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A B S T R A C T   

Whilst the impacts of climatic and oceanographic change on lower latitude reefs are increasingly well docu
mented, our understanding of how reef-building has fluctuated in higher latitude settings remains limited. Here, 
we explore the timing and longevity of reef-building through the mid- to late Holocene in the most southerly 
known reef (24◦S) in the Western Atlantic. Reef core data show that reef growth was driven by a single coral 
species, Madracis decactis, and occurred over two phases since ~6000 calibrated (cal.) yr B.P.. These records 
further indicate that there was a clear growth hiatus from ~5500 to 2500 cal. yr B.P., and that there is no ev
idence of reef accretion on the Queimada Grande Reef (QGR) over the past 2000 yrs. It thus presently exists as a 
submerged senescent structure colonized largely by non-reef building organisms. Integration of these growth 
data with those from sites further north (18◦S and 21◦S) suggests that Intertropical Convergence Zone (ITCZ), 
South Westerlies Winds (SWW) and El Niño-Southern Oscillation (ENSO) variability and shifts during the Ho
locene drove changes in the position of the Brazil-Falklands/Malvinas Confluence (BFMC), and that this has had 
a strong regional influence on the timing and longevity of reef growth. Our results add new evidence to the idea 
that reef growth in marginal settings can rapidly turn-on or -off according to regional environmental changes, 
and thus are of relevance for predicting high latitude reef growth potential under climate change.   

1. Introduction 

Due the additive and interacting forces of global climate changes and 
local anthropogenic stressors, coral reefs are currently experiencing a 
collapse without precedent in recent millennia (e.g., Aronson et al., 
2002; Aronson et al., 2004; Montaggioni, 2005; Bruno and Valdivia, 
2016; Côté et al., 2016). However, we also know that independent of 
anthropogenic forcing, coral reef health and growth at some sites has 
fluctuated through the Holocene (e.g., Perry and Smithers, 2011; Toth 
et al., 2012; Toth et al., 2018; Dechnik et al., 2019; Gischler and Hudson, 
2019). Emerging geologic evidence shows the strong influence of 

regional climatic and oceanographic changes on the timing and 
longevity of reef development. Two major areas of interest have arisen 
in recent years in relation to understanding reef growth potential as 
environmental and ecological conditions change. The first relates to the 
question of the timescales over which coral reef structures have devel
oped. There is, for example, now evidence from a few select sites that the 
contemporary coral communities on some reefs are actually ephemeral 
veneers growing above largely relict physical structures that ceased 
significant coral reef-building several thousand years before present (e. 
g., Toth et al., 2018). This has led to debate about the extent to which 
living coral communities are, or are not, actively contributing to on- 
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going reef-building, or how long the ecological function of a coral reef 
may subsist after its geological senescence (Kuffner and Toth, 2016; 
Toth et al., 2018; Perry and Alvarez-Filip, 2018). 

The second issue concerns how subtle environmental or oceano
graphic changes may lead to reef growth turn-on or -off (terminology 
sensu Buddemeier and Hopley, 1988), especially at sites close to the 
environmental limits of reef development - i.e., in more marginal marine 
settings (Perry and Larcombe, 2003). In these areas, corals exist close to 
their environmental thresholds (Kleypas, 1996). Thus, their capacity to 
build reef structures is likely to be highly dependent on local to regional 
environmental changes, turning on when favorable or turning off when 
conditions deteriorate. Examples from the turbid-zone inner-shelf areas 
of Australia’s Great Barrier Reef illustrate how distinct cycles of reef 
initiation-growth-demise and then, after a hiatus, new reef development 
have influenced regional patterns of reef development (e.g., Perry and 
Smithers, 2011). This, in turn, has implications for understanding how 
reef-building may respond in these more marginal settings under climate 
change. There has been speculation that the latitudinal range of reef- 
building corals may expand polewards under ocean warming (e.g., 
Vergés et al., 2014), and there is evidence from the Pleistocene that this 

occurred in Western Australia (Greenstein and Pandolfi, 2007). How
ever, our understanding of the timing and sensitivity of reef-building to 
oceanographic changes within more marginal reef building zones of the 
global oceans is generally very limited. 

Here, we integrate both new and published reef core data to explore 
the timing and nature of reef-building in the most southerly reef com
plexes in the Western Atlantic. Specifically, we report age structure data 
from the Queimada Grande reef (QGR), a high latitude (24◦S) sub- 
tropical reef located in the Southwestern Atlantic (SWA; Pereira-Filho 
et al., 2019). We then compare our records of QGR growth with those 
from the slightly more northerly Abrolhos (18◦S) and Anchieta (21◦S) 
reef complexes. Collectively, these data provide an opportunity to 
explore regional phases of reef growth along this high latitude gradient, 
and to examine the influence of regional climatic and oceanographic 
factors on the timing and longevity of reef building over the past ~6000 
years. 

