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INTRODUCTION
It has been approximately 100 years since 

carbonate mounds on the continental slope of 
the North Atlantic were first described (Joubin, 
1922; Teichert, 1958). However, detailed studies 
on deep-sea carbonate mounds have only been 

carried out in the last 30 to 40 years, including on 
gigantic structures (hundreds of meters high, more 
than one kilometer wide) (Neumann et al., 1977; 
Akhmetzhanov et al., 2003; Wheeler et al., 2006; 
Hovland, 2008; Henriet et al., 2014). These fea-
tures are unique and very vulnerable dominated 
by framework-building cold-water corals, and their 
growth reflects the characteristics of the surround-
ing environment and ocean currents systems (van 
Weering et al., 2003; Eisele et al., 2008; Steinmann 
et al., 2020). Deep-sea carbonate mounds are © 2022 The authors. This is an open access article distributed under 

the terms of the Creative Commons license.
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Although carbonate mounds have been investigated for 100 years, few studies focus on the giant variety. The Alpha 
Crucis Carbonate Ridge (ACCR), a ~17 x 12-km ring-shaped ridge formed by hundreds of mounded structures, 
located between the 300 and 800-m isobaths and reaching a maximum height of 340 meters above the adjacent 
seafloor, is the first giant carbonate mounded feature described for the SW Atlantic margin. This study provides 
the first multiproxy approach to investigate sediments covering the ACCR and its adjacencies. Most of the area is 
located under the Intermediate Western Boundary Current (IWBC) flow, which carries the nutrient-rich Antarctic 
Intermediate Water (AAIW). Radiocarbon aging shows pronounced differences for the shallow layers (MIS3 for 
the top of the mounds and late Holocene for the adjacencies). Grain size data indicate the prevalence of sandy 
fractions on top of the mounds and muddy sediments in the adjacent areas. Fe/Ca and Ti/Ca proxies allowed for 
identifying mainly biogenic sedimentation in the area. However, the input of allochthonous terrigenous sediment 
is necessary for mound buildup, and values of Fe and Ti collected on the top of the mounds are significant. End-
Members distributions and metal concentrations also allowed for recognition of distinct sources of sediment. Nd 
and Ln(Fe/K) indicated two primary terrigenous sources, the Precambrian rocks of the Brazilian shield (Cabo Frio 
end-member) and the multiple lithologies drained by the Rio de la Plata basin. Redox condition proxies indicated 
that the area is submitted to oxic conditions, probably reflecting the action of the IWBC. This work provides the 
first insight into an integrated grain-size and geochemical characterization of the Alpha Crucis Carbonate Ridge 
(southwestern Atlantic margin).
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important not only to coral species but also to the 
rich and diverse habitat created in these environ-
ments (Le Guilloux et al., 2009; D’Onghia et al., 
2012; Morigi et al., 2012; Fentimen et al., 2018; 
Bendia et al., 2021).

Knowledge about buildup, age, evolution, and 
dynamics is heterogeneous and, sometimes, con-
tradictory. The most detailed information about car-
bonate mounds is regarding the Porcupine Basin 
(West of Ireland), characterized by the presence 
of three mound provinces (Magellan, Hovland, 
and Belgica) (De Mol et al., 2002; Huvenne et al., 
2007). In each of these provinces, the mounds ap-
pear under specific conditions and morphology: 
high mounds up to 200 m (Hovland), buried small 
mounds with irregular shapes (Magellan), and 
outcropping and buried conical mounds (Belgica). 
The internal structures are formed by intercalations 
of biogenic sands and terrigenous muds (De Mol 
et al., 2002). The ages of these mounds can be 
highly variable, and some have been dated up to 
the end of the Pliocene, with interruption intervals 
during their development (Dorschel et al., 2005b; 
Kano et al., 2007; Thierens et al., 2010).

The development of carbonate mounds is at-
tributed either to the seepage of fluids (Hovland, 
1990; Mangelsdorf et al., 2011; Suess, 2014), hy-
drodynamic controls (Wheeler et al., 2006; White, 
2006; Correa et al., 2012), or a combination of 
both (De Mol et al., 2002), sometimes triggered 
or favored by landslides (De Mol et al., 2008). As 
such, they can provide essential information re-
garding surrounding environmental characteristics 
that might reflect geological mechanisms, hydro-
dynamic patterns, and the development of biologi-
cal communities.

