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ABsTRACT: The structure and composition of rhodoliths in two regions of the Brazilian shelf, Abrolhos
Continental Shelf (ACS) and South Esp’irito Santo State (SES) were examined and compared.
Rhodoliths were sampled at depth ranges of 10-20 m and 50-60 m in SES, and 20-30 m and 50-75 m
in ACS. Rhodoliths in SES are algal boundstones, built mainly of melobesioid corallines, with
subordinate bryozoans and encrusting foraminifers. They show high porosity and the sediment infill of
borings and voids contains a relatively high amount of siliciclastics (up to 8%). Rhodoliths from ACS
are formed by a structureless carbonate mass covered by a thin veneer of encrusting coralline algae. The
massive interior was produced by multiphase boring and infilling of an original boundstone. The
infillings consist of a micritic matrix with bioclasts and low amounts of siliciclastic grains. Coralline
assemblages are reduced to fragments of thin crusts. Rhodoliths from shallow depths are small (, 8 cm)
whereas rhodoliths from the deeper zone have a wide size range (1 to 17 cm). The innermost parts of
deeper rhodoliths in ACS yield radiocarbon ages of ~ 7,000 years BP (75 m) and ~ 2,000 years BP (65
m). Rhodoliths from the deep zone in SES are younger (less than 700 years BP). Siliciclastic sediment
influx reaching rhodolith beds promotes burial of rhodoliths, determining the small size of shallow SES
rhodoliths and the relatively young ages of the deeper ones. Scarce siliciclastic influx at the ACS
rhodolith beds favors long residence times of rhodoliths on the seafloor, resulting in a thorough
destruction of the original coralline/invertebrate boundstone by bioerosion.

INTRODUCTION

Rhodoliths are free-living calcareous nodules, formed primarily by coralline red algae ( 50%), with other organisms, such as bryozoans and
serpulids, as secondary components (Foster 2001). Rhodoliths can occur in large concentrations on the sea floor, known as rhodolith beds,
which occur worldwide in a wide depth range on marine shelves (Foster 2001; Kamenos et al. 2017).

The Brazilian continental shelf encompasses the largest nearly continuous rhodolith beds in the world (Amado-Filho et al. 2012a). These
beds, however, are not uniform since they differ in the rhodolith-forming species of crustose coralline algae, associated macroalgal
assemblages, and density of nodules, which vary in size from less than one to tens of centimeters (Testa and Bosence 1999; Amado-Filho et
al. 2010, 2012a, 2012b, 2016; Pereira-Filho et al. 2012; Pascelli et al. 2013; Brasileiro et al. 2015). In total, 33 rhodolith-forming species of
coralline algae have been reported in the Brazilian shelf (Amado-Filho et al. 2017).

Despite the increasing knowledge about Brazilian rhodoliths in the last decade, little is known about their inner arrangement and composition (Leal et
al. 2012; Tamega et al. 2014; Vale et al. 2018). The taxonomic composition, morphology, inner structure, and interactions of coralline algae with
other encrusting groups (such as bryozoans, corals, and serpulids) are relevant for understanding the factors that control long-term development of
rhodoliths (Adey and MaclIntyre 1973; Aguirre et al. 2012) and to reconstruct the paleoenvironments in which they grew (Bosence 1983a; Braga and
Aguirre 2001; Bassi et al. 2009; Braga et al. 2010; Brandano et al. 2010; Aguirre et al. 2012, 2017). Significant features of the inner
arrangement of rhodoliths include the nature of the nucleus, constructional spaces and their sediment infilling, and succession of growth-
forms of the rhodolith-forming organisms from the inner to the outer layers. The presence and density of bioerosion also determines the inner
structure of rhodoliths (Bassi et al. 2012, 2013; Aguirre et al. 2017). The biological activity of bioeroders can deeply influence the
development and preservation of rhodolith structure, and consequently the potential of rhodoliths for paleoenvironmental reconstruction
(Nebelsick and Bassi 2000; Aguirre et al. 2017).

Here, we analyze with an actuopaleontological approach the morphol-ogy, taxonomic composition and inner structure of rhodoliths from the sea floor
in two regions of the Brazilian coast, Abrolhos Continental Shelf (ACS) and South Espirito Santo State (SES). Within each region rhodoliths were
collected at two different depth ranges. These two areas represent distinct domains of the Brazilian coast, especially distinguished by the width of the
shelf (~ 50 km at SES and ~ 200 km at ACS), and therefore the proximity to the shoreline. These characteristics are closely related to sediment type
and distribution, availability of nutrients, and water turbidity, which can influence the development, structure, and composition of rhodoliths. The
aims of this study are: (1) to understand the factors controlling the long-term development of the coralline nodules in areas in which they are major
ecosystem engineers (sensu Jones et al. 1997); and

to provide patterns of rhodolith morphology, taxonomic composition, and internal structure throughout environmental gradients, which could be
applied to reconstruct paleoenvironments of formation of fossil rhodolith beds, common in Cenozoic and Quaternary shallow-water marine
deposits. The contrasting internal arrangement of rhodoliths from two regions (SES and ACS) with similar productivity and water surface
temperatures suggests that burial rate is a major factor controlling the long term structure of coralline algal nodules. Delayed burial in ACS
rhodoliths due to low sediment influx favors long-lasting bioerosion, which obliterates the original coralline algal/invertebrate framework.

