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Studies reconstructing surface paleoproductivity and benthic environmental conditions
allow us to measure the effectiveness of the biological pump, an important mechanism in
the global climate system. In order to assess surface productivity changes and their effect
on the seafloor, we studied the sediment core SAT-048A, spanning 43–5 ka, recovered
from the continental slope (1,542 m water depth) of the southernmost Brazilian continental
margin, deep western South Atlantic. We assessed the sea surface productivity, the
organic matter flux to the seafloor, and calcite dissolution effects, based on
micropaleontological (benthic and planktonic foraminifers, ostracods), geochemical
(benthic δ13C isotopes), and sedimentological data (carbonate and bulk sand content).
Superimposed on the induced changes related to the last glacial–interglacial transition, the
reconstruction indicates a significant and positive correlation between the
paleoproductivity proxies and the summer insolation. From the reconstructed data, it
was possible to identify high (low) surface productivity, high (low) organic matter flux to the
seafloor, and high (low) dissolution rates of planktonic Foraminifera tests during the glacial
(postglacial). Furthermore, within the glacial, enhanced productivity was associated with
higher insolation values, explained by increased northeasterly summer winds that
promoted meandering and upwelling of the nutrient-rich South Atlantic Central Water.
Statistical analyses support the idea that productivity is the main cause for seafloor calcium
carbonate dissolution, as opposed to changes in the Atlantic Meridional Overturning
Circulation (at least for the 25–4 ka period). Further efforts must be invested in the
comprehension and quantification of the total organic matter and biogenic carbonate
burial during time intervals with an enhanced biological pump, aiming to better understand
their individual roles.
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INTRODUCTION

The oceanic biological pump is a primary mechanism to
exchange CO2 between the atmosphere and the oceans, and is
therefore critically important for the acidity of the sea water and
associated carbonate dissolution (Riebesell, 2004). An intensified
biological pump in the oceans leads to an increase of exported
biogenic carbon and carbonate burial in the sediments (Brummer
and van Eijden, 1992). Since planktonic Foraminifera are
important contributors to the pelagic calcium carbonate flux
(Milliman et al., 1999; Schiebel, 2002; Kučera, 2007) they
represent an important component of the global climate
system through their role in the oceanic carbon and carbonate
pump. The connection between strong changes in the oceanic
biological pump and calcite dissolution is difficult to study in
modern oceans, as sample areas with sufficient differences in
bioproductivity also differ in several other environmental factors,
thus confounding the results. In contrast, Pleistocene climate
scenarios offer the possibility to investigate a relatively stable
ecosystem under intensely changing bioproductivity scenarios.

The Late Quaternary climate is characterized by orbit-related
glacial–interglacial fluctuations (EPICA Community Members,
2004; Jouzel et al., 2007) associated with CO2 variations (Petit
et al., 1999; Shakun et al., 2012). Nevertheless, the orbital forcing
alone is not strong enough to induce the observed temperature
changes and, thus, feedback mechanisms in the Earth’s climate
system are expected to have amplified (or reduced) the primary
signal (Lorius et al., 1990; Shackleton, 2000). The oceanic
carbonate pump system is critically influenced by changes in
bioproductivity. High biological surface productivity can boost
population densities and biomass of benthic communities,
increasing the respiration processes and leading to the
remineralization of higher percentages of organic matter
(OM), resulting in the release of CO2 and a reduction of the
biologic carbon burial (Cronin et al., 1999; Hales, 2003). Besides,
higher CO2 release at the seafloor can lead to increased
dissolution of biogenic carbonate, (e.g., planktonic
Foraminifera tests; Schiebel, 2002). Therefore, an enhanced
biological pump can have an unexpected effect, both
decreasing the OM burial and dissolving biogenic carbonates,
inhibiting higher quantities of C to be stored in the seafloor
sediments (e.g., Zamelczyk et al., 2012; Naik et al., 2014).