The first reports of cold-water corals on the 
southeastern/southern Brazilian continental slope 
are attributed to Viana et al. (1998) in the Campos 
Basin and Sumida et al. (2004) in Santos Basin. 
Viana et al. (1998) reported carbonate mounds on 
the outer shelf (up to 120 meters water depth) in 
Campos Basin. Sumida et al. (2004) found cold-
water corals associated with pockmark features 
that are not active but show evidence of residual 
gas escape (dos Santos et al., 2018). Other stud-
ies deal with the occurrence of deep-sea corals in 
the Pelotas Basin (Carranza et al., 2012).

Information about giant mounds in the 
Southern Atlantic is more limited (Maly et al., 2019; 
Steinmann et al., 2020), with the Alpha Crucis 
Carbonate Ridge (ACCR) being the first giant 
carbonate mounded feature described for the SW 
Atlantic margin (Maly et al., 2019) (Figure 1). The 
ACCR is a ~17 x 12-km ring-shaped ridge formed 
by hundreds of mounded structures between the 
300 and 800-m isobaths and reaching a maximum 
height of 340 meters above the seafloor. The most 
abundant CWC building species in the ACCR are 
Desmophyllum pertusum, Solenosmilia variabilis, 
Enallopsammia rostrata, and Madrepora oculata 
(Viana et al., 1998; Sumida et al., 2004; Mangini et 
al., 2010; Raddatz et al., 2019). These corals play 
an important ecological role and participate in the 
ocean carbon cycle, composing vulnerable marine 
ecosystems that need conservation. They have 
been considered potential World Heritage sites 
(UNESCO) due to their importance for global and, 
more specifically deep-sea, biodiversity (Freiwald 
et al., 2004; Roberts et al., 2006; Henriet et al., 
2014). 

Although several other carbonate mounds 
have been described, including giant mounds 
in the North Atlantic (Neumann et al., 1977; 
Akhmetzhanov et al., 2003; Wheeler et al., 2006; 
Hovland, 2008; Henriet et al., 2014), the ACCR 
was the first carbonate mound of such scale re-
ported in the SW Atlantic (Maly et al., 2019). Thus, 
further study of this carbonate feature is neces-
sary. Despite some similarities, including the cold-
water coral species identified as major constitu-
ents, the development of such structures is unique 
as they respond to different climates, ocean cur-
rent systems, and sediment fluxes compared to 
terrigenous environments (Dorschel et al., 2005a; 
Rüggeberg et al., 2005; White, 2006; Dorschel et 
al., 2007; Eisele et al., 2008; White and Dorschel, 
2010). 

The sedimentary texture and composition of 
carbonate mounds and their adjacencies vary 
(Rüggeberg et al., 2005; van der Land et al., 2014; 
Terhzaz et al., 2018) depending on several factors 
such as the contribution of organic and inorganic 
carbonates (Gischler and Zingeler, 2016), terrige-
nous supply from adjacent continents and shelves 
(Dorschel et al., 2005a; Rüggeberg et al., 2007), 
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Figure 1. Location of the Alpha Crucis Carbonate Ridge (ACCR) in the context of the Santos Basin. 
Green arrows present the location of the samples used in this work. The main current systems are shown 
as colored arrows: Brazil Current (BC - red), Brazilian Coastal Current (BCC - brown), Intermediate 
Western Boundary Current (IWBC - blue), Santos Bifurcation (SB - blue bifurcation).

and diagenesis (van der Land et al., 2011). Their 
biogenic components consist mainly of cold-wa-
ter corals (CWC), Desmophyllum pertusum, and 
Madrepora oculata (Freiwald, 2002; Freiwald et 
al., 2004).

The elemental composition of sediments pro-
vides a wide range of information on their sourc-
es, past climates, ocean circulation, organic pro-
duction, redox conditions, and post-depositional 
changes in sediment sequences (Calvert and 
Pedersen, 2007). Determining metals and metal/
metal ratios in sedimentary columns is a powerful 
tool for building oceanographic and environmental 
reconstructions when coupled with a chronologi-
cal analysis (Moreno et al., 2004). Fe/Ca and Ti/
Ca discriminate terrigenous input (Govin et al., 
2012). Fe/K is considered a proxy for continen-
tal rainfall (Rothwell and Croudace, 2015), Metal/
Ca allows for verifying the carbonate origin , Sr/
Ca has been used as a proxy for aragonite, and 
Mg/Ca for calcite (Rothwell and Croudace, 2015). 
Content variation of elements such as zinc (Zn) 

and vanadium (V) in sediment cores can provide 
important insights into possible changes in the re-
dox state of the sedimentation environment over 
time (Nameroff et al., 2004).