ENVIRONMENTAL SETTING OF STUDY AREAS



SES and ACS (Fig. 1) are located along the eastern Brazilian continental shelf. The Espirito Santo shelf is narrow, ranging from 30 to 60 km
in width, whereas the Abrolhos shelf reaches up to 200 km in width. Sediment distribution shows distinct domains that vary along and
across-shelf. Rhodolith beds predominate over the entire outer shelf, coral reefs occur along the northern Abrolhos inner shelf, and
terrigenous mud deposits are associated to the Doce River on the adjacent shelf. The narrow SES shelf is characterized by mixed siliciclastic-
carbonate sedimentation in the inner shelf and rhodolith beds along mid- and outer-shelf (Bastos et al. 2015) (Fig. 1).

The Doce River is the main sediment source for the area, with an annual average discharge of 700 m>/s and sediment load of 60310° tons (Oliveira
and Quaresma 2017). In ACS, sea surface temperature ranges from 22 to 298C and chlorophyll a annual values range from 0.17 to 1.6 lg/l (Bruce et
al. 2012; Ghisolfi et al. 2015). SES is influenced by coastal upwelling during the summer months. Sea surface temperatures range from 24 to 288C,
but during deep-water intrusion, bottom temperature can descend to 16.58C on the shelf (Paloczy et al. 2016). Chlorophyll a measured during
two years in an area situated 40 km north of studied sites at SES ranges from 0.11 to 1.55 lg/l (average 0.47 1g/l) (Costa et al. 2014).

MATERIAL AND METHODS

The present work is an actuopaleontological study of rhodolith samples from living rhodolith beds from SES (Figs. 1, 2), which were
described by Amado-Filho et al. (2007, 2010), and Marins et al. (2014), and from ACS (Figs. 1, 2), analyzed by Amado-Filho et al. (2012a)
and Brasileiro et al. (2015). A complete description of the variety of ecosystems of the entire ACS can be found in Moura et al. (2013).

Rhodoliths from SES were collected by scuba diving at two depth ranges, where rhodolith beds occur, 10-20 m (sites E1 and E2) and 50-60
m (site E3), between 3 and 45 km offshore, in November 2005 (Table 1, Fig. 1). In total, 100 rhodoliths were collected. Rhodoliths from
ACS were collected by scuba and technical diving at 20-30 m (sites Al and A2) and 50-75 m (sites A3 and A4), in October 2009 (Table 1,
Fig. 1). As there are no rhodolith beds shallower than 20 m on the central ACS, these two depth ranges were selected as the closest to
compare with the previously sampled depth ranges of rhodolith beds in SES. In total 405 rhodolith samples were collected in the central
region of ACS, in its largest extension, between 100 and 150 km offshore (Fig. 1).

Size and shape were determined by measuring the longest, intermediate, and shortest axes of each nodule, following Sneed and Folk (1958)
in all collected rhodoliths (100 from SES and 405 from ACS).

To estimate the percentage of calcium carbonate, organic matter, and siliciclastic grains, five rhodoliths were randomly taken from each region and
depth range (total 20 rhodoliths) and cut along their longest axis. About 5 g of powder were randomly extracted with a microdrill from several
locations on the cut surface. The powder was weighed and exposed to hydrochloric acid (HCL, 30%) in excess until the calcium carbonate was

TasLe 1.—Regions, sample sites, latitude-longitude, depths and collecting dates of studied samples.

Sample Depth

Region site Latitude (S)  Longitude (W) (m) Date

SES El 208550 2700 408459 22%0 1020  November 2005
SES E2 21801 57 40840V 54%Y 1020  November 2005
SES E3 21802 58 40817" 49 50-60  November 2005
ACS Al 17853V 55U 38818" 34V 20-30  October 2009
ACS A2 17848Y 35 38811 03 20-30  October 2009
ACS A3 17854Y 03 388129 390 50-60  October 2009
ACS A4 17854 10 37854" 59 50-75  October 2009

dissolved (the mixture stopped forming bubbles). The samples were then washed, oven dried, and weighed again to determine the lost

carbonate content. The organic matter was then removed with hydrogen peroxide (H202, 30%) and the sample weighed again to determine
the siliciclastic content.

To study their inner arrangement and composition, 40 rhodoliths (10 from each depth zone in both areas) were cut along their longest axis and their
halves were photographed (camera Nikon D90). Eight thin sections were made from the cut surface of rhodoliths from shallow SES, 10 from the deep
SES, 12 from shallow and 11 from deep ACS, in the National Petrographic Service, Inc. (Houston, Texas, USA). In large rhodoliths two successive
thin sections were cut from the center to the outer surface. Thin sections were examined under an Olympus BX43 optical microscope with digital
camera (Moticam) attached. Images were captured using the Dynamic Scope Image Pro 2009 software. Fossil components were identified to the most
precise taxonomic level possible based on the literature. Specifically, coralline algae were identified following the available accounts of living
corallines in the Brazilian Shelf (Bahia et al. 2010; Bahia 2014; Brasileiro et al. 2015). The relative abundance of the organisms building the
rhodoliths, trace fossils, and empty spaces (with and without filling) was estimated by point counting on images made from the thin sections
(consistently at the same scale). A total of ~ 300 points were determined per thin section using the image-analysis software Coral Count
Point with Excel extensions (CPCe v 4.1). A non-metric multidimensional scaling (MDS) based on the data compiled was performed to rank
the similarity of samples analyzed. The similarity matrix used in MDS was based on the Bray-Curtis index and abundance values were
calculated using a fourth-root transformation (Clarke and Warwick 1994). Multivariate analyses were performed using the program Primer v.
6.0.

