al. 2024a), which was adapted from 
an earlier ArcMap tool (Gafeira et al. 2012, 2018; De Clip-
pele et al. 2017). CoMMa is a novel python-based toolbox 
for ArcGIS Pro to semi-automatically map and quantitatively 
characterise seabed features such as coral mounds (De Clip-
pele et al. 2017; Arosio et al. 2024a, b). The quantification 
of the coral mound volumes through CoMMa is based on 
four steps:

(1)	 Data preparation: To remove noise and minimise the 
significance of anomalous pixels, the bathymetry data 
set was smoothened, using the low-pass filter provided 
by CoMMa, which re-calculates the average value for 
each 3 × 3 pixel neighbourhood (Arosio et al. 2024a).

(2)	 Initial mound delineation by thresholding: To find the 
best parameter for delineating (i.e. isolating) the coral 
mounds from the rest of the bathymetry data set, sev-
eral coral mounds were selected as test samples that 

(4)

tot. C concentration

=

[

(TOC + TIC wt.%) × sed. Density
g

cm3
× CT sed.Vol.%

]

+

[

CT coral Vol.% × Coral Density
g

cm3
×

12.01

100.09

]

represent the variation in mound morphologies of the 
Campeche Mounds. Their basal boundaries were manu-
ally outlined with the help of vertically exaggerated 
3D-views of the mounds computed in ESRI ArcScene. 
Within CoMMa, an array of 12 Local Topographic 
Position derivatives (LTPs), designed to define the 
elevation of a location (pixel) on a digital elevation 
model (DEM) relative to its “neighbourhood” (Lindsay 
et al. 2015; Arosio et al. 2024a, b), with different posi-
tioning indices and areal radii (10, 20 and 30 raster pix-
els) were computed and compared with the manually 
delineated test samples (see Suppl. mat. V for all LTPs 
tested). The LTP ‘directional median bathymetry posi-
tioning index’ (dirM-BPI) with a 30 × 30 pixels radius 
provided the best fit and was selected for the automatic 
boundary-based delineation of the coral mounds using 
a threshold of ≥ 7.5 (BPI ratio units). The dirM-BPI 
accounts for a sloping neighbourhood (Kim and Wessel 
2008) and is therefore well suited for this specific case. 
As a result, distinct polygon features for all structures, 
i.e. potential coral mounds, were created.

(3)	 Delineation adjustments: Hebbeln et  al. (2012) 
observed several smaller ‘mound’ structures of 
unknown origin that were not formed by corals but 
may represent contourite drift deposits. Based on this 
information and in order to provide a conservative esti-
mate of coral mound volume, we excluded topographic 
features with a height of ≤ 6 m and a feature width 
of < 71 m. Thin, unusually straight ‘mound’ structures 
were identified as multibeam acquisition artefacts and 
were removed by using a width-length ratio threshold 
of < 0.12. Ultimately, a 25 m buffer was added to each 
structure to compensate for the initial vertical cut-off 
and include the peripheries of the features following 
Gafeira et al. (2018) and Arosio et al. (2024a). After 
these adjustments, the final version of the mound poly-
gons was completed.

(4)	 Mound volume quantification: Using the coral mound 
footprint polygons, two raster data sets were extracted 
from the initial DEM: raster (i) contains exclusively 
the coral mound area; raster (ii) contains a hypothetical 
DEM without mounds that was produced by removing 
the coral mound areas and closing the produced voids 
with the Elevation Void Fill Tool in ArcGIS (applying 
a repetitive inverse distance weighted (IDW) algorithm 
at 10 pixels resolution). Using the Minus 3D Analyst 
Tool, we then subtracted raster (ii) from raster (i) and 
obtained the mound height per pixel. With the produced 
raster fed into the Surface Volume Tool, the 3D surface 
area and the total volume of all mound features were 
determined.
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Finally, we multiplied the total mean carbon concentra-
tion [g C cm−3] with the total mound volume [cm3] to obtain 
the amount of carbon mass [g C] stored in the Campeche 
coral mounds, i.e. total carbon storage. As carbon concen-
trations are first calculated individually for all three carbon 
fractions, the carbon storage is also obtained for each frac-
tion individually (coral inorganic, sediment inorganic and 
organic).

Results

Coral ages, mound formation phases and mound 
aggradation rates

The CWC ages (n = 53) obtained from all four on-mound 
cores range from 1 to 257 kyr BP (27 ages, this study; 26 
ages previously published in Matos et al. 2017). Overall, the 
ages fall into distinct age clusters representing four MFPs 
(MFP4 to MFP1) separated by hiatuses, i.e. periods with-
out mound formation (sensu Wienberg et al. 2022, see also 
Suppl. mat. I, III). All on-mound cores collected from the 
Campeche Mounds show MFP4 (1–10 kyr BP), correspond-
ing to the Holocene. Notably, gravity core GeoB16310-2 
over-penetrated when it was retrieved, causing the loss of 
its top part (Hebbeln et al. 2012). Thus, coral mound forma-
tion and aggradation rates could only be reconstructed for 
the fully recovered part of this core with ages > 5.9 kyr BP. 
However, a coral fragment recovered from the over-pene-
trated material shows an age of 0.98 kyr BP, suggesting that 
mound formation at this coring site equally lasts until today.