Fig. 1. A) South Atlantic coral reefs for which Holo
cene reef growth is relatively well know. B) Sonogram 
of the Queimada Grande Reef (QGR). Hard substrates 
(i.e., rocky shore and coral reef) are indicated by 
higher reflectance sign while rhodolith beds (inter
mediate bottom between hard and soft bottom) are 
indicated by lower reflectance. White rectangle in
dicates the coring location, while dashed white line 
shows the limit of the QGR, with its characteristic 
reflectance pattern. C) Image illustrating the QGR reef 
framework build major by Madracis decactis encrusted 
by coralline algae at the top. Space between vertical 
coral branches is filled with sediments.   
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2. Methods 

2.1. Study area 

In the SWA, modern reefs occur from the Amazon river mouth south 
to 24◦S (Moura et al., 2016; Pereira-Filho et al., 2019) and are built by 
coralline algae, bryozoans and an impoverished coral fauna (~23 coral 
and 5 hydrocoral species) dominated by massive and encrusting species 
(e.g. Mussismilia spp., Montastrea cavernosa, Siderastrea spp. and 
Madracis decactis), several of which are endemic (Leão et al., 2016; 
Pereira-Filho et al., 2019). While coral reefs occur in North Atlantic 
subtropical areas (e.g., Florida, Bermuda, Bahamas; Toth et al., 2018), 
only one subtropical coral reef, the Queimada Grande Reef (QGR), is 
known in the SWA (Fig. 1A). Contrasting with its Atlantic tropical 
counterparts with their mixed coral, coralline algal and bryozoan 
frameworks, the QGR framework was built by only one widely distrib
uted coral species, Madracis decactis (Pereira-Filho et al., 2019). We also 
note that whilst the currently depauperate living corals at the site (i.e., 
only two species M. decactis and Mussismilia hispida) have a coverage 
comparable with that another SWA tropical reefs, in the QGR they do 
not appear to be supporting modern reef accretion/accumulation (Per
eira-Filho et al., 2019). The QGR covers ~320,000 m2 between 10 and 
20 m depths (Fig. 1B-C), forming a relatively flat plateau that fringes the 
subtidal rock shore (~10–20 m depth) on the leeward (western) side of 
the Queimada Grande Island. The island derives from the regressive 
erosion of the Serra do Mar scarp which comprises igneous and meta
morphic rocks from the Ribeira mobile belt (granite, granulite, mig
matite and gneiss) ~750–450 Ma BP (de Almeida et al., 1973). The 
Queimada Grande Island marine habitats are under a semi-diurnal tidal 
influence (~1 m of amplitude during spring tidal changes) and are 
strongly influenced by the South Atlantic Central Water with sea surface 
temperatures (SST) ranging from 18 to 28 ◦C (Bio-ORACLE, https:// 
www.bio-oracle.org/). Three morphological palaeo-reef zones can be 
distinguished across the reef structure. Although depth and in-water 

conditions made core recovery challenging, short percussion cores 
were recovered from each “zone” to assess internal reef structure and 
age. These zones are referred to here for descriptive purposes as: i) 
proximal reef, ii) mid reef and iii) distal reef. Most coral colonies were 
preserved in place (i.e., cylindrical dead coral branches vertically 
disposed and filled by trapped sediment; Fig. 1C). 

2.2. Queimada Grande Reef mapping 

Side Scan Sonar surveys included contiguous transects parallel to the 
island’s rocky shores between 0 and 40 m depths (Fig. 1B). An Edgetech 
4100 system with a 272TD towfish was operated at 100 kHz with 200 
and 400 m swaths. Acoustic data were processed using SonarWis Map4 
software; geo-referenced mosaics were exported as GeoTiff images with 
1 m/pixel resolution into ArcGIS 9.2. Morphological attributes such as 
area and depth were treated as shapes. The main bottom features 
identified (i.e., rocky shore, coral reef and rhodolith bed) were 
confirmed by ~30 h of SCUBA diving deployments. 

2.3. Framework description and radiocarbon dating 

We obtained three percussion cores with 100% recovery [each ~130 
cm - the length of which was limited by safety constraints for emplacing 
cores in this way in these water depths] along a cross-reef transect that 
included samples from the proximal reef (14 m water depth), mid reef 
(13 m) and distal reef (15 m; Fig. 2). Subsamples (n = 15) were collected 
in a 30-cm-interval from each core, labeled, and treated with HCl to 
remove superficial contamination. 