Five subsamples of rhodoliths (two from deep SES and three from ACS) were selectively drilled for radiocarbon dating. Microdrilling targeted CCA
visible at the cut surface along the major axis of rhodoliths. Four samples were also obtained from the structureless mass (see below) of three ACS
rhodoliths due to the lack of CCA large enough to be selectively drilled. Powder samples were analyzed in the Center of Applied Isotope Studies
(University of Georgia, Georgia, USA) with Accelerator Mass Spectrom-etry (AMS). Results were derived from reduction of sample carbon after
acid-etch pretreatment to graphite (100% C) with subsequent detection in AMS. The dates are reported as calendar years BP (“‘present” ¥4 AD 1950)
using the 2 d confidence interval as median calibrated years.

RESULTS



No differences in structure and composition were observed between rhodoliths from sampling sites within the same depth range (hereafter
termed zone) in any of the regions. By contrast, rhodoliths from different zones (Fig. 2) show marked dissimilarity in several features of their
internal structure and composition. The main characteristics of rhodoliths from each region and zones are described in the following sections.
Shallow South Esp’irito Santo (10-20 m)

Rhodoliths from SES shallow zone have the smallest mean diameter (4.7

6 1.2 cm) (Figs. 2, 3, Table 2) and no large rhodoliths (size classes . 8 cm) were found. Most rhodoliths are spheroidal to subspheroidal (Fig.
4), with an asymmetric concentric to boxwork inner arrangement. They

consist of encrusting (Figs. 5A, 6A, 6B) to warty (Fig. 5B), lumpy, and fruticose (Fig. 5E) coralline algae (~ 54%), growing one upon the
other and intergrown with other encrusters, mainly bryozoans (~ 11%) (Fig. 6A, Table 5). Coral fragments often form the nucleus (Figs. 5C,
5E, 6B). Lithothamnion crispatum is the most frequent coralline alga both at the surface and rhodolith interior (Fig. 6A, 6B); Melyvonnea
erubescens, Spongites sp., Sporolithon sp., and Lithophyllum sp. also occur (Table 6). In addition to framework voids created by encrusting
organisms, empty spaces caused by the dissolution of aragonite skeletons are frequent (Fig. 5C). Borings and voids are filled by two phases
of grainstone to wackestone (Fig. 6A, 6B). Microborings can be observed in coralline algae and corals. Siliciclastic grains and organic matter
account for 5.4% and 4.6% of the rhodoliths, respectively (Table 4).

Deep South Esp irito Santo (50—-60 m)

Rhodoliths from the deeper SES zone show the largest mean diameter

(8.7 6 2.2 cm), with few representatives of the smallest size classes (0-2 and 2—4 c¢m) (Figs. 2, 3, Table 2). Most rhodoliths are spheroidal to
subspheroidal with lesser amounts of ellipsoidal and discoidal nodules (Fig. 4). They have a boxwork inner organization, made of encrusting
and foliose coralline algae (~ 35%), and bryozoans (~ 20%) associated with foraminifers (Figs. 5SF—51, 6C—6E, Table 5). Lithothamnion
crispatum is the dominant living coralline at rhodolith surfaces, with minor Sporolithon and Lithophyllum plants. Lithothamnion crispatum
(Fig. 6D), Lithothamnion muelleri (Fig. 6E), Sporolithon sp., Lithophyllum species, and unidentifiable melobesioids are the recognizable
corallines (Table 6) inside rhodoliths. Constructional voids account for more than 12% of the volume (Fig. 6D, 6E, Table 5). Borings and
voids are filled by three to four phases of sediment consisting of wackestone to packstone with mixed siliciclastic grains (Fig. 6C—6E, Table
3), more abundant in the third and fourth phases. Rhodoliths show the lowest percentage of calcium carbonate in the study zones (7.9% of
siliciclastics, and 4.1% of organic matter, on average; Table 4). The boring fillings are rich in ascidian and sponge spicules; articulated
coralline algae and foraminifers are frequent, whereas bivalve and echinoderm fragments are rare. No corals were recorded at this depth.
Microborings are common in coralline algal thalli.

Shallow Abrolhos Continental Shelf (20-30 m)

Rhodoliths from the ACS shallow zone have a wide size range, from ~ 1 to ~ 17 cm, with a mean diameter close to 7 cm (Fig. 3, Table 2).
They are mostly spheroidal to subspheroidal (~ 89 %, see Fig. 4, Table 2), with asymmetric inner arrangement (Fig. 7A—7D). The rhodoliths
were probably originally formed by encrusting corallines, intergrown with invertebrates (including corals) and foraminifers, but all the
specimens examined consist of a thin veneer of encrusting corallines partially or totally covering a structureless carbonate mass consisting of
borings with partial wackestone to packstone infills (Fig. 8A, 8B). At rhodolith scale, this mass is the ‘‘end member’’ of destruction of an
algal framework by multiple phases of boring and infilling. Similar destructive multistory bioerosion can be observed in the ‘‘reef rock’” of
coralline algal reefs in Bermuda (Ginsburg and Schroeder 1973) and the framework of algal reefs in St. Croix (Caribbean, Bosence 1983b,
1984), although in these two cases the structure of coralline frameworks is still preserved. The structureless mass is the result of at least three
to four phases of bioperforation and three phases of filling by a carbonate matrix rich in ascidian and sponge spicules (Fig. 8C), articulated
coralline algae, foraminifers, and coral as well as bivalve fragments. Bioclasts of Halimeda, echinoderms and brachiopods are rare.
Bioerosion destroyed the original coralline/invertebrate/foramineral rhodolith framework and successive infillings of borings and voids were
also affected by later bioperforation. Rhodoliths from this depth contain an average of 2.7% of siliciclastics and 1.6% of organic matter
(Table 4). Sponge borings (Entobia) dominate the ichnocoenosis (Fig. 8A, 8B, Table 5). The thin covers of living coralline algae include
plants of Lithothamnion, Lithophyllum, Harveylithon, and Sporolithon. Although the identification of coralline algal species in rhodolith
interiors is difficult due to bioerosion, assemblages seem to be reduced to thin crusts of the melobesioid ‘‘morphotype 1°” and Lithophyllum
species (Fig. 8B, Table 6), with rare other components such as Sporolithon sp., Harveylithon sp., and Pneophyllum sp. Coral fragments are
affected by microborings. Submarine cement fills the intraskeletal voids of corals, bryozoans, and coralline algae conceptacles