Cores GeoB16310-2, GeoB16310-3 and GeoB16318-1 
document MFP3 (68–114 kyr BP) roughly corresponding 
to the ~ MIS5. The two longest cores, GeoB16310-2 and 
GeoB16310-3, both consistently document a short MFP2 
(161–172 kyr BP) during ~ MIS6, while the oldest MFP1 
(215–257 kyr BP) corresponding to ~ MIS7/8 is only recov-
ered in core GeoB16310-3 (Fig. 2).

The MFP4, corresponding to the Holocene, has the 
highest vertical mound aggradation rates, ranging from 
24 cm kyr−1 (GeoB16318-1) to 49 cm kyr−1 (GeoB16310-
2; see Tables 2, 3). Aggradation rates during the older 
MFPs have significantly lower values of < 11 cm  kyr−1 
(MFP3), ~ 9–12 cm kyr−1 (MFP2), and 13 cm kyr−1 (MFP1; 
Tables 2, 3).

Age model and sedimentation rates of the off‑mound 
core

The updated age model of the off-mound core GeoB16320-2 
covers a time span of 0–131 kyr BP. Thus, it encompasses 
the Holocene, last glacial (MIS2-4) and last interglacial 
(MIS5). In order to make the off-mound results comparable 

with the on-mound records, we present our data for these 
three periods based on intervals corresponding to MFP4, the 
stagnation (hiatus) in mound formation, and MFP3 from the 
on-mound cores, respectively (Table 4). The herein adjusted 
ages show only minor differences (< 1 kyr) to the ones origi-
nally published by Matos et al. (2017), accordingly, the sedi-
mentation rates (SRs) are also very comparable (for further 
details on off-mound stratigraphy, see Suppl. mat. IV). SRs 
vary between 1.5 and 7.2 cm kyr−1, with a total mean of 
3.8 cm kyr−1. The mean SRs are slightly higher during the 
Holocene (6 cm kyr−1) and lower during the last interglacial 
(~ MIS 5; 2 cm kyr−1). During the last glacial, SRs exhibit 
a mean of ~ 4 cm kyr−1.

On‑mound carbon contents

The CT scans reveal a total mean coral content of 7 vol.% 
(see Suppl. mat. I, III) for the on-mound cores recovered 
from the Campeche Mounds. When averaged by MFP, the 
mean coral content values range from 2 to 9 vol.% during 
MFP4, across the mound records, and were slightly higher 
during MFP3 (4–14 vol.%). MFP2 has mean coral contents 
of 8.8–8.9 vol.%, and the record from MFP1 exhibits a 
mean coral content of 7 vol.%.

The results from the matrix sediment reveal mean sedi-
ment organic carbon contents ranging from 0.5 to 0.6 wt.% 
Corg, (see Table 3). During MFP3 and MFP2, Corg contents 
decrease down to mean ranges between 0.2 and 0.3 wt.%, 
respectively. MFP1, documented in GeoB16310-3 from 
Ixchel Mound, has a sediment Corg content of 0.4 wt.%. The 
mean sediment inorganic carbon contents, remain relatively 
constant throughout the cores and MFPs, with no major 
trends ranging between 9.7 and 10.5 wt.% Cinorg in total. 
Notably, the presented Cinorg. values convert to mean sedi-
ment carbonate contents between 81 and 87 wt.% CaCO3 
on the mounds.

Altogether, the three carbon fractions exhibit a total mean 
carbon concentration of 0.11 g C cm−3 (± 0.018 SD) across 
all data points from the mound records. Across the specific 
mound formation phases (Table 3), the carbon concentration 
stays rather constant, between 0.10 and 0.11 g C cm−3 during 
MFP4, 0.11–0.14 g C cm−3 during MFP3, 0.12–0.14 g C 
cm−3 during MFP2 and around 0.12 g C cm−3 during MFP1.

On‑mound carbon accumulation rates

Total carbon accumulation on the coral mounds ranges 
from 0.5 to 5.6 g C cm−2 kyr−1 (see Table 3, Fig. 3). This 
can be subdivided into 0.1–1.3 g C cm−2 kyr−1 coral Cinorg, 
0.4–4.0  g C  cm−2  kyr−1 sed. Cinorg and 0.01–0.2  g 
C cm−2 kyr−1 sed. Corg. All mound records have a similar 
overall trend throughout their history, with higher rates of 
carbon accumulation during MFP4, and lower rates during 
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MFP3 and earlier (Fig. 3, Table 3). During MFP4, mean 
values range from 2.4 to 5.6 g C cm−2 kyr−1. During MFP3, 
the mean carbon accumulation rate was lower, with a range 
of 0.5–1.2 g C cm−2 kyr−1. During MFP2, the mean car-
bon accumulation was documented at 1.3–1.5 g C cm−2 
kyr−1 from the two cores on Ixchel Mound (GeoB16310-2 
and GeoB16310-3). Finally, during MFP1, mean carbon 
accumulation amounts to 1.6 g C  cm−2  kyr−1 on Ixchel 
Mound (GeoB16310-3). Notably, the mean carbonate 
accumulation (based on total Cinorg rates) ranges from 4 
to 44 g CaCO3 cm−2 kyr−1 throughout the MFPs, follow-
ing the same general trends as for the carbon accumulation 
(Table 3). Irrespective of the time and location, the sedi-
ment Cinorg fraction contributes the majority of carbon to 
the carbon accumulation, followed by coral-derived carbon, 
and to a minor degree, Corg. Overall, Corg has a contribution 

to the total on-mound carbon accumulation of 2–5%, while 
the sediment Cinorg fraction contributes with 72–88%, and 
the coral Cinorg fraction accounts for an additional 7–24% 
(Fig. 3).

