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A B S T R A C T   

We present enigmatic toroidal carbonate concretions retrieved from 700 m water depth from two sites in the 
upper plateau of the Rio Grande Rise. The concretions have a diameter of ~15 cm and a central hole of ~5 cm, 
and were observed on top of loose bioclastic sand over an area of ~30 m2 at 0.5–1.5 m from one another. They 
consist of brown, porous, bioclastic grainstone, lacking internal structures. Grains consist of sand (< 3% coarse, 
30% medium, 35% fine, 25% very fine), composed mainly by planktonic foraminiferal tests, and < 10% lime 
mud. The observed foraminiferal species indicate initial deposition of the sand in an open ocean setting. 
Biostratigraphy suggests an age no older than Pleistocene. Petrographic thin sections and SEM reveal that the 
fossiliferous grainstone contains intraclastic micritic cement and isopachous rim cement made of bladed 
magnesian calcite. δ18O values range from +1.5 to +3.3‰ (V-PDB) and increase with the degree of cementation, 
while δ13C ranges from +0.5 to +2.3‰ irrespective of cementation. The cementation of the grainstones is likely 
to have taken place in the marine phreatic environment. Carbonate precipitation induced by methane oxidation 
or (subaerial) meteoric diagenesis are ruled out based on both cement fabric and isotopic composition. Plausible 
causes for the toroidal shape of these structures could be: 1) sediment excavation by organisms, or 2) cemen
tation within biofilms around burrows, followed by selective seafloor erosion. However, unveiling the actual 
formation mechanisms warrants further investigation.   

1. Introduction 

In January–February 2018 a scientific cruise took place on board the 
Brazilian R/V Alpha Crucis to conduct multidisciplinary oceanographic 
studies in the western Rio Grande Rise, with focus on marine mineral 
deposits (Jovane et al., 2019). During scientific dredging, peculiar 
toroidal concretions, not previously reported in the literature, were 
recovered (Fig. 1a–d). The concretions consist of brown, cemented 
bioclastic carbonate sands, 12–15 cm in diameter with a central hole of 
4–6 cm. Sectioned samples show neither stratification nor preferential 
grain orientation. In some case, millimetric to centimetric cavities are 

visible (Fig. 1d and supplementary material Fig. S1). 
In October–November 2018 the RRS Discovery sailed to the same area 

(Fig. 2a–c), equipped with the Remotely Operated Vehicle (ROV) HyBIS. 
During a ROV dive at 700 m water depth (mwd), the HyBIS submarine 
camera revealed the presence of these toroidal concretions (at 0.5–1.5 m 
from one another), on top of loose bioclastic sand (enriched in planktic 
foraminifera and pteropods) on a ~ 30 m2-wide gentle slope bordering 
tabular ferromanganese crusts (Fig. 2d and S2a). No macroorganisms 
were observed nearby the concretions or encrusting them (Fig. S2b). 
Similar rounded concretions, lacking the central hole, were also 
observed (Fig. S2a). One of these (Fig. 1e–f) was collected using the ROV 
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grab arm. The aim of this study is to present a first description of these 
intriguing concretions, based on thin sections, Scanning Electron Mi
croscope (SEM) micrographs, and micropaleontological and stable 
isotope data. A preliminary discussion of their possible formation 
mechanisms is presented. 