Deep Abrolhos Continental Shelf (50—75 m)

The rhodolith size ranges from ~ 1 to ~ 17 cm (Fig. 3, Table 2). Although spheroidal to subspheroidal shapes are the most common,
subdiscoidal to discoidal rhodoliths account for 38% of the nodules measured (Table 2). As in the shallower ACS nodules, thin encrusting
coralline algae partially or totally cover a structureless mass resulting from

repeated phases of boring and filling the original framework of encrusting
organisms (Fig. 7E, 7F). More than 70% of the rhodolith volume consists
of a wackestone to packstone matrix, part of which fills well-defined

borings (Fig. 8D-8F). At least three to four phases of boring and three TasLe 3.—Mean and standard deviation (sd) of size
(average of three measured axes) and significance level of size differences in rhodoliths from the study zones.

Size Shallow SES Deep SES Shallow ACS Deep ACS
Shallow SES mean ¥44.7cm p,, 0.01 p. 0.01 p., 0.01
nYa77 s.d. Val.2 mean % 7.8 cm



Deep SES Not significant  Not significant

n%23 s.d. ¥ 3.1

Shallow ACS mean ¥4 7.2 cm  Not significant
n % 192 s.d. ¥a3.2

Deep ACS mean ¥ 6.6 cm
n Y213 s.d. ¥43.3

phases of infilling can be distinguished. Entobia is the main ichnogenus with subordinate Gastrochaenolites and Trypanites (Fig. 8E, 8F, Table 5). The
infilling sediment contains abundant spicules of ascidians and sponges, as well as articulated coralline algae, foraminifers, and bivalve fragments (Fig.
8F). Due to their internal structure the deeper ACS rhodoliths are denser than the ones from other areas. Siliciclastic grains comprise less than 2% of the
nodules on average (Table 4). Living corallines at the surface comprise thin plants of unidentified melobesioids and Lithophyllum. Coralline
assemblages inside the rhodoliths consist only of thin crusts, difficult to identify due to bioerosion. They include the melobesioid ‘‘morphotype 1,
Lithophyllum species, Lithoporella, and rare Pneophyllum sp., laminar Mesophyllum, and Sporolithon (Table 6).

MDS Analysis

According to the proportions of different components, empty spaces, and trace fossils with and without filling, the rhodolith samples group
into two main sets at a 60% similarity level. One comprises samples from shallow and deeper zones of SES and the other consists of the
shallow and deep ACS rhodoliths (Fig. 9). The relative proportion of CCA, the extent of bioperforation with and without later infilling, and the
amount of sediment/matrix are the main factors controlling the separation in two distinct groups (Table 5). Within the ACS samples the
proportion of preserved CCA and the relative proportion of well-defined borings and sediment/matrix influence a certain segregation of deep
from shallow rhodoliths.

Radiocarbon Dating

The CCA dated in the inner parts of deep SES rhodoliths yield ages of several hundred years cal BP, whereas near the surface they are younger than
250 years (Fig. 5J, 5K, Table 7). The measured inner part of a shallow ACS rhodolith has an age of 640 630 cal BP (Fig. 7G, Table 7). By contrast,
dated structureless mass in the inner parts of the deeper ACS rhodoliths are thousands of years old (Fig. 7H, 71, Table 7), whereas CCA near the surface

TasLe 4.—Percentage of calcium carbonate, organic matter and siliciclastic grains in rhodoliths from South of Esp’irito Santo
(SES) and Abrolhos Continental Shelf (ACS). Mean (6 standard deviation).

Region and depth % CaCos3 % Organic matter % Siliciclastic grains
SES 20 m 90.02 (61.80)  4.55 (61.30) 543 (61.01)
SES 50 m 87.61 (62.90) 452 (61.39) 787 (62.62)
ACS 20 m 95.65 (60.85) 2.75 (61.24) 1.60 (61.31)
ACS 55m 9351 (61.45) 5.30 (61.36) 120 (60.11)
ACS 65 m 9154 (6136) 695 (61.36) 1.52 (60.19)

TasLe 5.—Percentage in rhodoliths of builders, trace fossils (with and without infilling sediments), voids, and matrix/sediment.