Off‑mound carbon contents and accumulation rates

The Holocene carbon content in the off-mound record (Table 4) 
exhibits a mean Corg content of 0.5 wt.% (± 0.1 SD), and a Cinorg 
content of 10.4 wt.% (± 0.2 SD) and does not vary substantially 
between the last glacial and interglacial. During the last inter-
glacial, mean Corg content is 0.3 wt.% (< 0.1 SD), and Cinorg 
content 10.3 wt.% (± 0.9 SD). During the glacial, the mean 
Corg content lies at 0.3 wt.%, and Cinorg at 10.5 wt.%. This corre-
sponds to a variation in mean carbonate content of 86–88 wt.%. 
The total mean carbon concentration of the off-mound record is 

Fig. 2   230Th/U coral ages obtained from four on-mound cores (see 
colour code for differentiation) collected in the Campeche Mound 
Province. Data are shown as age vs. core depth profile (circles: this 
study (n = 26); diamonds: previously published in Matos et  al. 2017 
(n = 26), see Table  2 for details. The coral age from the over-pene-
trated part of GeoB16310-2 is excluded from this figure, as it can-
not be assigned to a core depth. Black bars bordering each age data 
point indicate the age error. Coral ages from cores GeoB16310-2 

and GeoB16310-3 (Ixchel Mound) are given in purple/light blue, 
from core GeoB16313-2 (Ah Xoc Mound) in green, and from core 
GeoB16318-1 (Chaac Mound) in red. Mound formation phases 
(MFP1–MFP4) indicated by distinct age clusters are marked by grey 
vertical boxes. Marine isotope stages (MISs) corresponding to the 
timeline are indicated in the top box. Due to the large number of coral 
ages from the MFP4 corresponding to the Holocene, a zoom-in (bot-
tom left) is provided for more detail using the same axis units
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0.11 g C cm−3 (± 0.01 SD), which remains relatively constant 
with a mean of 0.10 (< 0.01 SD) for the Holocene, and 0.11 
(± 0.01 SD) g C cm−3 for both last glacial and interglacial. Irre-
spective of the time and location, the Cinorg fraction contributes 
the majority of carbon to the mean off-mound carbon accumula-
tion, with 96–97%, while the Corg contributes 3–4% throughout. 
The mean total carbon accumulation in the off-mound record 
during the Holocene (corresponding to MFP4, 01–10 kyr BP) is 
0.57 g C cm−2 kyr−1 (± 0.11 SD), which can be subdivided into 
0.55 g Cinorg cm−2 kyr−1 and 0.03 g Corg cm−2 kyr−1 (note that 
the observed mismatch arises from decimal rounding). During 
the glacial (stagnation of mound formation between MFP4 and 
MFP3; 11–68 kyr BP), we find a mean carbon accumulation 
rate of 0.47 g C cm−2 kyr−1 (± 0.2 SD), consisting of 0.46 g 
Cinorg cm−2 kyr−1 and 0.01 g Corg cm−2 kyr−1. The mean off-
mound carbon accumulation during the last interglacial (analo-
gous to the on-mound record for MFP3, 68–114 kyr BP) is 
about half of that with 0.23 g C cm−2 kyr−1 (± 0.06 SD), con-
sisting of 0.22 g Cinorg cm−2 kyr−1 and 0.01 g Corg cm−2 kyr−1.

Estimation of carbon storage in the Campeche mounds

The mound delineation (Fig. 4) through CoMMa revealed 
interconnected mounds in the shape of elongated ridges 
with several peaks that can be > 2.5 km long and can cover 
an area of > 0.5 km2 per coral mound ridge. The Campe-
che Mounds are estimated to have an areal coverage of 
16.7 km2 (corresponding to a 3D surface area of the CWC 
reef habitat area of 17.7 km2), which is about ~ 12% of the 
entire mapped area. For the 145 mound ridges, we iden-
tified a total mound volume of 0.162 km3 for the entire 
mapped area of the Campeche Mound Province. Combin-
ing the mean total carbon concentration of 0.11 g C cm−3 
(± 0.01 SD; 0.02 g C cm−3 coral Cinorg; 0.09 g C cm−3 sed. 
Cinorg; and < 0.01 g C cm−3 sed. Corg) of all data points 
from the mound records with the mound volume, the car-
bon stored in the Campeche Mounds is estimated to be 
18.5 megatons [Mt] carbon (± 2.9 SD, based on the vari-
ation in mound carbon concentration). With a mean share 
of 3.3% Corg in total carbon concentration, this leads to 
an organic carbon storage of 0.6 Mt Corg (± 0.1 SD). The 
coral Cinorg contributes up to 15.6% equalling 2.9 Mt Cinorg 
(± 0.5 SD), and the sediment Cinorg contributes 81.1% 
equalling 15.0 Mt Cinorg (± 2.4 SD).