This work presents the first multiproxy study 
about sediments covering the ACCR and adjacen-
cies. Grain size, metal concentrations and ratios, 
and Nd isotope analyses were evaluated to help 
understand the mechanisms involved in ACCR 
development. We focused on aspects concern-
ing the Intermediate Western Boundary Current 
(IWBC) and on the role of fluid seepage in modi-
fying seafloor sediment characteristics. The main 
goals of the present study are: (i) to identify the re-
dox conditions of the sediment covering the ACCR 
and adjacencies in order to verify the influence of 
the IWBC and, more precisely, of the oxygen-rich 
water mass carried by this ocean current; (ii) to 
identify terrigenous sedimentation sources based 
on grain-size, metals, radiocarbon dating, and Nd 
isotopes analyses; (iii) to recognize the carbonate 
sediment fractions through the use of metal ratios; 



Sedimentation in a carbonate ridge

Ocean and Coastal Research 2022, v70(suppl 2):e22034 4

Santos et al.

and (iv) to identify the influencing factors support-
ing carbonate mound development at the ACCR. 

STUDY AREA
The ACCR is located in the central part of 

the São Paulo Bight (Butler, 1970; Zembruscki, 
1979), 1979), Santos Basin, between coordinates 
24o53’S-24o59’S and 44o27’W-44o37’W, between 
the 300 m and 800 m isobaths (Maly et al., 2019) 
(Figure 1). The Santos Basin is a province rich 
in hydrocarbons (Portilho-Ramos et al., 2018). 
Recent studies have established a connection be-
tween salt diapirism and fluid seepage in the area 
(Schattner et al., 2016; de Mahiques et al., 2017b; 
dos Santos et al., 2018). It is known that gas seep-
age, particularly methane seepage, may promote 
the development of microbial communities, serv-
ing as substrates for forming deep-ocean coral 
reef structures (Hovland, 1990). The ACCR ridge’s 
shape and location above a giant salt diapir sug-
gest that its origin is related to gas seepage along 
the faults generated by the salt uplift (de Mahiques 
et al., 2017b; Maly et al., 2019). 

Geographically, the ACCR is located close to 
the upper limit of the Aptian salt (Late Aptian, 115 
- 112 Ma, approximately) in Santos Basin (Mohriak 
et al., 2008; Jackson et al., 2015). The present 
morphology of the upper slope of Santos Basin is 
strongly influenced by the salt tectonics that affect-
ed the basin since the Late Cretaceous (Guerra 
and Underhill, 2012) and is active until today (de 
Mahiques et al., 2017b; Schattner et al., 2018).

The evolution of Santos Basin comprises a 
complete sequence of extensional basin environ-
ments, from continental to deep-ocean (Nunes et 
al., 2004), with a maximum thickness of 12 km 
(Modica and Brush, 2004). Geographic changes 
in depocenters and sediment starving after the 
Late Cretaceous (100 - 66 Ma, approximately) are 
attributed to the uplift of the Serra do Mar coastal 
mountain chain (Assine et al., 2008; Cogné et al., 
2012). Considering that the uplift of Serra do Mar 
prevents terrigenous sediment influx from the con-
tinental areas directly to the Santos margin, the 
sediment input to the basin originates mainly from 
bottom currents (Maly et al., 2019; Schattner et al., 
2020). 

Information about modern sedimentation on 
the Santos Basin upper slope is still scarce (de 
Mahiques et al., 2004; de Mahiques et al., 2017a). 
The low sedimentation rates revealed by radio-
carbon dating reflect the strong dynamics led by 
the Brazil Current (BC) and Intermediate Western 
Boundary Current (IWBC) (Silveira et al., 2004; 
Fernandes et al., 2009; de Mahiques et al., 2011). 
The effectiveness of the IWBC over the upper 
slope is attested by the presence of seafloor fea-
tures such as elongated pockmarks (Schattner et 
al., 2016) and comet marks (Maly et al., 2019). 
The IWBC carries the oxygen-rich Antarctic 
Intermediate Water (AAIW), favoring the presence 
of cold-water-corals (CWC) between the 500 and 
1,200 isobaths (Sumida et al., 2004; Barbosa et 
al., 2020). Studies on the redox conditions of this 
area are scarce.