SES SES ACS ACS
Rhodolith components (%)  (10-20m)  (50-60 m) (2030 m) (50-75m)

Bryozoans 11.3 20.3 35 2.4
Corals 8.3 - 0.9 1.7
Crustose coralline algae 54.4 355 26.4 14.5
Foraminifera (total) 24 4.0 7.8 2.0
Arenaceous encrusting - 1.6 1.6 0.2
foraminifera
Calcareous encrusting 2.1 1.0 4.0 0.6
foraminefera
Homotrema rubra 0.3 1.5 23 0.9
(Lamarck 1816)
Peyssonneliaceans 1.4 2.5 2.0 1.0
Serpulids 1.2 2.0 2.4 1.0
Empty spaces/ voids 9.4 17.8 4.0 2.4
Macroborings (total) 1.7 1.5 50.0 33.0
Entobia 0.9 1.5 483 30.0
Gastrochaenolites 0.5 - 0.4 3.0
Trypanites 0.3 - 1.7 0.4
Matrix/sediments 8.6 20.2 1.9 41.5




(Fig. 71) yield an age of a few hundred years period. In the oldest nodule collected at 75 m (Fig. 71), there is a wide gap between the age of the
inner and intermediate parts (about 7,300 and 6,000 years, respectively) and the age of its outer cover, indicating a long lasting interruption of
its growth also shown by a marked change in color (Fig. 71, Table 7).

TasLe 6.—Calcareous algal taxa in the interior of rhodoliths from South of Esp irito Santo (SES) and Abrolhos Continental Shelf (ACS) depths.

SES ACS

Taxa (10-20m) (50-60m) (20-30m) (50-75 m)

Harveylithon sp. (conceptacle - - b

100 Im)
Pneophyllum sp. - - b b
Spongites sp. b - - -
Lithoporella sp. - - bp b

Lithophyllum gr. corallinae pbp b
(Crouan and Crouan)

Heydrich

Lithophyllum prototypum b b bp bp
(Foslie) Foslie

Lithophyllum gr. pustulatum b b bp bb
(Lamouroux) Foslie

Lithothamnion crispatum bbb b
Hauck

Lithothamnion muelleri b bbb
Lenormand ex Rosanoff

Mesophyllum cf. engelhartii - - - b
(Foslie) Adey

Melyvonnea erubescens bp
(Foslie) Athanasiadis and

Ballantine

Morphotype 1 (thin thallus - b bp bp
with plumose hypothallus)

Sporolithon spp. b béb b
b

=T

Total CCA (13) 8

Peyssonnelia spp. b
DISCUSSION

Rhodolith characteristics are influenced by the environmental conditions in which they grow, their ecological interactions and their age (Steller and
Foster 1995; Marrack 1999; Foster 2001). The study SES and ACS areas differ in continental shelf geomorphology and width (Bastos et al. 2015), the
degree of freshwater influx, coastal habitats, sedimentation patterns and biological aspects (Knoppers et al. 1999). Consequently, although they have
some characteristics in common, rhodoliths from these two areas differ in several key features, such as inner arrangement, species composition,
proportion of empty spaces and degree of bioerosion.

Rhodolith Size and Shape

The poor sorting of rhodolith size in the two ACS zones and deep SES rules out any marked influence of hydrodynamic forcing in rhodolith
concentrations (Fig. 3). The small rhodoliths from shallow SES differ significantly in size from the rest (Table 3). The lack of marked sorting
within the small and intermediate size ranges (Fig. 3) suggests that absence of rhodolith sizes over 8 cm is due to death/stop of nodule growth
caused by burial rather than to hydrodynamic selection.

Spheroidal to subspheroidal rhodoliths predominate in ACS and SES areas as well as in other rhodolith beds along the Brazilian coast (Amado-Filho
et al. 2007; Bahia et al. 2010; Pascelli et al. 2013). The predominance of spheroidal and subspheroidal shapes may be due to the frequent overturning
of rhodoliths caused by water motion (Bosellini and Ginsburg 1971) as well as by the activity of various benthic organisms such as echinoderms,
crustaceans, fish, and boring species (Prager and Ginsburg 1989; Marrack 1999; Pereira-Filho et al. 2015). The occurrence of discoidal to
subdiscoidal shapes increases with depth, most markedly in ACS. Ellipsoidal rhodolith shapes show a slight decrease with depth in both regions. The
higher abundance of discoidal nodule shapes was interpreted by Amado-Filho et al. (2007) as the result of less frequent overturning due to lower
turbulence with increasing depth. This pattern was observed by Checconi et al. (2010), in middle-Miocene deposits from Vitulano (Southern
Apennines, Italy), where rhodoliths from shallower and high-energy conditions were subspheroidal in shape and rhodoliths from deeper and less
turbulent habitats were discoidal and ellipsoidal in shape. However, other studies show little or no correlation between shape, depth,

TasLe 7.—Calibrated radiocarbon ages of different parts of rhodoliths from South of Esp’irito Santo (SES) and Abrolhos Continental Shelf
(ACS) depths. See Figures 5J, 5K and 7G, 7H for location of dated areas in each rhodolith.

Area and depth ~ Rhodolith part/drilled component Age (years cal BP)

SES (50 m) Innermost/coralline algae 470-330
Intermediate/coralline algae 490-410
Surface/coralline algae , 250

SES (50 m) Inner/coralline algae 660-560

ACS (20 m) Inner/structureless mass 610-670



ACS (65 m) Innermost/structureless mass 2340-2150

ACS (75 m) Innermost/structureless mass 7360-7210
Intermediate/structureless mass 6010-5900
Surface/coralline algae 330-260

and water movement (Reid and Maclntyre 1988; Prager and Ginsburg 1989; Steller and Foster 1995; Bassi et al. 2009; Braga 2017). In
contrast to modern rhodoliths in other regions and fossil examples, in which the size and shape of nuclei determine the size and shape of
rhodoliths (Bosence and Pedley 1982; Braga and Mart'in 1988; Gischler and Pisera 1999; Lund et al. 2000; Vale et al. 2018), in the study
areas the nuclei, if identifiable, are small and did not control the subsequent nodule growth.