Discussion

Carbon accumulation patterns of the Campeche 
Mounds

The carbon accumulation of the Campeche Mounds is 
steered by mound aggradation, consistent with previous 

observations showing a general significant correlation 
between aggradation rates and carbonate accumulation 
rates for coral mounds in the Mediterranean Sea and off 
Norway (e.g. Greiffenhagen et al. 2025a; Titschack et al. 
2015; 2016). Aggradation rates for the Campeche Mounds 
of 4–49 cm kyr−1 (Table 3) correspond to carbon accumula-
tion rates of 0.5–5.6 g Ctotal cm−2 kyr−1, which are low to 
moderate (according to the definition proposed by Greiffen-
hagen et al. 2025a; low <  ~ 2 > moderate <  ~ 12 g Ctotal cm−2 
kyr−1 < enhanced). Enhanced carbon accumulation rates of 
up to 15 g Ctotal cm−2 kyr−1 have been reported for individual 
coral mounds in the western Mediterranean Sea (Greiffen-
hagen et al. 2025a), i.e. almost three times higher than those 
of the Campeche Mounds. Reports from other regions so far 
only consider inorganic carbon accumulation rates, thereby 
neglecting the contribution of organic carbon. Such inor-
ganic carbon accumulation rates for coral mounds range 
from enhanced (> 12 g Cinorg cm−2 kyr−1; Norwegian shelf, 
Titschack et al. 2015) to moderate (up to ~ 7 g Cinorg cm−2 
kyr−1; eastern Mediterranean Sea, Titschack et al. 2016) and 
to low rates (< ~ 2 g Cinorg cm−2 kyr−1; off Ireland, Dorschel 
et al. 2007; Titschack et al. 2009; and in the Bay of Biscay, 
Edinger et al. 2025).

Considering average sediment contents in coral mounds 
are > 75% (e.g. Titschack et al. 2015; Corbera et al. 2021), 
and the important role of external sediment supply in fuel-
ling overall mound aggradation (Wang et al. 2021), it is 
apparent that mound carbon accumulation is closely tied 
to ambient sedimentation rates. Correspondingly, in the 
Campeche Mound Province, not only the mound carbon 
accumulation, but also the mean off-mound sedimentation 
rates are about three times lower (4–6 cm kyr−1) than in 
the off-mound record of the East Melilla Mound Province 
(12–16 cm kyr−1 SR; Greiffenhagen et al. 2025a). The low 
to moderate aggradation rates and subsequent carbon accu-
mulation rates of the Campeche Mounds are most likely 
not related to sub-optimal conditions for CWC growth, but 
are the consequence of limited sediment availability in the 
area (Matos et al. 2017). The study area of the Campeche 
Bank margin receives low sediment supply as there are no 
large rivers or dust sources (i.e. deserts) in the hinterland 
(Domínguez-Castanedo et al. 2012) that could deliver ter-
rigenous, siliciclastic material.

Conspicuous for the Campeche Mounds is a low mean 
coral content with ~ 7 vol.%, which is about half or even 
less of that reported for other mound provinces (e.g. 
14–23 vol.%; Norway or Alborán Sea; Titschack et al. 
2015; Corbera et al. 2021), further underlining the key 
role of sediment supply. In fact, the Campeche Mounds 
are remarkable in that they are dominated by carbonate 
sediments, unlike most other coral mound provinces which 
are dominated by siliciclastic sediments: They exhibit the 
highest mean carbonate contents (81–87 wt.%) measured 
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for coral mounds so far (< 55 wt.% for coral mounds in 
the NE and NW Atlantic and Mediterranean Sea, see 
Kiriakoulakis et al. 2007; Dorschel et al. 2007; Mienis 
et al. 2009; Matos et al. 2015; Titschack et al. 2009, 2015, 
2016; Greiffenhagen et al. 2025a; Edinger et al. 2025). 
This appears logical as the Campeche Mound Province is 
connected to the Campeche Bank carbonate shelf, which 
is fully dominated by calcareous sediments (Craeger 
1959; Holmes 1976; Balsam and Beeson 2003). Nota-
bly, the large proportion of sedimentary inorganic carbon 
(in both on- and off-mound records), and the proximity 
to the Campeche carbonate shelf suggest that, initially, 
much of the carbon buried in the mounds was produced 
by the pelagic carbonate factory. However, ultimately, its 

rapid burial was triggered by the coral factory through the 
baffling capacity of the coral frameworks on the mound. 
This triggering effect of carbon burial is emphasised by 
the surplus of carbon accumulated in the mound records 
(see Fig. 3; compared to the off-mound), representing the 
carbon burial due solely to the ecosystem engineering of 
CWCs.