2. Regional setting 

The Rio Grande Rise (RGR) (32◦S, 35◦W) is a ~ 150,000 m2 wide 
oceanic rise located ~1200 km to the east of Brazil and 2000 km to the 
west of the Mid-Atlantic Ridge (Jovane et al., 2019; Montserrat et al., 
2019) (Fig. 2a). It rises from the surrounding abyssal plain (3800 m) to 
form a plateau of ~700 m, cut in NW–SE direction by a 1300 m deep, 24 
km wide channel with steep, 600 to 1000 m high walls (Fig. 2b–c). This 
channel is part of the Cruzeiro do Sul crustal lineament (Galvão and de 
Castro, 2017) extending from the oceanic crust towards the continent 
(Mohriak et al., 2010). Camboa and Rabinowitz (1984) divided the RGR 
into a western and an eastern portion, with different geological histories. 
Early studies proposed that the RGR formed 85 million years ago (Ma) 
from a spreading axis close to the Tristan da Cunha hotspot, from which 
it was isolated at 70 Ma, leading to separation from its conjugate margin 
of the Walvis Ridge (O’Connor and Duncan, 1990; Rohde et al., 2013). 
Subaerial volcanism created the western RGR at 80–85 Ma, followed by 
subsidence, uplift and more recent subaerial volcanism during the 

Eocene (40–55 Ma) (Camboa and Rabinowitz, 1984). Subsequently, 
seafloor spreading and crustal subsidence shifted the RGR to its present 
position. 

3. Materials and methods 

The toroidal concretions were found in two sites, at similar water 
depths and located ~35 km apart on opposite sides of the RGR subma
rine channel (Fig. 2c). The samples collected during the Alpha Crucis 
cruise (Fig. 1a–d) were dredged from the western RGR plateau near the 
western flank of the Cruzeiro do Sul channel. Dredging locations were 
30.854◦S, 36.009◦W, 687 mwd and 30.868◦S, 36.000◦W, 701 mwd (full 
details in Jovane et al., 2019). The sample collected during the Discovery 
cruise (Fig. 1e–f) was retrieved with the HyBIS grab arm from the 
eastern rim of the channel, at 30.694◦S, 35.745◦W, 709 mwd. Unlike 
dredging, collection by ROV ensured retrieval of a complete sample, 
accurate positioning and video recording of the original sample orien
tation. This sample was studied by means of thin sections, grain size 
analysis, optical microscopy, micropaleontology, SEM, and stable 
isotope analyses. 

A 1.5-cm thick slab (Fig. 1f) was obtained using a water-cooled 
diamond wire saw. The cuttings were collected, gently disaggregated 
with a ceramic pestle and mortar, dried at 40 ◦C and sieved according to 
the 1 phi (ɸ) classes of the Wentworth (1922) - Krumbein (1938) scale 

Fig. 1. (a–d) Whole samples and respective cross-sections (b and d) of the toroidal carbonate concretions dredged from the western flank of the Cruzeiro do Sul 
channel. (e–f) Whole sample and cross-section of the carbonate concretion recovered by the ROV HyBIS on the eastern flank of the Cruzeiro do Sul channel. Scale bars 
in (a–d) = 12 cm. 
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between 1.0 mm and 0.062 mm. Each size fraction was weighed and 
observed under a binocular microscope. 

For δ18O and δ13C analyses, the sieved samples were subdivided into 
three categories, according to their apparent degree of cementation 
under the binocular (Fig. S3). 

Category I: Poor cementation. Isolated foraminiferal tests with 
“sugary” surficial texture indicative of calcite overgrowths; 

Category II: Moderate cementation. Bioclast aggregates with tests 
visible under binocular microscope; 

Category III: High cementation. Grey cement aggregates with bio
clasts no longer visible. 

The rationale was to investigate if highly cemented samples pre
sented an isotopic shift relative to medium and poorly cemented sam
ples, in order reconstruct the diagenetic environment based on the 
cement isotopic signature (the standard method for stable isotope 
analysis is outlined in the supplementary material). Part of the 1.5-cm 
thick slab was ground smooth following standard procedure to pro
duce 30 and 100 μm thin sections for petrographic and SEM observa
tions, respectively. 