Radiocarbon dating was performed on coral samples in excellent 
taphonomic condition (i.e., less than ~20% bioerosion and/or infilling; 
c.f. Toth et al., 2018). These samples were washed, dried, and reacted 
under vacuum with 100% phosphoric acid, yielding carbon dioxide, 
which was cryogenically purified and reduced to graphite (Vogel et al., 
1984). Graphite 14C/13C ratios were measured using a CAIS 0.5 MeV 

Fig. 2. A) Detailed sonogram where percussion cores were obtained (asterisks). White rectangle corresponds to the same area indicated in Fig. 1B. Rocky shore and 
rodolith bed were interpreted according their reflectance sign and by ground truth SCUBA diving. B) Schematic cross-section of core locations. 
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accelerator mass spectrometer (AMS) at the Center for Applied Isotope 
Studies (University of Georgia). Measured 14C/13C ratios were corrected 
relative to the international reference material NBS SRM 4990 (Oxalic 
Acid I) and corrected for carbon isotope fractionation based on δ13C 
values (expressed in ‰ relative to the V-PDB international reference) 
measured on separate aliquots using an isotope ratio mass spectrometer 
(IRMS; analytical precision <0.1‰). Uncalibrated dates are given in 
radiocarbon years before 1950 (years AD), using the 14C half-life of 
5568 years. The error is quoted as two-sigma standard deviation and 
reflects both statistical and instrumental errors. Calibration of radio
carbon date was performed using the software CALIB Version 8.20 and 
the calibration curve Marine20 (http://calib.org, accessed 2021-01-10). 
We used the 10 nearest point ΔR − 99 ± 103.0 as the best current esti
mate of variance in the local open water marine reservoir effect. The 
median probability age is given as the best estimate of calibrated age. 
One dating was also obtained from organic matter from sediment. In this 
case, the calibration curve IntCal20 was applied. Sixty-three radio
carbon dating data from Abrolhos and Anchieta tropical reefs (i.e., 18◦S 
and 21◦S, respectively) were compiled from Bastos et al. (2018) and 
Dechnik et al. (2019). 

2.4. Optically stimulated luminescence dating 

Luminescence dating was carried out at the Luminescence and 
Gamma Spectrometry Laboratory (LEGaL) of the Institute of Geosciences 
of the University of São Paulo. The reef cores were opened under sub
dued red/amber-light conditions to avoid bleaching of natural lumi
nescence signals, and at least 40 g of sediments were picked from 
between the coral framework with a small spoon (n = 5). Quartz grains 
retrieved from these sediment samples were used for optically stimu
lated luminescence (OSL). Samples were collected at the same depth 
interval as the 14C dated coral samples and quartz concentrates were 
prepared following standard procedures as described in Aitken (1998). 
The 180–250 μm grain size fraction was obtained by wet sieving, fol
lowed by chemical treatment with 27% H2O2 and 10% HCl to remove 
organic matter and carbonates, respectively. Subsequently, samples 
were treated with 48–51% HF for 40 min to remove feldspar and outer 
rinds of quartz grains dosed by alpha particles. Due to the small amount 
of sample after the chemical treatment, we decided not to separate 
quartz from heavy minerals (the absence of feldspar was tested with 
infrared light), since the signal of heavy minerals are generally one order 
of magnitude lower than that of quartz (Krbetschek et al., 1997; Del Rio 
et al., 2019). 

The OSL dating method using the single-aliquot regenerative (SAR) 
dose protocol (Murray and Wintle, 2000; Wintle and Murray, 2006) was 
carried out on quartz aliquots. Luminescence measurements were per
formed in a Lexsyg Smart TL/OSL reader equipped with blue and 
infrared LEDs, filters for light detection in the UV band and beta radi
ation source (90Sr/90Y) with dose rate of 0.116 Gy s− 1 for steel discs. 
Dose recovery tests were performed on aliquots bleached for 3 h under a 
solar simulator lamp. Dose recovery tests were carried out with a pre- 
heat temperature of 220 ◦C and given a dose of 5 Gy. The calculated- 
to-give dose ratio obtained for the dose recovery test was 0.91. The 
equivalent dose for each sample was determined by measuring at least 
24 quartz aliquots. Exponential fitting of dose-response data was carried 
out only when the recycling ratio was in the 0.9–1.1 range, and recu
peration was <5% and feldspar contamination was negligible. Feldspar 
contamination in each aliquot was appraised by repeating the first 
regeneration dose and using infrared stimulation at 60 ◦C before blue 
stimulation. Aliquots were rejected when an infrared stimulated lumi
nescence signal was detected, or when the OSL signal was depleted 
following infrared stimulation. The equivalent dose was determined 
through the central age model (Galbraith et al., 1999) using at least 13 
accepted quartz aliquots per sample. 

To calculate dose rates, mean specific activities (Bq kg− 1) of 238U, 
232Th, and 40K were assessed through gamma ray spectrometry using a 

high purity germanium (HPGe) detector with energy resolution of 2.1 
KeV and relative efficiency of 55%, encased in an ultra-low background 
shield. Samples were kept in sealed plastic containers for at least 28 days 
for radon equilibration before gamma ray spectrometry. The conversion 
factors provided by Guérin et al. (2011) were used for beta and gamma 
dose rates’ calculation. The cosmic dose rate was evaluated using sample 
depth, altitude, longitude and latitude (Prescott and Stephan, 1982). 
Moisture content was considered as the maximum water saturation 
(water weight/dry sample weight) for each sample, by saturating the 
samples used in dose rate calculation. The OSL ages were calculated by 
dividing the equivalent dose value by the dose rate value (Table 1). 