METHODS
This work used sediment samples from twelve 

box cores collected aboard R/V Alpha Crucis over 
two surveys conducted in January and November 
2019 (Figure 1, Table 1). Each core was sliced at 
intervals of one centimeter until the core bottom, 
and each slice was frozen onboard to preserve 
the sample for further analysis and freeze drying 
in the laboratory, before analysis. Three cores did 
not sufficiently penetrate the sedimentary column, 
and only the coretops were analyzed.

We selected approximately 10 milligrams 
of specimens of the planktonic foramin-
ifera Globigerinoides ruber pink + white and 
Globigerinoides sacculifer from four samples for 
radiocarbon dating. Globigerinoides ruber and 
Globigerinoides sacculifer are widely used as dat-
ing materials due to their abundance and ubiquity. 
The radiocarbon analyses were performed at the 
Beta Laboratories (Miami, USA). Conventional ag-
es were calibrated using software Calib, version 8.2 
(Stuiver et al., 2021), applying a regional reservoir 
effect (ΔR) of 28±52 years (Alves et al., 2015) and 
the Marine20 calibration (Heaton et al., 2020).

Grain-size and metal content analyses were 
conducted for the whole cores. εNd radiogenic 
isotope analyses were performed only for core-
top samples. We also used the εNd value of the 
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Table 1. Geographic coordinates, water depth, and recovery of the box cores used in this study.

Sample Latitude (o) Longitude (o) Water Depth (m) Recovery (cm) Relative Location
586 -25.050 -44.599 1009 41 Out
587 -25.001 -44.490 1070 38 Out
588 -24.937 -44.479 663 32 Top
589 -24.925 -44.438 780 35 Out
590 -24.957 -44.585 650 30 Out
591 -24.908 -44.576 547 Coretop Top
592 -24.907 -44.575 535 20 Top
593 -24.889 -44.497 563 Coretop Top
685 -24.932 -44.473 551 Coretop Top
686 -24.900 -44.474 560 24 Top
687 -24.892 -44.536 530 22 Top
688 -24.920 -44.590 530 18 Top
6573 -24.915 -44.625 501 28 Out

surface sample from a box-core (6573) collected 
in 2002 aboard R/V Prof W. Besnard, published 
initially in de Mahiques et al. (2004).

The grain-size distribution of the terrigenous 
fraction was determined in sediment samples af-
ter removing the calcium carbonate fraction with 
a solution of 10% HCl, eliminating organic mat-
ter with a solution of 30% hydrogen peroxide and 
adding a solution of 20% sodium hexametaphos-
phate. Each sample was analyzed with a Malvern 
Mastersizer 2000 Laser Analyzer. Results were 
recorded at intervals of 1⁄4ϕ for muds (finer than 
62.5 µm) and 1⁄2ϕ for sands. Grain size statistics 
were computed using the Gradistat macro for MS-
Excel (Blott and Pye, 2001). The grain size results 
were used to determine end-members (Weltje, 
1997), using the BasEMMA macro for MS-Excel 
(Zhang et al., 2020).

Metals (Al, Ca, Fe, K, Mg, Mn, Ti, Ba, Cr, Cu, 
Ni, Sc, Sr, V, and Zn) were analyzed in Varian 
710 Inductively Coupled Plasma Optical Emission 
Spectrometry (ICP-OES) after total digestion 
of bulk sediments, using the EPA3052 method 
(USEPA, 1996), optimized by the use of a DGT 100 
Plus digester (Provecto Analítica). Approximately 
0.25 g of dry sediment was weighed and inserted 
in a Teflon digestion tube with 10mL of concentrat-
ed HNO3. The mixture was subjected to microwave 
digestion for 20 minutes. Then, 2 to 5 mL of 40% 
HF was added, and the digestion procedure was 