Siliciclastic Content and Residence Time

Rhodoliths from SES show higher amounts of siliciclastic components than the ones from ACS. Remarkably, deep SES rhodoliths from 50-60 m
have five- to 6.5-fold more siliciclastics than rhodoliths from similar depths in ACS. In SES the Brazilian continental shelf is narrower (Fig. 1), and
therefore closer to the continent. The Itapemirim and Itabapoana rivers supply siliciclastics, increasing the water turbidity (Albino et al. 2006). By
contrast, the sampling sites in the central ACS are distant from the shoreline (Fig. 1) and less subjected to siliciclastic sedimentation (Segal and Castro
2011). In general, in the ACS the discharge of fresh water is inversely correlated with the proportion of carbonate sediment (Knoppers et al. 1999),
which increases from the region nearest the shoreline (50%) to the outer shelf (90%; Melo et al. 1975; Bastos et al. 2015). Carbonate sand and gravels
are the typical sediments of the mid- and outer ACS (Milliman and Amaral 1974; Melo et al. 1975) and can cover up to 40% of the rhodolith-bed
surface area (Brasileiro et al. 2015) (Fig. 1). Coral reefs are less abundant in the inner shelf (~ 10 km offshore) than in the mid- and outer ACS due to
the greater influx of terrigenous sediment.

The higher terrigenous influx and seabed mobility might be the cause of the smaller mean diameter and size range of rhodoliths from the proximal
SES area. Fine-grained siliciclastic sediment hinders rhodolith growth (Milliman 1977; Figueiredo et al. 2009) and probably limits rhodolith size
before burial, also promoted by seabed mobility. Higher sediment influx could also be the reason for generally younger ages of SES rhodoliths
compared to those from ACS, as the residence time on the sea floor for rhodoliths to grow is probably reduced by higher sedimentation rates.

Internal Structure

The internal structure is the main feature underlying the strong distinction of rhodoliths from the two regions shown by the MDS analysis. Most SES
rhodoliths (85.7%) show a laminar, concentric to boxwork interior, with large amounts of constructional voids, either empty or filled by muddy
sediment. There is a substantial increase in the proportion of constructional voids with depth in the SES rhodoliths. Although the presence of
protuberant growth forms can partly account for void formation (Nitsch et al. 2015), high percentages of constructional voids have been related to low
hydrodynamic energy (Braga and Mart'in 1988; Bassi et al. 2009). The higher amount of voids in the deeper SES rhodoliths built by less protuberant
corallines suggests that low turbulence is the main factor controlling the high constructional porosity in nodules from the deep zone. By contrast,
rhodoliths in ACS consist mainly of a structureless mass, which comprises most of the rhodolith interior, covered by poorly developed laminar
external coralline crusts. The structureless mass results from dense multiphase bioerosion, which is the cause of the sharp differences in internal
structure between rhodoliths from the two regions. Rhodoliths on fore reef slope at 50 m depth in Bermuda show similar internal structure attributed
to repeated episodes of bioerosion and cementation (Focke and Gebelein 1978). The high productivity in the ACS region (Moura et al. 2013;
Cavalcanti et al. 2013; Ghisolfi et al. 2015; Reis et al. 2016) together with long residence times on the sea floor (see below) appear to be the main
factors controlling the dense bioerosion observed in these nodules. Long residence times are favored by reduced terrigenous sediment influx reaching
the central ACS, far from the shoreline. In accordance with this, older nodules in ACS show a more compact and denser structureless mass than do
younger ones. More rapid burial prevents strong destruction of the rhodolith framework by intense bioerosion in SES, where productivity is similar to
that in ACS (Costa et al. 2014).

Coralline Algae, Other Encrusters and Bioeroders

Thin encrusting coralline algae (Lithophyllum species, the melobesioid morphotype 1, and Lithoporella sp.) are thought to be the main
builders of ACS rhodoliths in both depth zones. They can be identified mainly in the outer cover, whereas interior taxa are not known.
Rhodoliths from SES are formed by thicker encrusting and warty coralline algae, mainly Lithothamnion and Mesophyllum species.
Lithothamnion in SES is represented by L. crispatum at 10-20 m and L. muelleri at 50-60 m.

There are 33 CCA morpho-species documented on rhodolith surfaces on the continental shelf, seamounts and oceanic islands of Brazil, most
of which occur in tropical waters (Amado-Filho et al. 2017). By contrast, only 13 fossil taxa were identified in the interior of rhodoliths from
ACS and SES (Table 6). Seven of these are morpho-species that have been recorded living on rhodolith surfaces (Amado-Filho et al. 2017).
The fossil Harveylithon specimens in the shallow ACS have very small conceptacles and probably correspond to the living coralline reported
as Hydrolithon rupestre by Amado-Filho et al. (2010), Bahia (2014), and Brasileiro et al. (2015). Corallines identified at the genus and
subfamily level may also correspond to living members of those taxa on the Brazilian shelf. A Lithoporella species found in the interior of
deep ACS rhodoliths has not been recorded in living assemblages.

From the 11 species of CCA reported on the rhodolith surfaces on the SES (Amado-Filho et al. 2010; Bahia 2014) only five species were
identified in the rhodoliths studied from this region: Lithothamnion crispatum, Lithothamnion muelleri, Melyvonnea erubescens, Lithophyl-
lum gr. corallinae, and Lithophyllum gr. pustulatum. Lithophyllum prototypum, also found in the rhodoliths, was recorded in the Vit oria-
Trindade Chain (ES state; Pereira-Filho et al. 2012; Bahia 2014).