2.5. Sediment analysis 

In the three reef cores, sediment samples (n = 72) were collected 
manually in a 4 cm vertical spacing, using a small spoon. Only sediment 
trapped in the reef framework among coral colonies (10–15 ml) was 
sampled. All samples were wet sieved in a 0.5 mm mesh to remove larger 
coral fragments resulting from core processing. After sieving, samples 
were oven-dried, weighted and treated with HCl and H2O2 to remove 
carbonates (CaCO3) and organic matter (OM), respectively. Samples 
were washed with distilled water, dried and weighed after chemical 
treatment in order to calculate carbonate and OM contents. Grain-size 
analyses were performed for all samples, after chemical treatment, 
using a Malvern Mastersizer 2000 laser granulometer coupled with a 
Hydro 2000MU dispersion unit (distilled water used as dispersion me
dium) and a built-in ultrasound device. Descriptive statistics parameters 
were calculated according Pearson’s moments method. Size fractions are 
given in 0.125 phi interval (Wentworth, 1922). Since silt and fine sand 
were the dominant size fractions in all samples, the ratio (silt + fine 
sand)/silt was calculated in order to evaluate the variation of these 
fractions without auto correlation. 

3. Results 

Side scan sonar mapping revealed that the major bottom features of 
the QGR can be delineated into three palaeo reef zones on the basis of 
their morphology, relative depth and position relative to the shoreline: 
an distal reef zone (distal from the rock shore) with an inclination of 
~30◦ at the deepest portion (between depths of 15 to 25 m relative to 
present MSL); an proximal reef zone, located close to the shore at a depth 
of ~14 m; and between these an mid reef zone, at a depth of ~13 m 
(Fig. 2). Radiocarbon dating of coral clasts in cores also clearly dem
onstrates that the present reef surface is essentially a relict feature, and 
that whilst the cores did not capture the reef initiation phase, it is clear 
that the reef was actively accreting prior to 6000 cal. yr. B.P.. Analysis of 
cores from each of these palaeo reef zones indicates: i) that the QGR is 
constructed entirely of one cylindrical branched coral species Madracis 
decactis; and ii) that the accumulating reef framework comprises inter
mixed units of in-place and detrital coral rubble, with non-reefal units 
between (defined by the lack of any coral material; Fig. 3). 

Cores from the interpreted proximal and mid reef zones identify two 
apparently distinct phases of reef growth since ~6000 cal. yr. B.P.. 
These occurred between 5749 and 5677 cal. yr. B.P. and between 2380 
and 2586 cal. yr. B.P., with a non-depositional hiatus in between (me
dian probability ages are presented as the best estimate of 14C calibrated 
ages, the complete data are available in Table 2 and Fig. 3). In the 
proximal reef core, dates ranged between 5749 (base of core) to 2533 
cal. yr. B.P. (top of core), but with no evidence of framework accumu
lation between ~5677 and 2501 cal. yr. B.P.. This period of time is 
represented by a time condensed sediment interval ~ 15 cm thick 
devoid of coral material (Fig. 3). Sediments recovered along the core (i. 
e., among coral branches and deposited during the reef hiatus interval) 
are composed mostly of carbonates whose abundance ranged between 
55% and 75%, organic matter content varied from 1% to 5%, with one 
peak coinciding with lower carbonate contents at ~60 cm (Fig. 4). While 
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organic matter recovered from 56 cm returned a 14C age of 4730 cal. yr. 
B.P. (with a δ13C value of − 24.14‰ suggesting a continental origin from 
C3 plants), quartz OSL ages from the same portion indicate that sedi
mentation occurred around 3602 ± 388 years ago [i.e., optically stim
ulated luminescence (OSL) age analysis, see Fig. 4 and Tables 1 and 2]. 
This ~1000 years lag between terrestrial carbon fixation and sediment 
deposition suggests distant sources of fine sediment portions deposited 
~3600 years ago. 

In the “mid reef” core, dates ranged between 5556 (base of core) and 
2489 cal. yr. B.P. (at core top; Table 2). No in place coral occurred in the 
core between a depth of ~40–80 cm, and this depositional interval also 
indicates a period lacking reef framework accumulation between ~5500 
and ~2500 cal. yr. B.P. (Fig. 3). The only 14C datable carbonate in this 
non-reefal unit were serpulids tubes (i.e., sessile polychaete) which 
returned an age of ~3300 cal. yr. B.P.. Sediments were composed mostly 
of carbonates that ranged between 50% and 80%. Organic matter con
tent varied from 1% to 8%, higher percentages coinciding with lower 
carbonate contents at 40 cm (Fig. 4). Sediments from the non-reefal unit, 
where serpulids were found, returned a broadly comparable OSL age of 
2931 ± 229 years ago (Figs. 3 and 4 and Table 1) and suggests higher 
rates of sedimentation during periods unfavorable to the coral growth. 