repeated. Finally, 1 mL of 30% H2O2 was added, 
and the digestion procedure was repeated. The 
solution was then filtered through Whatman fil-
ters. The filtrate was transferred to a Teflon beaker 
and heated on a hot plate until evaporation. Then, 
20 mL of 5% HNO3 was added three times and 
evaporated, and the remnant residue was trans-
ferred to a 50 mL flask with distilled water, and 
the solution was analyzed by ICP-OES. Quality 
control was evaluated using certified reference 
material SS-2 (EnviroMAT Contaminated Soil from 
SCP science), subjected to the same analytical 
procedure. Results for all elements presented ac-
curacy (recoveries between 78.3%-102.8% with 
the confidence interval in the certified) and pre-
cision (relative standard deviation below 20% (n 
= 7)) (Porevsky et al., 2014; Lindholm-Lehto et 
al., 2020) (Supplementary Material 1; https://doi.
org/10.5281/zenodo.6967105). Metal/Metal ratios 
are presented in their natural logarithm (ln) form, 
following the recommendations of Aitchison and 
Egozcue (2005) and to facilitate the comparison 
with the results from Govin et al. (2012).

The Nd isotopic analyses of the non-carbonatic 
fraction were carried out at the Geochronological 
Research Centre of the University of São Paulo, 
Brazil. The Nd analyses, here reported as εNd 
values, were prepared by standard methods using 
the analytical procedures described by Sato et al. 
(1995) and Magdaleno et al. (2017), performed on 

https://doi.org/10.5281/zenodo.6967105
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a Thermo Neptune Plus ICP-MS. In a microwave 
oven, the samples were decarbonated with HCl 
and dissolved with HF, HNO3, and HCl acids. No 
visible solid residues should be observed after dis-
solution, and samples with incomplete dissolution 
were discarded. Nd was then separated using Ln 
resin (EIChroM Industries Inc.). 

The parameter εNd was calculated as follows:
εNd = (((143Nd/144Ndsample)/(143Nd/144NdCHUR))-1) 

* 104,
where 143Nd/144NdCHUR = 0.512638 (Jacobsen 

and Wasserburg, 1980).
Statistical analyses were performed using 

Past (Palaeontological Statistics), version 4.07 
(Hammer et al., 2001).

RESULTS
We present all results in Tables 2 (Radiocarbon 

dating) and in the Supplementary Material files 
(https://doi.org/10.5281/zenodo.6967105). 
Photos of selected box cores are available in 
Supplementary Material 2. The general aspect of 
the box-core materials was diverse. Samples col-
lected atop mounds are essentially sandy, with 
high amounts of living and dead corals (samples 
685 and 687 in Supplementary Material 2). On 
the other hand, samples collected in the adjacent 
areas were muddy, showing a centimeter-thick 
yellowish-brown centimetric oxidized layer on 
top of gray sediments (samples 686 and 688 in 
Supplementary Material 2).

The radiocarbon ages (Table 2) had a wide 
range, covering the Marine Isotope Stage 3 
(34,780 cal BP at 31 cm of sample 588, located at 

the top of the ridge) to the late Holocene (2,355 cal 
BP at 40 cm of sample 586 and 3,050 cal BP at 34 
cm of sample 589, both located within the vicinity 
of the ridge). Sample 587, also located near the 
mound, provided a calibrated age of 9,860 (early 
Holocene) at 37 cm.

The grain size results (Supplementary Material 
3 and 4) reveal that the sediments consisted of 
unimodal to trimodal, poorly sorted, fine to me-
dium silt, with a mean grain size varying from 7.0 
µm (7.1 ϕ) to 27.0 µm (5.2 ϕ). The percentage 
of sand varies from 0.6%-15.0%, and clays range 
from 2.8%-8.2%.

Considering the variation of R2 (Figure 2A), we 
used a model with three end-members as repre-
sentative of the grain-size populations since EM3 
was the first end-member to reach more than 
95% of explained variance (R2 > 0.95). The grain-
size modes of each EM are located at 62.5 µm 
(EM1; 4.00 ϕ), 52.6 µm (EM2; 4.25 ϕ), and 15.6 
µm (EM3; 6.00 ϕ) (Figure 2B). The vertical varia-
tion of the EMs along with the cores is shown in 
Figure 3. EM1 (sandy fraction) prevails in samples 
collected atop the mound (samples 686, 687, and 
688), while EM2 (coarse silt) and EM3 (medium to 
fine silt) are more evident in the samples collected 
outside the mound area.