4. Results 

Visual observation of the broken-off hand specimens (Fig. 1) does not 
reveal the occurrence of fractures or sedimentary structures. Numerous 
millimetric to centrimetric burrows are visible on the surface, devoid of 
organisms (Fig. S2b). Grain size fraction percentages are as follows: 
coarse sand 2.4%, medium sand 30.3%, fine sand 35.0%, very fine sand 

24.4%, silt and clay 7.9%. Inspection under binocular microscope 
revealed the absence of terrigenous sediment. The sample consists 
entirely of bioclasts with strong dominance of the planktonic forami
niferal species Globorotalia inflata, Globorotalia truncatulinoides, Globor
otalia menardii, and Orbulina universa, followed by Globigerinoides 
conglobatus, Globorotalia hirsuta, Globigerinoides sacculifer, Sphaer
oidinella dehiscens, and Globigerina bulloides. Benthic foraminifera (e.g., 
Uvigerina spp. and Cibicidoides wuellerstorfi) are less abundant, followed 
by echinoderm and bryozoan fragments, and pteropods. The forami
niferal tests and the other bioclasts are relatively well preserved. 

Observation of petrographic thin sections reveals the absence of both 
intergranular carbonate mud and components larger than 2 mm 
(Fig. 3a–b). The texture can therefore be classified as fossiliferous 
grainstone (Dunham, 1962; Embry and Klovan, 1971; Lokier and Al 
Junaibi, 2016). Cement occurs either within foraminifera chambers or 
as thin (<5 μm) fringes around bioclasts (Fig. 3a–c and Fig. S4) whereas 
the remaining interparticle space is unfilled (black space in Fig. 3b and 
violet areas in Fig. S5). SEM micrographs show cement overgrowth 
masking test ultrastructures and suturing contacts between bioclasts 
(Fig. 3d and Fig. S6). The fabric of intra-chamber cement consists of ~2 
μm thick, Mg-calcite isopachous bladed spar, with triangular upper 
terminations (Fig. 3e and Fig. S6–7). Magnesium concentration is 
highest around external chamber walls (Fig. S5d). These features are 
similar to Mg-calcite syntaxial cements that are well known diagenetic 
features in carbonate sediments and limestones (e.g., Bathurst, 1971; 
Tucker and Wright, 1990). 

Energy Dispersive X-Rays Spectroscopy (EDS) elemental mapping of 

Fig. 2. (a) Location of the RGR in the southwestern Atlantic Ocean. (b) Bathymetric map of the western RGR (area corresponding to the square in (a). The NW-SE 
oriented central depression is the Cruzeiro do Sul channel. (c) Bathymetric map of the area covered by the RRS Discovery cruise in October 2018. Rectangle indicates 
where the toroidal concretions were dredged during the R/V Alpha Crucis cruise in January 2018 (see Fig. 1 (a–d)). The dot indicates the location of the concretion 
retrieved by ROV in October 2018 (see Fig. 1 (e–f)). (d) ROV photo of toroidal concretions (arrows) outcropping from loose sediment located on a gentle slope 
bordering tabular ferromanganese crusts (left). Rounded concretions, lacking a characteristic toroidal shape, are also visible (right). 
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fresh broken-off surfaces show strong signals of Ca and Mg and low 
signals for Al, K, Mn, and Fe, with no preferential element distribution in 
the samples (Fig. S8–10). 

The results of stable isotope analyses are as follows (N = number of 
analyses): 

Category I: Globigerinoides spp. (N = 3) δ18O = +1.7 to +2.3‰; δ13C 
= +1.8 to +2.3‰; 

G. hirsuta (N = 3) δ18O = +1.5 to +2.2‰; δ13C = +1.8 to +2.1‰; 
Category II (N = 6): δ18O = +2.1 to +3.3‰; δ13C = +0.5 to +2.0‰; 
Category III (N = 6): δ18O = +2.9 to +3.3‰; δ13C = +2.0 to +2.2‰. 
δ18O and δ13C ranges are similar in isolated tests of Globigerinoides 

spp. and G. hirsuta. On average, δ18O values increase by ~1.0 to 1.5‰ 
from poorly- to highly cemented samples. δ13C values are similar in 
Categories I and III, while Category II shows an internal variability of 
1.5‰ (Fig. S11). 