The distal reef core was collected at 15 m depth. It similarly con
tained in place coral skeletons all of which dated to the post-hiatus 
period identified in the mid and proximal reef cores above (dates 
ranged from 2366 and 2478 cal. yr. B.P.). Although some age inversions 
could be suggested by calibrated ages, they are not significant consid
ering the error bars of radiocarbon dating and may be indicative of a mix 
of both in place but also some transported (from shallower zone) coral 
clasts. In this reef zone (i.e., the distal reef), where 1 m of the core 
comprises approximately 100 years of deposition, three distinct sedi
mentary horizons are discernible characterised by an increase in sand 
and a decrease in silt contents, and may indicate a period of depositional 
interruption, or again event horizons (Figs. 3 and 4). Sediments seem to 
be have trapped soon after reef framework accumulation based on dif
ference between coral growth (i.e., C14) and sedimentation (i.e., OSL; 
Tables 1 and 2). Carbonate content is in the range of 45%–60%, while 
organic matter content varied from 2.5% to 15%, with higher concen
tration coinciding with lower carbonate contents (Fig. 4). 

4. Discussion 

Core records from the sub-tropical QGR show clear evidence for a 
Mid-Holocene cessation in framework accumulation at this site. 
Although we could not determine when reef growth initiated at these 
sites, our data indicate that the reef was clearly accreting prior to 6000 
cal. yr. B.P. when the regional sea level was in a late stages of rise before 
reaching a highstand at ~5500 cal. yr. B.P. (~4 m above the present; 
Angulo et al., 1999, 2006; Angulo et al., 2013; Toniolo et al., 2020; 
Fig. 5). Nevertheless, the current depth of the palaeo-reef surface and 
coral ages from its surface indicate that the QGR never reached sea level 
(Fig. 5). Thus, regional sea-level rise (SLR) was not the major driver of 

vertical growth in terms of providing space for reef accommodation such 
as has been reported for reefs northward from QGR (i.e., Anchieta and 
Abrolhos reefs; 20◦S and 18◦S, respectively; Dechnik et al., 2019, Vas
concelos et al., 2018; Fig. 5) and many other tropical reefs. Furthermore, 
the relatively limited amount of RSL rise that occurred over the period of 
interest here argues against sudden jumps in sea level leading to either 
reef drowning or back-stepping (sensu Blanchon et al., 2002). Instead, 
our data add evidence to support the idea that reef-building in marginal 
settings is strongly influenced by regional climatic and oceanographic 
changes. These changes impact both the timing and longevity of reef 
development, with reefs turning on or turning off when conditions are 
favorable or unfavorable. In the QGR records our data suggest four ep
isodes of reef development and demise: i) an initial reef accretion phase 
(RAP) up to ~5500 cal. yr. B.P.; ii) a hiatus phase between ~5500 and 
~ 2500 cal. yr. B.P.; iii) a second phase of reef framework accumulation 
at ~2600 to ~2400 cal. yr. B.P.; and, iv) the post ~2300 y B.P. period 
during which no further reef accretion occurred. Interestingly, the Mid 
to Late Holocene reef growth phases described here have also been re
ported for other regions such as the Southern Pacific (Woodroffe et al., 
2010; Perry and Smithers, 2011), the Northwestern Pacific (Hamanaka 
et al., 2012), the western coast of Panama (Toth et al., 2012), and the 
tropical southwestern Atlantic (Dechnik et al., 2019). 

SLR has previously been evoked as having influence on Mid to Late 
Holocene reef growth in SWA tropical areas (e.g., at Anchieta Reef and 
Abrolhos Reef, 20◦S and 18◦S, respectively). However, this period was 
also accompanied by other climatic and oceanographic changes that 
may explain changes in reef accretion phases in high latitude settings 
such as the Queimada Grande subtropical reef. For instance, RAP I may 
relate to a southward displacement of the Inter-Tropical Convergence 
Zone (ITCZ), coupled with Southern Westerly Wind (SWW) weakening 
(Mariani et al., 2017), changes which have been attributed to the 
movement of the South Atlantic Subtropical Dipole (SASD; Wainer et al., 
2014). Specifically, shifts in the SWW are known to have altered the 
position of the Brazil-Falklands/Malvinas Confluence (BFMC) during the 
Holocene (Voigt et al., 2015). The BFMC is one of the world’s most 
energetic oceanographic features and a major driver of freshwater, 
sediment and nutrient dispersion from the La Plata River (Peterson and 
Stramma, 1991; Brandini et al., 2000; Gu et al., 2019). Currently, the 
south-flowing Brazil Current (BC) converges with the north-flowing 
Falklands/Malvinas Current (FMC) at ~38◦S, and the La Plata 
discharge influence reaches ~25◦S (Gyllencreutz et al., 2010; Fig. 6A). 
From 8700 to 5500 cal. yr. B.P., as a consequence of SWW weakening, 
the BFMC shifted from its Mid Holocene northernmost position (Fig. 6B) 
southward, resulting in warmer SSTs at 24◦S (Voigt et al., 2015; Gu 
et al., 2019). These relatively warm conditions, combined with lower El 
Niño-Southern Oscillation (ENSO) frequencies, prevailed until ~5500 
cal. yr. B.P. (Hodell and Kanfoush, 2001; Voigt et al., 2015; Gu et al., 
2019), conditions that we suggest favoured reef development at QGR 
and probably also influenced other Southwestern Atlantic tropical reefs 
(Dechnik et al., 2019; Fig. 6C). Wider evidence for this warmer South 
Atlantic SST period occur in cores from 53◦S, which exhibit foraminifera 

Table 1 
Optically stimulated luminescence age analysis. PR – Proximal Reef, MR – Mid Reef, and DR – Distal Reef.  