The age models of all our mound records show roughly 
consistent trends of MFPs timings (see Fig. 2). This dem-
onstrates that mound formation takes place almost syn-
chronously across the Campeche Mounds. MFP-specific 
mean carbon accumulation rates (during the same period) 
are relatively consistent, which is indicated by smaller 
value ranges within MFPs compared to the overall range 
of 0.5–5.6 g Ctotal cm−2 kyr−1 (Table 3). For example, the 
Holocene carbon accumulation rates from MFP4, with val-
ues ranging from 2.4 to 5.6 g Ctotal cm−2 kyr−1, are consist-
ently ≥ 2 times higher than those from MFP3, with values 
ranging from 0.8 to 1.2 g Ctotal cm−2 kyr−1.

The intra-mound variation in carbon accumulation 
(within one mound) lies in the range of the inter-mound vari-
ation (between mounds) at any given period, for example, 
during MFP4, 3.3–5.6 g Ctotal cm−2 kyr−1 on Ixchel Mound; 
2.4–5.6 g Ctotal cm−2 kyr−1 on all mounds. Hence, we sug-
gest that the variation in carbon accumulation is rather a 
function of intra-mound aggradation patterns, i.e. variations 
of reef growth across an individual mound, than changes 
in carbon accumulation between individual mounds (inter-
mound variability). Although there is still some variation 
in carbon accumulation rates in the Campeche Mounds, 
these are rather consistent in comparison to other mound 
provinces, where diachronous mound formation occurs 
amongst nearby mounds (i.e. Alborán Sea; Wienberg et al. 
2022; Corbera et al. 2021), and also wider ranges of MFP-
specific aggradation rates can be found (e.g. off Mauritania; 
Wienberg et al. 2018). In summary, the relative synchroneity 
and consistency in carbon accumulation between the studied 
mound records suggest that they are representative of all 
coral mounds in the Campeche Mound Province and can be 
used for upscaling.

Comparing on‑ and off‑mound carbon accumulation 
in the Campeche Mound Province

For the area of the Campeche Escarpment, Hüb-
scher & Nürnberg (2023) present sedimentation rates 
of ~ 3.5 cm kyr−1 for the last ~ 130 kyr, which is close to the 
mean sedimentation rate of 3.1 cm kyr−1 in our off-mound 
record over the same time period. A comprehensive study on 
carbonate accumulation in the region found average rates of 
0.2–0.3 g Cinorg cm−2 kyr−1, which are very comparable to 
our overall mean off-mound inorganic carbon accumulation 
of ~ 0.4 g Cinorg. cm−2 kyr−1, and similarly high carbonate 

Fig. 3   Spatio-temporal presentation of carbon accumulation (in g C 
cm−2 kyr−1; y-axis) in the Campeche Mound Province from ~ 257 kyr 
BP until present encompassing four mound formation phases (MFP4 
to MFP1, x-axis; from present till the oldest record; note that the axis 
is not to scale, but divided into nominal time periods). The carbon 
accumulation (shown as stacked bars) is subdivided into the three car-
bon fractions: sediment organic carbon (yellow), sediment inorganic 
carbon (Cinorg; light green), and coral Cinorg (dark green, only relevant 
for on-mound cores). Spatially, the results are shown per location and 
GeoB core ID labels along the z-axis. The off-mound record is shown 
in grey. White numbers on the bars indicate the factor by how many 
times the total on-mound carbon accumulation exceeds the off-mound 
accumulation, during the same time period (mound-specific MFP 
durations considered). Since the off-mound carbon accumulation 
record does not date back further than ~ 128 kyr, an on-/off-mound 
comparison is not possible for the two oldest MFPs 1 and 2
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contents at a slightly deeper site near the Campeche Mound 
Province (Díaz-Ascencio et al. 2023; see also Schönfeld 
2010). Thus, we suggest that the off-mound core used in this 
study is also representative of the area and can confidently 
be compared with the on-mound accumulation rates.

In order to evaluate the effectiveness of carbon accumu-
lation in any ecosystem, it is important to consider the rate 
of total carbon accumulation in relation to the surrounding 
environment (off-mound; background rate). The overall car-
bon accumulation for the Campeche Mounds is estimated 
to be 0.5–5.6 g Ctotal cm−2 kyr−1 during phases of active 
mound formation, whilst in the off-mound, 0.2–0.6 g Ctotal 
cm−2 kyr−1 are accumulated. The overall surplus carbon 

accumulation rate, defined as coral mound carbon accu-
mulation rate minus background rate, ranges from 0.3 to 
4.9 g C cm−2 kyr−1 for all records.