5. Discussion and conclusion 

The measured grain size distribution results from the fact that the 
sample is mainly composed by planktonic foraminiferal tests, the sizes of 
which fall in the medium to very fine sand granulometric fractions. The 
mud-sized fraction consists essentially of test fragments plus cement 
disaggregated during sample preparation and sieving, whereas the 
coarse sand consists mainly of highly-cemented aggregates (cementation 
Category III). 

The observed planktonic foraminiferal species are typical of the 
mixed-layer, thermocline, and/or subthermocline oceanic habitats 
(Steph et al., 2009; Birch et al., 2013; Sousa et al., 2014), indicating 
deposition in a subtropical, oceanic setting (Bé, 1977; Vincent and 
Berger, 1981; Lam and Leckie, 2020). In terms of biostratigraphy, the 
presence of G. truncatulinoides suggests an age no older than Pleistocene 
(Wade et al., 2011). 

The observed cement fabric is reported in the literature as a typical 
product of marine phreatic diagenesis (Bathurst, 1971; Marshall and 
Ashton, 1980; Tucker and Wright, 1990; Noé et al., 2006; Christ et al., 
2015). In particular, the fabric of the isopachous bladed spar lining the 
interior chamber walls of foraminifera, made up by euhedral crystals 
with c-axes growing orthogonally to the walls (Fig. 3e), is similar to that 
of syndepositional and early diagenetic cements reported both by Noé 
et al. (2006) from 663 to 790 mwd at the western Rockall Bank and 
Porcupine Bank (northeastern Atlantic Ocean), and by Tucker et al. 
(2020) from 806 mwd, from the SW of the island of Montserrat 
(Caribbean). 

Early diagenetic cementation is suggested by the presence of inter
particle porosity and isopachous rim cement at the contact points be
tween tests (Fig. 3a–c and Fig. S4). The rim cements are associated with 
dark, fine-grained rims to the grains similar to micrite envelopes 
(Fig. 3c). Such envelopes form by alteration of carbonate grains by 
endolithic microorganisms (Bathurst, 1971). The isopachous calcite 
cement and the micrite envelopes consistently suggest a marine phreatic 

Fig. 3. (a–c) Thin sections of the concretion retrieved by ROV (see Fig. 1 (e–f)). (a) Panoramic thin section showing the fossiliferous grainstone dominated by 
planktonic foraminiferal tests. Fragments of echinoderms are also present. (Plane polarized light). (b) Crossed-nicols view of (a) showing rim cement suturing the 
contacts between bioclasts. Black (totally extinct) areas are unfilled intergranular spaces. (c) Carbonate micrite cement (brown) filling foraminiferal chambers. 
Arrows indicate a thin isopachous rim of carbonate around the foraminiferal test, which can be interpreted either as rim cement or as a microbially-induced micrite 
envelope (Plane polarized light). (d) SEM micrograph of a fresh broken-off surface showing cement overgrowth suturing the contacts between bioclasts. (e) Iso
pachous bladed spar cement lining the interior of a chamber wall. This cement consists of euhedral crystals of magnesian calcite (see supplementary material Fig. S7) 
with c-axes growing orthogonally to the chamber wall. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 
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early diagenetic environment. In alternative, the rim cements could be 
interpreted as carbonate sutures formed by dissolution/reprecipitation. 

The measured δ18O and δ13C values, further suggest a marine phre
atic early diagenetic environment. The range of δ18O and δ13C values of 
our samples are in the range of those presented by Tucker et al. (2020) 
for carbonate crusts from 180 to 820 mwd, around the island of 
Montserrat (δ18O = +1.06 to +2.78‰; δ13C = +1.95 to +3.71‰), the 
Kick’em Jenny submarine volcano (Caribbean) (δ18O = +2.11‰; δ13C 
= +2.61‰), and the Kolumbo submarine volcano (Mediterranean Sea) 
(δ18O =+2.80 to +3.04‰; δ13C =+1.89 to +3.17‰). A similar isotopic 
range was also reported for mid-Pleistocene hardgrounds from the 
Rockall and Porcupine Banks (δ18O = +2.5 to +3.6‰; δ13C = +0.5 to 
+1.2‰) (Noé et al., 2006). 