Sample (Core 
depth) 

Accepted 
aliquots 

Equivalent dose 
(Gy) 

Overdispersion 
(%) 

K 
(%) 

238U 
(ppm) 

232Th 
(ppm) 

Cosmic dose rate (Gy. 
ky-1) 

Total dose 
rate 

Age 
(years) 

PR(60 cm) 19/25 1.78 24.4 0.31 0.618 3.463 0.0744 0.494 3602 ±
388 

MR(60 cm) 13/15 1.54 18 0.40 0.594 2.497 0.0744 0.525 2931 ±
229 

DR (30 cm) 3/5 1.28 27.2 0.50 0.54 2.230 0.0744 0.518 2472 ±
514 

DR (60 cm) 20/26 1.59 9 0.72 1.043 2.526 0.0744 0.726 2189 ±
185 

DR (90 cm) 11/12 1.54 13.5 0.50 0.61 1.970 0.0744 0.576 2674 ±
229  
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abundance peaks up to 6500 cal yr. B.P. (Fig. 6D). This warm period was 
also marked by latitudinal expansion of Pacific South America lowland 
thermophilous trees (Moreno, 2004). 

The QGR then “turned off” from ~5500 through to ~2500 cal. yr. B. 
P., a change we interpret as a function of deteriorating (for coral growth) 
oceanographic conditions in this marginal marine setting. Evidence 
from elsewhere in the Southern Ocean would suggest that this is likely to 
have been driven by significant SST cooling and ice expansion further 
south (Fig. 6E). Specifically, during this period, there is evidence for an 
apparent decoupling of the ITCZ and SWW, as a consequence of AMOC 
stability (Mariani et al., 2017). This resulted in the northward migration 

of Antarctic winter sea ice as a consequence of weakened polar maritime 
air masses (Hodell and Kanfoush, 2001), and an increasing importance 
of ENSO (El Niño and La Niña) in modulating climate (Toth et al., 2012; 
Mariani et al., 2017). Terrestrial records from this time also show 
vegetation being replaced by cold-resistant rain forest trees (Moreno, 
2004). Negative SASD records (Wainer et al., 2014), absence of fora
minifera up to ~1830 cal. yr. B.P. in cores from 53◦S (Hodell and 
Kanfoush, 2001; Fig. 6D-F) and Sr/Ca records on vermitid shells from 
23◦S to 26◦S (Toniolo et al., 2020) corroborate this interpretation. 
Interestingly, a similar period of reef growth hiatus in the Northwestern 
Pacific (i.e., ~29◦N) is also explained by cold SSTs as consequences of 

Fig. 3. Stratigraphic position and calibrated AMS radiocarbon ages [years Before Present (B.P.)] of the coral samples (excepted at 60 cm mid reef where serpulid 
worm tube was dated) and OSL ages of sediment (years ago). Vertical axis indicates the core depth. 
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changes in oceanographic regional patterns (i.e., a Kuroshio Current 
weakening; Hamanaka et al., 2012). Sediment coarsening (higher con
tributions of sand) coincides with peaks in the carbonate fraction in the 
QGR, suggesting an increase in wave/current energy during the hiatus 
(Fig. 3). While increases in the carbonate fraction seem related to reef 
erosion, terrigenous sand increases are likely associated with remobili
zation of sediments from the inner shelf by offshore transport. Indeed, 
the reef growth hiatus at QGR is concurrent with the lowest rates of 
sediment retention by a coastal sand barrier located in its nearest estu
arine system (Guedes et al., 2011). Additionally, differences between 
sediment depositional ages (OSL dated at 3602 years ago) and organic 
matter radiocarbon ages (4741 cal. yr. B.P.) during the reef growth hi
atus period suggest distant sources for the fine organic sediments. 
Indeed, values of δ13C (i.e., − 24 to − 23‰, see Table 2) indicates C3 
continental plants (Meyers, 2003) that would be consistent with influ
ence of the South America drainage system during the Mid to Late- 
Holocene, including Plata River plume. 