The results of metal concentrations are shown 
in Supplementary Material 5. As a rule, Ca is the 
most abundant measured element, with concen-
trations ranging from 25,162 to 112,213 mg kg-1. 
All samples showed more Ca than Fe (11,247 to 
31,223 mg kg-1), and only 11 of 106 samples pre-
sented less Ca than Al (4,810 to 60,262 mg kg-1). 
High values of Ca were found in cores 588, 592, 

Table 2. Radiocarbon results of planktonic foraminifera tests of four box cores. Conventional ages were calibrated using a 
regional reservoir effect (ΔR) of 28±52 years (Alves et al., 2015) and the Marine20 calibration (Heaton et al., 2020).

Lab Code Sample 
ID

Sediment 
depth
(cm)

Conventional 
Radiocarbon 

Age
δ13C (‰) Median 

(Cal BP)

95%
interval
(Cal BP)

δ14C (‰)

Beta 
569032 588 31-32 31,210±160 1.6 34,780 34,410 - 35,190 -979.63±0.41

Beta 
569033 589 34-35 3,400±30 1.5 3,050 2,835 - 3,265 -350.61±2.45

Beta 
569034 587 37-38 9,290±40 1.3 9,860 9,600 - 10,125 -688.06±1.57

Beta 
569035 586 40-41 2,820±30 1.0 2,355 2,135 - 2,600 -301.99±2.63

https://doi.org/10.5281/zenodo.6967105
https://doi.org/10.5281/zenodo.6967105
https://doi.org/10.5281/zenodo.6967105
https://doi.org/10.5281/zenodo.6967105
https://doi.org/10.5281/zenodo.6967105
https://doi.org/10.5281/zenodo.6967105
https://doi.org/10.5281/zenodo.6967105
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Figure 2. A. Plot of EM versus R2 resulting from the end-member analysis. The analysis with three end-
members is the first to reach an explained variance higher than 95%. B. Relative frequency of grain size 
results in the identification of three-grain size end-members with modes at 62.5 µm (EM1; 4.00ϕ), 52.6 
µm (EM2; 4.25ϕ), and 15.6 µm (EM3; 6.00ϕ).

and 593, corresponding to the samples atop the 
mounds. Values of εNd (Supplementary Material 
6) varied between -13.7 and -10.6, indicating a 
slight variability in Nd isotopic characteristics.

DISCUSSION

Geochronology and general charac-
teristics of sedimentation

The number of radiocarbon datings hinders the 
determination of reliable sedimentation rates for 
the cores. Two cores (586 and 589) collected out-
side of the mound area presented late Holocene 
ages at the base, while the core collected atop the 
mound (588) provided a Marine Isotope Stage 3 
(MIS3) age at 31 cm of core depth. The fourth core 
presented an early Holocene age at 37-38 cm. 
These relatively old ages close to the coretops can 
be attributed either to the high current speeds of the 
IWBC (Biló et al., 2014) or the turbulent flow occur-
ring at the flanks of mounded structures (Schattner 
et al., 2018), both consistent with the coarsest grain-
size end-member recognized there. According to Biló 
et al. (2014), the IWBC flow can reach velocities of 30 
cm s-1, strong enough to prevent fine fraction deposi-
tion. Comet marks, identified by Maly et al. (2019), 
also indicate the prevalence of intensified flow in 
the area. These pieces of evidence are suggestive 
of bypass, or even erosion, on core tops. Kenyon et 
al. (2003) and Mienis et al. (2009) have recognized 
high current speeds atop carbonate mounds from 

the northeast Atlantic, where currents prevent the 
burial of coral mounds and ensure food supply 
to the local fauna. It is worth noting that some of 
the world’s mounds may have a long growth his-
tory that exceeds the whole Quaternary. Kano et 
al. (2007) identified a 2.6 Ma basal age for the 
Challenger Mound (Ireland margin). Pirlet et al. 
(2011) identified significant changes in the mound 
growing in the same area within a much shorter 
time, including a lack of coral growth.

The sedimentation in the ACCR area is mainly 
biogenic, with ln(Fe/Ca) and ln(Ti/Ca) below 0 
in all samples (Figure 4). There is a higher ter-
rigenous contribution gradient towards the ridge 
margins and beyond, especially in samples 586 
and 587.

Terrigenous sediments are also important con-
stituents for the mounds (Pirlet et al., 2011) and 
may represent over 50% of a mound’s framework 
(Titschack et al., 2009). The input of allochtho-
nous sediment is necessary for mound buildup 
(van der Land et al., 2014), as observed in the 
values of Fe and Ti.