In more detail, differences in carbon accumulation 
between the Campeche Mounds and the surrounding envi-
ronment can be presented through calculating the ratio 
between on-mound (see Table 3) and off-mound mean values 
(Table 4) during the same time period, i.e. duration of MFPs 
(factors presented in Fig. 3; note that factors were calculated 
for time equal intervals for each on-mound core individually 
and subsequently averaged). Due to the stratigraphic extent 
of the off-mound core, only the last two MFPs (MFP4 and 
MFP3) can be compared. During MFP4, on-mound carbon 

Fig. 4   Result of the CoMMa Toolbox-based delineation of the 
Campeche cold-water coral (CWC) mounds from bathymetry, as the 
basis for the total mound volume calculation. Left: Main map show-
ing the overall result with outline/footprint of coral mounds (black) 
in the Campeche Mound Province on top of the bathymetry map of 
the area (see Fig. 1). Right: Step-by-step illustration of the CoMMa-
based mound delineation, using an excerpt as an example (white-
dotted box in left map). a Bathymetry (symbology following dynamic 

range adjustment), including 4 m-contour lines. b the chosen local 
topographic position derivative metrics of the exact same location 
(directional Median of BPI; dir. BPI, 30 × 30 pixels neighbourhood, 
see step 2 in methods), c the subsequent, threshold-based delinea-
tion of the mounds (≥ 7.5 cut-off, minimum width, relief height and 
width-length ratio adjusted, see step 3 in methods). d the same out-
line (area in light red; 6× vertical exaggeration) in 3D view perspec-
tive (indicating the volume obtained)
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accumulation is higher by factors of 4.4–8.5, compared to 
the off-mound area; during MFP3 the factors range from 2.5 
to 5.3 (Fig. 3). Generally, the same on-mound vs. off-mound 
relationship applies also to mound aggradation rates/sedi-
mentation rates and carbonate accumulation rates (factors 
of 2.2–7.9 and 2.6–8.5, respectively). Across time, all rates 
are higher on the coral mounds.

In contrast, comparisons of the sediment carbon con-
tent (i.e. no timescale) reveal that the Cinorg content has 
an on-mound/off-mound ratio of ~ 1:1 throughout and that 
the off-mound is equally rich in carbonate (~ 86 wt.% dur-
ing MFP3 and MFP4). The Corg content is more variable, 
with on- vs. off-mound factors of 0.9–1.5. Ultimately, if 
the carbon concentrations are added up together, the over-
all mean carbon concentration in the Campeche on-mound 
record (0.11 g C cm−3; ± 0.02 SD) and the off-mound record 
(0.11 g C cm−3; ± 0.01 SD) are virtually the same, with fac-
tors of 1.0–1.2 throughout. Hence, there are no major differ-
ences in overall carbon concentration between the mounds 
and the surrounding seabed (off-mound) in the Campeche 
Mound Province. Thus, the large differences between on- 
and off-mound deposition cannot be explained by differences 
in sediment composition, but only through the quantity of 
material deposited: It is merely the baffling capacity of a 
thriving CWC reef that causes the deposition and accumula-
tion of the same material to happen at a much faster pace on 
the mound (see Wang et al. 2021). Beyond the stratigraphy 
of our records, this equally applies to the complete mound 
history since initiation, as reflected in the positive morphol-
ogy of the mounds above the seafloor.

Despite low to moderate carbon accumulation (compared 
to other thriving coral mound provinces), limited siliciclastic 
sediment input in the region, and similar carbon concentra-
tions on- and off-site, the living coral mound ecosystems 
of Campeche still effectively accumulate 3–9 times more 
carbon than the surrounding environment.

Carbon storage in the Campeche Mounds

Carbon accumulation in the Campeche Mounds has been 
investigated by combining two different approaches: the 
fully core-based and the mapping-based mound volume 
approach. The core-based approach relies on age models 
through coral dating to assign a time scale to carbon accu-
mulation, and results in high-resolution data for distinct 
phases of mound formation. It quantifies the process of 
carbon accumulation locally, and its high temporal resolu-
tion facilitates the comparison with off-mound cores from 
the adjacent seafloor above. In contrast, the mapping-based 
approach quantifies the regional, mound province-wide net 
product of carbon accumulation. There, we present an esti-
mate for the total carbon storage through combining a 3D 
mound volume analysis with the mean carbon concentration 

obtained from sediment cores. Carbon storage is here 
defined as the total amount of carbon stored throughout the 
existence of the Campeche coral mound ecosystems that has 
not been locally buried by equally carbon-rich sediments. 
This approach does not rely on core-specific aggradation 
rates. Nevertheless, in cases where the age of the mounds, 
i.e. its base, is known, this can be used to calculate spatially 
integrated net carbon accumulation rates (integrating over 
hiatuses in coral mound formation and local variabilities in 
coral mound aggradation). However, the mapping approach 
only allows to estimate the above-seafloor mound volumes. 
In many cases, coral mounds have considerable sub-seafloor 
extensions contributing significantly to the overall mound 
volume (e.g. Van Rooij et al. 2003; Hebbeln et al. 2019b). In 
this case, the Campeche Mounds are mostly exposed down 
to their base making their entire volume accountable for 
our approach. Further, while some coral mounds elsewhere 
exhibit inherited morphology growing on elevated volcanic 
ridges, the Campeche Mounds exhibit a self-developed 
morphology (sensu Wheeler et al. 2007; Tamborrino et al. 
2022). The mound base is clearly formed by an extensive 
regional seismic reflector, indicating a very similar overall 
age for all the mounds (Hübscher et al. 2010; Hebbeln et al. 
2014). This peculiar setting makes the Campeche Mounds 
suitable for volumetric upscaling.