The second short phase of reef growth at QGR (RAP II) occurred from 
~2500 to 2300 cal. yr. B.P.. Relative sea level fell ~4 m around this time 
towards present levels (Fig. 4), probably elevating light penetration on 
the submergent reef surface. However, waning La Niña and reduced El 
Niño strength linked with weakened SWW, as well as a positive SSAD, 
were likely key drivers of this period of renewed reef growth, which is 
also evident in Abrolhos reef (18◦S; Fig. 6C and F-G). Reduced terrige
nous sediment content in cores also suggests a reduction in wave/cur
rent energy at QGR around ~2500 years B.P. (Fig. 4). However, the 
synergistic effects of these conditions, which were favorable to coral 
growth, lasted a very short time (~200–300 years) and were followed by 
a period with the highest ENSO variability recorded during the Holocene 
(i.e., since ~2000 cal. yr. B.P.; Fig. 6G). While SSE winds during La Niña 
would have increased the northward penetration of the La Plata plume 
and colder conditions, El Niño is linked to higher precipitation around 
24◦S. This shift in ENSO frequency corresponds to a coarsening of the 
sand fraction in the cores (Fig. 4). Late Holocene reef turn-on has also 
been reported in other areas that are directly affected by ENSO (i.e., the 
southwestern and northeastern Pacific), although at these locations reef 
accretion has generally persisted until present. 

Since ~2000 cal. yr. B.P., the QGR has thus existed in an essentially 
senescent state as a submerged structure colonized by non-reef building 
organisms. These include fleshy and turf algae, the soft coral Palythoa 
caribaeorum, sponges (e.g., Aplysina fulva, A. caissara, and Scopalina 
ruetzleri), tunicates, and colonies of the hermatypic corals Mussismilia 

hispida, Madracis decactis and crustose coralline algae (Pereira-Filho 
et al., 2019), although the latter are not sufficiently abundant to add 
framework to the structure. M. hispida, which is the most common coral 
of these contemporary reefs (i.e., ~15% of benthic coverage) was not 
recovered in our cores. This may reflect later colonization by M. hispida, 
which is at its very southern limits of occurrence (also corroborated by 
recent molecular data, Peluso et al., 2018). In contrast, the only coral 
recovered in cores - i.e., Madracis decactis - is widely distributed 
throughout the Atlantic Ocean (from ~32◦N to ~27◦S down to 30 m 
depth). It is thus readily acclimated to suboptimal conditions and 
capable of exploiting favorable environmental shifts at its limits of 
occurrence (i.e., subtropical regions) to sustain localised reef 
development. 

Similar reef-building phase-shifts also occurred in the SWA’s largest 
and most speciose reefs (i.e., Abrolhos Reefs, 17–19.5◦ S). At this more 
northerly location (~1000 km north of QGR) corals were also the major 
framework builders up to ~2000 cal. yr. B.P. (Bastos et al., 2018). 
However, in contrast to QGR, reef growth has continued at Abrolhos 
over the last ~2000 years, although it has not been driven by corals but 
by bryozoans. The absence of on-going reef accretion at QGR thus 
probably reflects its reliance on sufficient densities of the sole Holocene 
reef-builder M. decactis to drive framework accumulation. We also noted 
that the Holocene sequences reported here are thinner than those re
ported in other South Atlantic tropical reefs (e.g., Vasconcelos et al., 
2018; Bastos et al., 2018; Dechnik et al., 2019), which would be ex
pected given the very southerly location of the QGR (i.e., 24◦S). The lack 
of contemporary reef-building at this site, combined with the evidence 
of past reef growth phases, illustrates how even subtle shifts in climatic 
and oceanographic conditions in such marginal settings can rapidly 
turn-on or -off reef growth, an observation of relevance for predicting 
high latitude reef growth potential under climate change. 

5. Conclusion 

Our data show that SWA reefs growth has experienced distinct 
phases of turn-on and -off throughout the Mid- to Late-Holocene period. 
Beyond the well know influence of SLR on reef growth, our data suggest 
a strong influence of regional climate changes in driving SWA reef 
development over the last ~6000 yrs. B.P.. Thus, this study contributes 
to a broader understanding of marginal reefs by adding new evidence to 
the idea that reef growth potential in these marine settings can rapidly 
change according to environmental changes. Clearly, the logistical 

Table 2 
Radiocarbon ages and δ13C and δ18O values and Optically Stimulated Luminescence dating parameters. Calibration of radiocarbon datings was performed using the 
software CALIB Version 8.20 and the Marine20 calibration curve (http://calib.org). We used the ten nearest points ΔR − 99 ± 103.0 as the best estimate of the local 
open water marine reservoir effect and referring to 2 sigma calibrated range. The median probability age is given as the best estimate of calibrated age.  