The observed 1.0 to 1.5‰ δ18O increase from poorly- to highly 
cemented samples (Fig. S11) suggests cement formation at lower tem
perature relative to primary foraminiferal calcite (~4 to 6 ◦C decrease 
assuming isotopic equilibrium with seawater). The positive correlation 
between δ18O and degree of cementation is a typical feature observed in 
lithified limestones of different locations and ages (Allouc, 1990; Aghib 
et al., 1991; James and Bone, 1992; Christ et al., 2015) and reinforces 
the interpretation that the lithology that forms these concretions was 
deposited and cemented in a marine phreatic environment. 

The possible explanations for the toroidal shape of these concretions 
remain speculative. Contrast comparison with similar features does not 
offer a satisfactory analogue. Initially, the characteristic shape of these 
structures suggested that the central cavities could have been originally 
occupied by root systems and/or stumps, in analogy to the fossil forest of 
the Jurassic Purbeck Formation (Dorset, England) (Francis, 1984). This 
initial hypothesis was discarded both because the micropaleontological 
observations indicate an open-ocean sedimentary environment and 
because the marine oxygen isotope signature does not indicate subaerial 
exposure or meteoric diagenesis. An alternative initial hypothesis was 
that the concretions had a stromatolitic origin. Although their round 
shape and arrangement on the seafloor may recall those of a columnar 
stromatolite field, the interior of the toroidal concretions lack a char
acteristic clotted or laminated internal texture and shows no SEM evi
dence of microbial features. 

The presence of the characteristic ~5 cm central hole and of smaller 
internal cavities (Fig. 1d and Fig. S1) might attest to fluid or gas 
migration through the concretions. However, the δ18O values indicate 
cementation at a relatively low temperature, excluding the potential role 
of geothermal fluids, whereas the positive δ13C values exclude cement 
precipitation linked to methane seepage and oxidation, with would 
result in negative δ13C values (Dickens et al., 1995; Kennett et al., 2000; 
Peckmann et al., 2002; Hill et al., 2004; Millo et al., 2005; Gabitov et al., 
2019; Buckman et al., 2020). 

Another hypothesis could be excavations by crustaceans, which can 
stabilize their burrows with mucus and leave a variety of trace fossils 
(Swen et al., 2001; Taviani et al., 2015 and references therein; Sparacio 
et al., 2020). This hypothesis is highly speculative, both because the 
concretions showed no fossil evidence of crustaceans and because no 
macroorganisms were observed nearby the concretions (ROV images in 
Fig. 2d and Fig. S2). 

Regardless the burrowing mechanism, the walls to the central cavity 
could have induced cementation of the surrounding bioclastic sand, 
preventing subsequent erosion. Differential cementation around bur
rows is reported from the geological record, and in particular in deep- 
water carbonate sediments (e.g., Eren and Tasli, 2002; James and 
Jones, 2016; Yeomans, 2019). Cementation could have occurred due to 
the presence of oxygenated water in the burrows, causing the oxidation 
of organic matter associated with bioclasts and leading to a pH decrease, 
partial dissolution of tests and reprecipitation of early diagenetic rim 
cements around the burrows (Molenaar and Zijlstra, 1997). In alterna
tive, weakly-hardened sediment around burrows could be stabilized by 
biofilms. This remains a viable hypothesis for future investigation, 
because the detection of biofilms on the surface of our samples was 

beyond the original scope of the study. 
The formation mechanism of these structures remains enigmatic, but 

their occurrence in two locations on opposite sides of the RGR subma
rine channel suggests that they might have a wider significance in terms 
of hardground formation in the study area. The spatial and age distri
bution of hardgrounds in the RGR has not been thoroughly studied yet, 
and will be investigated in a future project. 
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