The mean total carbon concentration of 0.11 g Ctotal cm−3 
(± 0.02 SD) is considered a spatially and temporally rep-
resentative value for the Campeche Mounds covering four 
MFPs from four different coral mound locations. Given the 
low variability in carbon concentration (± 16% rel. SD) 
throughout, the value can be reliably combined with the 
total mound volume to estimate the carbon stored in the 
Campeche Mounds. This is underlined by the fact that we 
found roughly consistent carbon accumulation characteris-
tics across the mound province. Altogether, this additionally 
makes our core-based data suitable for volumetric upscal-
ing. Furthermore, the volume estimate is fairly conservative, 
considering the exclusion of small features with height and 
width below the defined thresholds. The absolute amount 
of carbon stored through the mapped part of the Campe-
che Mound’s ecosystems was estimated to be 18.5 Mt Ctotal. 
From that, the organic carbon fraction is estimated to be 
0.6 Mt Corg. This is an important, first estimate, filling a 
gap in our knowledge about long-term Corg burial in benthic 
ecosystems (Snelgrove et al. 2018).

Compared to the high age resolution core-based approach, 
the mapping approach accounts for spatial heterogeneity in 
mound morphology and therefore indirectly the variation 
in mound formation. While our volume-based mapping 
approach does not provide any detail on mound formation 
phases, it represents an estimate of the actual carbon stor-
age since mound initiation. Yet, the exact timing of mound 
initiation in the Campeche Mound Province is unknown, as 
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the material available for dating comes from our sediment 
cores that only penetrated the upper part of the mounds. The 
Campeche Mounds, however, emerge from a single regional 
seismic reflector (Hübscher et al. 2010; Hebbeln et al. 2014). 
This reflector is an unconformity with an estimated maxi-
mum age of 830 kyr, and a depositional system was re-estab-
lished there ~ 570 kyr ago (Hübscher & Nürnberg 2023). 
This provides a clear indication that, in this region, coral 
mounds did not develop prior to ~ 830 kyr and no later than 
570 kyr, which consequently are considered the maximum 
and minimum ages of the Campeche Mounds, respectively. 
With our mapping-based estimate of a total mean carbon 
storage of 18.5 Mt C, this results in a carbon accumulation 
of ~ 22,000–32,000 t C kyr−1. If applied to the areal esti-
mate from the mound delineation (total area covered by coral 
mounds: 16.7 km2), we find a net carbon accumulation rate 
of 0.13–0.19 g C cm−2 kyr−1 since the initiation of mound 
formation in the Campeche Mound Province. This value 
lies just below the range of the mean overall surplus carbon 
accumulation values of 0.3–4.9 g C cm−2 kyr−1 determined 
from our sediment core-based analyses. The difference is 
mainly caused by the time averaging effect, as the mapping-
based approach also interpolates over hiatuses, while the 
core-based approach only considers MFPs.

When comparing any accumulating systems, it is cru-
cial to be aware of the timescales used. In this context, we 
provide two relevant numbers and timescales through this 
study: (1) the fully core-based, locally derived values for 
actively accumulating MFPs over relatively short time scales 
(~ 10 kyr), including the surplus carbon accumulation rate 
that describes how much additional carbon is accumulated 
through the mounds relative to the surrounding environ-
ment, and (2) the volume-derived all-time storage including 
accumulation rates accounting for periods of reef extinc-
tion or CWC absence, spatio-temporally averaged across 
the full area and large timescales (> 500 kyr). Most impor-
tantly, we suggest that the two rates resulting from these 
two approaches represent the maximum and the minimum of 
carbon accumulation within the Campeche Mounds. Nota-
bly, whereas the mound volume-based calculation represents 
the long-term net rate over various climate cycles and inde-
pendent of fluctuations, the carbon accumulation through 
coral mounds can have a much higher regional importance 
at shorter timescales, during active mound formation.

Interestingly, Titschack et al. (2009), who investigated 
the carbonate accumulation of a large coral mound (Chal-
lenger Mound) in the Porcupine Seabight off Ireland, esti-
mated the Cinorg accumulation of the last ~ 800 kyr in the 
Belgica Mound Province to be around ~ 0.7 g Cinorg cm−2 
kyr−1, which is ~ 3–5 times higher compared to our long-
term rates for the Campeche Mounds. Hebbeln et al. (2019b) 
estimated a lower value of 0.04 g Cinorg cm−2 kyr−1 for the 
Atlantic Moroccan Coral Mound Province over the last ~ 900 

kyr, which is ~ 3–5 times lower. This illustrates the regional 
variation of carbon accumulation for coral mounds, bearing 
in mind that these studies used less detailed estimates.