Lithothamnion, a common builder in SES rhodoliths, is considered by Pascelli et al. (2013) as the most important rhodolith-forming genus in the
southwestern Atlantic. It is the most abundant genus in rhodolith beds from the eastern (Amado-Filho et al. 2012a; Brasileiro et al. 2015),
northeastern (Riul et al. 2009) and southern Brazilian shelf (Pascelli et al. 2013). Lithothamnion crispatum is the most abundant species of
Lithothamnion in the tropical Brazilian shelf (Pascelli et al. 2013; Bahia 2014). This species is recorded from a wide range of depths and is thought to
have a long stratigraphic range, from the early Miocene (~ 20 My ago) to Recent, without significant morphological changes (Coletti et al. 2016).



Only two species (Lithophyllum gr. pustulatum and L. prototypum) and five genera (Lithophyllum, Harveylithon, Pneophyllum, Mesophyllum, and
Sporolithon) out of the 14 living species included in eight genera of crustose coralline reported by Brasileiro et al. (2015) have been
identified in the ACS rhodoliths. The low number of taxa recognized in the rhodolith interiors is probably due to the intense bioerosion,
which destroyed the original building thalli, making identification difficult at the morpho-species level.

Bryozoans are more significant components in SES rhodoliths than in ACS ones. In the former region their abundance clearly increases with
depth. The abundance of foraminifers, especially Homotrema rubrum, peaks in shallow ACS rhodoliths, while corals fragments are more
frequent in the ACS deeper zone, reflecting the higher frequency of coral reefs in the mid- and outer ACS shelf.

Entobia is the most abundant ichnogenus at both depths (~ 50%). The boring sponge Cliona producing this bioperforation (Muricy et al. 2011) is
abundant in ACS reefs and rhodoliths beds (F. Moraes personal communication 2016). Santos (2017) reports five boring sponge species in the
shallow reefs of ACS: Cliona carteri (the most frequent), C. delitrix, C. schmidtii, C. varians, and Siphonodictyon coralliphagum, the last three with
low abundance (, 2%). The boring sponges are more abundant in the outer than in the inner reefs, where the amounts of terrigenous sediment are
higher (Santos 2017). The Entobia, Gastrochaenolites, and Trypanites ichnocoenosis, common at both shallow and deeper zones in ACS, was
believed to reflect very shallow water depth (Taylor and Wilson 2003). However, Bassi et al. (2011, 2012, 2013) document this ichnocoenosis from
deep-water rhodoliths (down to 100 m depth) in the Pacific Ocean.

The rhodoliths dated in this study could be older than the ages measured (mainly those from ACS), as the ages determined can be affected by mixing
of younger carbonate due to complex multiphase boring and infilling processes. Even if a selective drilling of the original CCA framework was
attempted, the contamination by younger sediments could not be completely avoided. The oldest dated rhodolith is from ACS (75 m depth). In this
particular case, a dark colored core (Fig. 71) suggests it was buried in organic-matter-rich, anoxic sediments for a long period after having grown from
about 7,000 to 6,000 years BP. In any case, the interpretation of the bioeroded interior of ACS rhodoliths as pre-Holocene relict nuclei can be
discarded. Such hypothesis was proposed for some (not all) intensely bioeroded nuclei of deep-water Caribbean rhodoliths studied by Reid and
Maclntyre (1988). Although only few radiocarbon datings are available in ACS, the ages of the structureless-mass interiors range from about 7,300 to
600 cal year BP. Any pre-Holocene relict nucleus on ACS at depths from 75 to 20 m had to have formed at least between about 40,000 and 80,000

years ago (see sea level curves by Rohling et al. 2014) and their ' content would be exhausted, making impossible radiocarbon Holocene ages such
as the ones obtained, even if boring infillings introduced young carbonate. The structureless interiors cannot be fragments from in situ build ups.
Samples were collected from separate sites in rhodoliths beds consisting of millions of rhodoliths, spread over hundreds of square kilometers both at
the surface and at the top decimeters of the sediment pile. All examined rhodoliths in Abrolhos shelf share the same structure (interior parts made of a
structureless mass) and no algal build ups have been observed in any of the sites. ACS rhodoliths simply acted as carbonate hard substrates on the sea
floor for long intervals and were affected by multiphase bioerosion that destroyed their original frameworks.

CONCLUSIONS

Rhodoliths from SES consist of red algal crusts, subordinated bryozoans with concentric to boxwork inner arrangement and high porosity. Sediment
infill of borings and voids includes a high amount of siliciclastics. Lithothamnion species and other melobesioids are the most common coralline
algae. Rhodoliths from ACS are made of a structureless carbonate mass with thin encrusting coralline algae on the surface. The carbonate mass is
produced by several phases of intense boring and infilling by wackestone to packstone, with low amounts of siliciclastics. Coralline assemblages
are reduced to thin crusts of a few genera, mainly melobesioids and Lithophyllum. Rhodoliths from ACS are generally older than SES
rhodoliths.