Radiocarbon ages 

Core Lab Code Material Core depth (cm) δ13C‰ δ18O‰ 14C years BP Years Cal BP Median probability 

Proximal Reef UGAMS35182 Coral Top − 1.23 − 2.15 2840 (±20) 2247–2805 2533 
UGAMS35183 Coral 30 − 1.40 − 1.75 2810 (±20) 2198–2759 2501 
UGAMS35184 Coral 60 − 1.27 − 1.49 5390 (±25) 5412–5940 5677 
UGAMS 39087a Sediment 60 − 24.14 – 4210 (±25) 4576–4859 4730a 

UGAMS 35185 Coral 90 − 1.45 − 2.10 5430 (±25) 5458–5982 5719 
UGAMS 35186 Coral 120 − 1.22 − 1.74 5460 (±20) 5475–6004 5749 

Mid Reef UGAMS 35177 Coral Top − 1.12 − 1.60 2800 (±20) 2188–2749 2489 
UGAMS35178 Coral 30 − 1.34 − 1.96 2890 (±20) 2307–2857 2586 
UGAMS35179b Serpullid 60 2,09 0.15 3530 (±20) 3069–3666 3367b 

UGAMS35180 Coral 90 − 1.51 − 1.56 5220 (±20) 5223–5765 5491 
UGAMS 35181 Coral 100 − 1.18 − 1.67 5280 (±20) 5301–5837 5556 

Distal Reef UGAMS35187 Coral Top − 2.26 − 1.30 2710 (±20) 2089–2691 2380 
UGAMS35188 Coral 30 − 1.19 − 1.85 2700 (±20) 2074–2683 2366 
UGAMS35189 Coral 60 − 1.79 − 1.40 2750 (±20) 2137–2715 2431 
UGAMS35190 Coral 90 − 1.00 − 1.27 2790 (±20) 2178–2742 2478 
UGAMS35191 Coral 100 − 1.73 − 1.76 2780 (±20) 2167–2734 2467  

a Organic matter from sediment (in this case the IntCal20 calibration curve was used). 
b Non-coral sample (i.e., Serpulid tubes). 
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issues that prevented longer and more extensive core recovery necessi
tate some caveats on our interpretation, however the consistency with 
the timing of reef growth transitions in slightly more northerly reefs in 
this region, provide support to the patterns we identify. More widely it is 
important to emphasise that knowledge on high latitude reef develop
ment generally, but of South Atlantic reef development specifically, 
remains limited and important questions are still unanswered. For 
instance, there has been recent debate regarding the resilience of the 
SWA reef-building corals, with some evidence indicating high 

susceptibility to global warming (Duarte et al., 2020), but other evi
dence suggesting that corals in SWA marginal marine settings may be 
highly resilient when facing this modern challenge (Mies et al., 2020). 
Here, we add geological pieces to this intricate puzzle by showing that 
SWA reefs alternated between reef development and demise throughout 
the last ~6000 years. 

Fig. 4. Vertical profiles of CaCO3, organic matter content (%) and grain size parameters. Horizontal dashed lines indicate sediment OSL age (years ago) or 
radiocarbon age from organic matter content (cal years B.P.). A) Proximal Reef, B) Mid Reef and C) Distal Reef. 
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Fig. 5. Holocene Relative Sea Level curve for the 
Southwestern Atlantic after Angulo et al. (1999, 
2006, 2013)) and Toniolo et al., 2020. Reef growth 
phases are represented according to calibrated 
radiocarbon datings of corals from Anchieta (green), 
Abrolhos (brown) and Queimada Grande Reef (blue; 
18◦S, 21◦S and 24◦S, respectively). Error bars corre
spond to two-sigma standard deviation from the mean 
of the probability distribution of radiocarbon ages, 
and reflects both statistical and instrumental un
certainties. (For interpretation of the references to 
colour in this figure legend, the reader is referred to 
the web version of this article.)   

Fig. 6. A) Schematic position of the Brazil
ian Falkland/Malvinas Confluence (BFMC) 
and the major oceanographic features; i.e., 
South Atlantic Current (SAC), Falkland/ 
Malvinas Current (FMC), Brazilian Current 
(BC) and Brazilian countercurrent (BCC). Sea 
surface temperature data correspond to 
February 1998 (obtained from NOAA prod
ucts website, https://www.ospo.noaa.gov/ 
data/sst/mean_mon/February.98.monmean. 
gif). B) BFMC northernmost position be
tween 8700 and 5500 BP, based on Gu et al. 
(2019). Temperature information is merely 
schematic and was produced hypothesizing 
the northward displacement of the current 
fronts presented in A in order to illustrate 
our hypothesis. C) Rapid accretion phases of 
the Southwestern Atlantic reefs (i.e., Abrol
hos, Anchieta and Queimada Grande Reefs; i. 
e., calibrated median probability and two- 
sigma standard deviation), shaded vertical 
grey bars indicate reef accretion phases and 
hiatus (dark and ligh, respectively) D) Fora
minifera abundance (%; 53◦S) from Hodell 
and Kanfoush (2001). E) February sea sur
face temperature estimated from diatom as
semblages from Hodell and Kanfoush (2001). 
F) South Atlantic Subtropical Dipole index 
during the Holocene from Wainer et al. 
(2014). G) El Niño Southern Oscillation 
(ENSO) reconstructions from El Junco Lake 
(Conroy et al., 2008).   
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Ecológico Ilhas da Queimada Pequena e Queimada Grande for survey 
permits (SISBIO/62883-2). D. Ricardo for field sampling support. GH 
Pereira-Filho acknowledges financial support from Fundação de Amparo 
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