Relationship between End-Members 
(EM) and metals

To establish a relationship between grain-
size end-members and metals, we performed a 
Principal Component Analysis (PCA) based on 
the correlation matrix of these parameters. The 
scatter plot of the two first principal components 

https://doi.org/10.5281/zenodo.6967105
https://doi.org/10.5281/zenodo.6967105
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Figure 3. Vertical variations of the end-member relative frequencies along with selected cores from the 
study area.
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Figure 4. Scatter plot of the natural logarithms of Fe/Ca and Ti/Ca, indicating the linear association 
between the two ratios and their incidence in a negative range of values. Mound samples are marked as 
crosses, and out-of-mound samples are marked as dots.

represents 57.75% of the total variance (PC1 = 
39.68%, PC2 = 18.07%) (Figure 5). It shows a 
conspicuous association between EM1 (sandy 
fraction) with elements present in the biogenic 
fraction, such as Ca, Sr, Ba, and Mg. It is plausible 
to admit that the mounds’ erosion is a potential 
source of the sediments presenting that grain-size 
population. Dorschel et al. (2005b) and Frank et 
al. (2009) reported phases of erosion of carbon-
ate mounds of the NE Atlantic. In the case of the 
ACCR, the winnowing action of the high-velocity 
flow of the IWBC (Legeais et al., 2013; Biló et 
al., 2014) is noticeable, as observed by the oc-
currence of “comet marks” associated with small 
mounds (Maly et al., 2019). 

EM3 (finer fraction) presents affinity with cop-
per, an indicator of organic matter input (Tribovillard 
et al., 2006; Tribovillard, 2021), and manganese, 
usually associated with the terrigenous fraction 
(Wagreich and Koukal, 2020). It is worth not-
ing that the terrigenous fraction is an essential 

constituent in carbonate mounds (Richter et al., 
2006; Pirlet et al., 2011; Terhzaz et al., 2018) and 
may represent over 50% of the mounds’ frame-
work (Titschack et al., 2009). The association of 
the finer grain-size fraction with the terrigenous in-
put might be explained by the long distance of the 
potential sources of coarse grains (Mantovanelli et 
al., 2018; de Mahiques et al., 2021).

Finally, EM2 did not show any association with 
metals. Nevertheless, since Si was not measured, 
we cannot discard that this end-member is more 
associated with the quartzose fraction.

Source of the terrigenous fraction 
and redox conditions

We used the values of Fe/K and εNd to evalu-
ate potential sources of the terrigenous fraction. 
Our samples were compared with end-member 
values assumed for the Río de la Plata, southward 
of the study area, and Cabo Frio, representing the 
northern boundary of Santos Basin. These data 
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Figure 5. Scatter plot of the two first components from the PCA, representing 57.75% of explained 
variance, using the results of end-members and metals.

are available in Depetris et al. (2003), Govin et 
al. (2012), Razik et al. (2015), Mantovanelli et al. 
(2018), and de Mahiques et al. (2021). 

The scatter plot of εNd versus Ln(Fe/K) (Figure 
6) shows that, concerning εNd, the samples of the 
ACCR lie between the values of the Cabo Frio and 
Río de la Plata end-members and present values 
of Ln(Fe/K) of the same order of magnitude as 
the potential sources. In this sense, we admit that 
the terrigenous fraction of the ACCR ridge pres-
ents two primary sources, the Pre-Cambrian rocks 
of the Brazilian shield (Cabo Frio end-member) 
and the multiple lithologies drained by the Rio de 
la Plata basin, including Andean volcanic rocks, 
Mesozoic basalts, and sedimentary rocks of the 
Paraná Basin (Mantovanelli et al., 2018). A pos-
sible mechanism for the input of sediments from 
the Río de La Plata to the southern Brazilian slope 
is provided by Razik et al. (2015) and involves the 
displacement of Plata Plume Water (Piola et al., 
2005) by the Brazilian Coastal Current (Souza and 
Robinson, 2004) and the capture of the sediments 
by the Brazil Current (Schattner et al., 2020).