The observed differences on the internal structure and composition of rhodoliths reflect dissimilar growth histories due to local
environmental conditions (distance to shoreline and sediment influx). Although both regions have similar high nutrient levels, delayed burial
in ACS favors long-lasting intense boring of rhodoliths. This information, still scarce for the Brazilian coast, could be fundamental for
conservation initiatives related to marine biodiversity. At the same time, it can be used to interpret the paleoenvironmental context of
development of fossil rhodolith beds common in the geological record.
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Fxt: 1. Stdied wea. Lefi, map showing disribation of sedimentary ficies and the two sampled ares, ACS and SES (modified from Bastos @ al. 2015). Right: A)
Sompling sites on Abmlos Cantinenial Shelf; Al znd A2: 20-30 m; A3 and A4: 5075 m. B) sampling sites on the comtinenta] shelf ofthe Souh Espirity S State; El and
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Faa. 2.~ Rhodoliths beds. Fram South Espirito Samto: A) Shalkow SES, 20m depf. B) Decp SES, 50m depé. Fram Abralos Continensal Shelf: ©) Shallow ACS, 30 m
depth. D) Deep ACS, 55 m depéh.

ol

Saze distribution (cm}
OACS 20-30mI  TACS (S0-75mI ESES(10-20m)  WSES (50-60m)
Fx. 3. Size distimtion of thodoliths. Shalkrw SES zme (n =77); deep SES (a
=23); shullow ACS (a = 192) deep ACS (n = 213). Nate e absence of chadolitis
bigger #un § om at shallow SES.

Spheroidal Spheroidal
A C
Discoidal (a-b) /(a-c) Elipsoidal Discoidal  (a-b) /(a-c) Elipsoidal
B Spheroidal D Spheroidal

Discoidal (a-b) /(a-c) Elipsoidal Discoidal (a-b) /(a-c) Elipsoidal

Fua. 4 Rhodolith shap + and Falk’ ( iciy dizgram. idal and sub ids] rhodoligs dominge e asamblages. A) Shalkow
SES mne (n="77) B) Deep SES zme (n =23). ) Stullow ACS mne (n = 192). D) Deep ACS zame (a=213).

10



Fa. 5 Rbodoliths fromm Souéh Espirito Samo St (SES) showing laminar comcentsic and baxwork amangement. Conssractinal voids can be obsaved betwen e
laminar layers. Stallow SES (A-E): A) Szmple ERL B) Sample ER2. C) Sample ER3. Ammow poinss to partially dissolved coral skeleton. D) Sample ER4. E) Sample ERS
Deep SES (F-Ix F) Sample EF1. G) Samplk ER2. H) Sample EF3. 1) Sample EF4. 1, K) radiocarban dated rhadoliths, deep SES. Red rectingles indicate locasion of dated
QCA thulli.

Fi. 6. Micragraphs of rhodalits from South Fspirito Santo St (SES) A) Shallow SES sample ER1, bandsime of crustose coralline algae (CA) itognwn with
bryozoens (Br). White aow points to s constructioral void; green and red arnws paint to 2 biocroded fi st phase and 2 second phase infillings, mspectively. B) Stallw SES
smple ERS, encrnting foreminiferal (Fo) fagment (nuckeus) encrusted by Lishatiamnion crispatum (Lo} $he most frequent comlline specion. Vaids pasially filled by
grainsone tchin foraminifers (wmw). C) Deep SES sample BN, boundstone of crussose coralline slgae (CA) intergrown with bryczoans (Br) and encrusting foramini fors
(arvow). D) Deep SES sumple EF3, anstractional voids (CV) odginated by kenpy form of Lithorhameion crispanm (Lc), partially fillad by sediment. E) Deep SES smumple
EF2, lithathanmion mucleri (L), $he most frequent coralline algal species 2t #his depth. Multiphase infilling (P1-3) of constmcsional veids and borings by wackestane with
silicicltics (white aows). Ral arows poi 10 dimolved arggonite skeletms, which were dissolved and replaced with cakite
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Faa 7. -Rhodolis Fom Abrolhos Consinenmal Shdf (AC:
AB7. C) Shallow ACS sample ABS. D) Shalkow ACS sumple AB6. E) Deep ACS sumple ABA. F) Deep AC nple AB3. G-T) Radiocarbon -dated rhodalifs. Red squares
indicate location of deted aress: (G) shallow ACS, dated area is structureless o H) deep ACS, 65 m, dated from sruawreles mass; () deep ACS, 75 m, rhodolith
with 2 dark colored core. Inmer dated reas are smdwreles mm, whareas $ic outer camespands © $hin CCA cover

tallow ACS smple
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¥ 2mm

Fa. 8. Micrographs of fhodolis from Abmihos Consinental Shelf (ACS). Origind m-..s'nu;u bomdsimes (CA) intensdly bored with mukiphase infilling (P1-3) by
wackestones © mckstmas. A) Shallow ACS smple ABS, @rbomx poduced by intense boting (Enmbia predominantly) and
il B) Shallow ACS sample AB7, bored Lizhophylfum gr. pustulasum (Lp). Nowe 3 ;t-uonaa-ngm 3} €) Stullow ACS smple AB7, camponents of the hird phase of
nfilling, mainly ascidion (yellow arows) and spange (red ammows) sicukes. D) Deep ACS mmple AB3, caraliine algal boundstone (CA) intensively bored by Ensbia (widh

infilling P1-3), (yellow armws) and Trypansrer (black ammows). E) Deep ACS sumple AB4, intensively bared coral fragment (Co). F) Decp
ACS mmple AB4, smicessive phases of filling (P1-3) wadkesones o packssmes. Note e brge bendic Braminifer 2 $he cemmer of @ie image.

20 Stress: 0,13

[Region and depth
ASESS
VSES-D
*ACSS
®ACSD

Fxi. 9. Muki-dimensional scaling (MDS) ardination hesad an propertions of
argamism gmups, vakls, borings (with and witiowt ifilling) and matsix/sediments
(see Table 5) in rhodoliths 0f SES and ACS. Groups = circled 2t 2 60% simibrity
level. SESS and SESD rhodoliés fom shallow and derp SES zones, ACS-S md
ACSD rhadaliths from shallow md deep ACS zomes, mspectivdy.
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