Further upscaling of the carbon storage through coral mound 
ecosystems is currently limited by a lack of data. The Campe-
che Mound Province is the only known coral mound province 
in the southern Gulf of Mexico, but the entire Yucatan Shelf 
margin provides overall suitable environmental conditions for 
reef-forming CWCs (Brooke et al. 2023), which is also sup-
ported by modelled projections (Cordes et al. 2023a). The 
Campeche Mound Province is likely larger than shown in this 
study, as its northern and southern boundaries are unknown 
(Hebbeln et al. 2012; 2014). We found evidence from a pub-
licly available MBES data set (Hübscher 2022, available at: 
https://​doi.​org/​10.​1594/​PANGA​EA.​950412) that the Campeche 
Mound Province extends a minimum of 13 km further south. 
This doubles the size of the Campeche Mound Province, and 
therefore the carbon storage is expected to be at least twice as 
high, i.e. ~ 37 Mt C or 44,000–64,000 t C kyr−1. Lowery et al. 
(2024) also suggest the potential existence of coral mounds 
at slightly deeper waters downslope from our study site. Tak-
ing into account the above information, a similar sedimentary 
environment (Balsam and Beeson 2003), and historical point 
records of reef-building CWC species along the Campeche 
Bank margin (Schroeder et al. 2005; NOAA 2024; Freiwald 
et al. 2021), we can speculate as follows (see also Suppl. mat. 
VI): if only 1% of the Campeche Bank’s slope between the 400 
and 700 m depth isobath (i.e. ~ 10,200 km2; based on GEBCO 
2024) are covered by coral mounds with similar carbon accu-
mulation characteristics, this would result in a carbon storage 
of 113 Mt C. This 1% estimate is fairly conservative, in contrast 
to the 12% coverage documented for the mapped Campeche 
Mound Province. As the mounds are currently in an active 
state, we can apply the mean values obtained from the cores 
for MFP4 to estimate a present-day carbon accumulation rate 
of ~ 2000–6000 t C per year. This amount of carbon is trans-
ferred into the lithosphere and fully immobilised for millions of 
years, thus, removed from the active, short-term carbon cycle 
(Zeebe 2012; Cartapanis et al. 2018).

Conclusion and outlook

With previous studies being limited to one mound, only one 
carbon source, short time periods, simplified assumptions 
and/or ex-situ data, we provide the most detailed estimate for 
carbon storage and accumulation in a coral mound province 
to date—and the first ones for the Gulf of Mexico and the 
West Atlantic—facilitated through a combination of a sedi-
ment core analyses (1) and a spatial mapping approach (2). 
Through (1), we document a carbon accumulation rate of 
0.5–5.6 g C cm−2 kyr−1 for individual MFPs in the Campe-
che Mounds, which is effectively 3–9 times higher than the 
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carbon accumulation at the surrounding seafloor—despite 
comparatively low to moderate mound aggradation rates, 
low sediment availability and no carbonate enrichment of the 
mounds. Through (2), we integrate over extensive periods 
of reef growth and extinction, leading to an estimate for the 
long-term net total carbon accumulation rate of ~ 0.1–0.2 g 
C cm−2 kyr−1 for the Campeche Mounds. Together, they 
represent most certainly the upper and lower end of carbon 
accumulation rates in the Campeche Mounds, showcasing 
the range of values depending on the method and timescale 
analysed.

Overall, we document a total carbon storage of 18.5 Mt 
C in the Campeche Mounds. However, this may be much 
higher: suitable environmental conditions in this highly 
understudied region suggest that the Campeche Bank mar-
gin may be a hotspot for coral mound formation and benthic 
long-term carbon burial with regard to benthic deep-sea eco-
systems worldwide.

Based on our conservative estimates, the Campeche 
Mounds do play a functional role in the long-term carbon 
cycle of the study area. As living ecosystems, their carbon 
accumulation rates lie in the same range as, for instance, 
long-term carbon accumulation rates from European Holo-
cene peatlands (e.g. Longman et al. 2021; 2–12 g C cm−2 
kyr−1) or seagrass meadows (Apostolaki et al. 2024; 2–15 g 
C cm−2 kyr−1; considering both organic and inorganic 
carbon).

On geological timescales, the reefs on the Campeche 
Mounds promote carbon storage, which can be considered 
an ecosystem service (sensu Costanza et al. 1997; Foley 
et al. 2010; Cordes et al. 2023b), underlining the importance 
of conservation for these ecosystems. In this context, Barn-
hill et al. (2022) emphasise the importance of integrating 
the quantification of dead material into holistic assessments 
of ecosystems and, ultimately, their value of preservation. 
As the Holocene is being replaced by the Anthropocene, 
changes in carbonate production and export due to ocean 
warming and acidification are projected to substantially 
affect carbonate burial dynamics of the southern Gulf of 
Mexico (Díaz-Ascencio et al. 2023), and ultimately, its 
CWC reefs. Effects of acidification on coral calcification 
and increased dissolution of CWC carbonate framework 
(Guinotte et al. 2006; Hennige et al. 2015; Büscher et al. 
2017; 2019) will inevitably also alter carbon accumulation 
dynamics of the Campeche Mounds. Increases in dissolution 
rates to levels comparable to the North Pacific might prevent 
reef growth and mound formation in the future (e.g. Gui-
notte et al. 2006; Davies and Guinotte 2011). Further human 
impacts, such as destruction from deep-sea trawling (Hall-
Spencer et al. 2002) or oil spills (Fisher et al. 2014) would 
additionally alter the Campeche CWC reef’s ecosystem ser-
vices. As recovery time of CWC reefs is slow (Clark et al. 
2019; Bett et al. 2025), this is also relevant on geological 

timescales, and highlights the impact that human-induced 
global change may have on the large-scale functional role 
of benthic ecosystems in the carbon cycle.
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