Redox conditions can be evaluated using 
Metal/Al ratios of selected elements, such as V, 
Zn, Cu, and U (Morford et al., 2001; Martinez-
Ruiz et al., 2015). These elements are commonly 
used as geochemical proxies that allow inferring 
redox conditions of marine sediments. For the 
ACCR, we used the scatter plot of Ln(V/Al) ver-
sus Ln(Zn/Al) to analyze the trend of oxic to sub-
oxic conditions in the study area (Figure 7). As a 
rule, most of the samples show values of Ln(Zn/

Al) and Ln(V/Al) smaller than -6.0, indicating that 
the area is submitted to oxic conditions (Martinez-
Ruiz et al., 2015), probably reflecting the action 
of the IWBC. The presence of sandy sediments 
atop the mounds and the yellowish-brown core-
top layers in the muddy sediments also confirms 
the role played by the energetic intermediate flow 
in the water depth interval of the study area (Biló 
et al., 2014). Less oxic conditions are observed 
in a few samples outside of the ACCR. The con-
centration of the coral mounds in the zone under 
the action of the IWBC confirms the importance 
of hydrodynamics in controlling the development 
of the mounds, since the IWBC is the leading car-
rier of the nutrient-rich AAIW in the SW Atlantic 
margin (Suzuki et al., 2015; Perassoli et al., 2020). 
This finding follows other studies that report a cor-
relation between deep-sea corals with the action 
of the AAIW (Thiagarajan et al., 2013; Bostock et 
al., 2015).

Characteristics of the carbonate 
fraction

Figure 8 presents the scatter plot of Sr/Ca ver-
sus Mg/Ca in the sediments. Most samples show 
high Mg-Calcite, with a clear range towards higher 
Sr/Ca. This trend is typical of aragonitic carbonate 
phases, compatible with the composition of deep-
sea corals, especially Desmophyllum pertusum 
(Mikkelsen et al., 1982; Cohen et al., 2006). High-
Mg calcite in authigenic concretions is frequently 
associated with methane seepages (Wehrmann 
et al., 2011; Suess, 2014; Çağatay et al., 2018), 
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Figure 6. Scatter plot of εNd versus Ln(Fe/K). Red and grey dots correspond to the end-member values 
of Cabo Frio and Río de la Plata, respectively. Blue dots correspond to the samples collected in the 
adjacencies of the ACCR.

but this cannot be confirmed in our case since the 
analyses were performed on bulk sediment sam-
ples. Nevertheless, dos Santos (2018) reports the 
prevalence of high-Mg calcite in a pockmark area 
on the slope of Santos Basin, confirming the local 
relationship between the carbonate with gas es-
cape areas. Also, the association of the carbonate 
mounds of the ACCR with seepage activity was 
already observed by Maly et al. (2019). It is worth 
noting that the less aragonitic samples correspond 
to those located farther from the ridge (i.e., 586, 
587, and 589).

CONCLUSION
This work provides the first integrated grain-

size and geochemical characterization of the 
Alpha Crucis Carbonate Ridge (southwestern 
Atlantic margin). The ages obtained for the 

base of four cores suggest the prevalence of 
low sedimentation rates or winnowing caused 
by the high speed of the Intermediate Western 
Boundary Current. This current can also be re-
sponsible for maintaining the oxic conditions of 
the seafloor.

The integration of data allowed for the asso-
ciation between grain size and metal contents. 
The coarsest sandy fraction is associated with 
biogenic elements, such as Ca, Ba, Sr, and 
Mg, and is interpreted as the response to the 
erosion of the carbonate mounds. The finest 
end-member was associated with Cu and Mn, 
related to organic matter and terrigenous sedi-
ment input. The intermediate end-member was 
associated with the quartzose silty fraction.

The source of the terrigenous fraction cor-
responds to the mixture of two distinct sources, 
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Figure 7. Scatter plot of Ln(V/Al) versus Ln(Zn/Al), indicating the linear association between the two 
ratios and their low values. Mound samples are marked as crosses, and out-of-mound samples are 
marked as dots.

Figure 8. Scatter plot of Mg/Ca versus Sr/Ca. The end-members of the biogenic calcite, high-Mg calcite, 
aragonite, and detrital fraction are based on Bayon et al. (2007).
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the southerly sediments from the Río de la Plata 
basin and the materials from the Pre-Cambrian 
shield to the North. Finally, the carbonate frac-
tion is composed of aragonite as a function of 
the prevalence of corals in the area. The Alpha 
Crucis Carbonate Ridge is a privileged example 
of the interaction between intense hydrodynam-
ics and carbonate mounds in the southwestern 
Atlantic margin.
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