Supra-lysoclinal pelagic carbonate dissolution has been
described from the western South Atlantic in the past, being
related to changes in bottom water masses (Petró et al., 2018a;
Petró and Burone, 2018; Petró et al., 2021). Nevertheless, the
relation between calcium carbonate dissolution and sea surface
productivity has not yet been approached in the studied area. In
this paper, we 1) reconstruct past changes in primary and export
productivity during the last glacial–interglacial interval, 2)
determine mechanisms that triggered calcium carbonate
dissolution, and 3) investigate the role of productivity changes
on carbonate corrosion from a core retrieved above the lysocline.

Oceanographic Setting
The studied sediment core was recovered off Santa Marta Cape in
the western South Atlantic (Figure 1A,B). The proximal portion

of the continental shelf of the Pelotas Basin represents a
submerged coastal plain (Martins, 1984) that was exposed
during the last Pleistocene regression (Marine Isotope Stage 2)
and dissected by drainage networks from fluvial systems
(Weschenfelder et al., 2014), which contributed to larger
nutrient inputs from continental outflows compared to the
Holocene.

Surface circulation in the shelf portion of the study area is
dominated by the northward flowing Brazil Coastal Current,
which carries the Coastal Water (CW), a mixture of oceanic
and continental drainage waters. Offshore, the Brazil Current
(BC) transports the warm (temperature, T > 20°C) and salty
(salinity, S > 36) Tropical Water (TW) southwards within the
surface layer. The BC flows along the South American margin
slope until it converges with the Malvinas Current (MC), a
northward flowing surface current carrying the cold (T <
15°C) and fresher (S < 34.2) Subantarctic Water, forming the
Brazil/Malvinas Confluence (BMC) close to 38°S (Gordon and
Greengrove, 1986). The BMC forms a large meander, which
separates southward of the continental margin (Peterson and
Stramma, 1991; Piola and Matano, 2017), and varies seasonally
and interannually, moving to the north in austral autumn and
winter, and to the south in spring and summer. This variation
influences the nutrient distribution along the continental shelf of
the Argentinian, Uruguayan, and south Brazilian coasts
(Gonzalez-Silvera et al., 2006). Presently, two main continental
sources of nutrients and freshwater for the area are the Río de la
Plata Estuary (RdlPE) and the Patos-Mirim Lagoon System
(PMLS). Although the configuration of continental drainage
certainly changed under the varying sea-level conditions of the
late Quaternary, they both represent sources of continental
drainage and, thus, nutrients to the study area.

The water masses that circulate in the subsurface (Figure 1C)
immediately below the TW are: the South Atlantic Central Water
(SACW), the Antarctic Intermediate Water (AAIW), the Upper
Circumpolar Deep Water (UCDW), the North Atlantic Deep
Water (NADW), and the Antarctic BottomWater (AABW) (Reid
et al., 1976; Campos et al., 1995; Hogg et al., 1996; Stramma and
England, 1999). The NADW promotes the preservation of
carbonate, due to its oversaturation with carbonate ion
(CO3

2−) when compared to the overlying UCDW and the
underlying AABW. Both, the UCDW and AABW, are
undersaturated in CO3

2− and, therefore, may lead to the
dissolution of carbonate (Frenz et al., 2003). Indeed, Frenz and
Henrich (2007) have shown that the depth of the interface
between the NADW and the AABW defines the lysocline,
below which carbonate dissolution occurs.

MATERIALS AND METHODS

The piston core SAT-048A was collected by FUGRO
Brasil–Serviços Submarinos e Levantamentos Ltda for the
Agência Nacional do Petróleo (ANP, Brazilian National Agency
of Petroleum, Natural Gas and Biofuels) at 29°11′ S and 47°15′W
at 1,542 m water depth (Figure 1). The core, with a total recovery
of 315 cm, was sampled at intervals of about 6 cm, for a total of 54
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samples. The core was missing the top 20 cm and the 196–217 cm
interval. Each sample was washed over a 63 µm sieve and oven
dried at temperatures below 60°C. The taxonomical identification
of the planktonic Foraminifera species, from subsamples of at
least 300 specimens larger than 150 µm split with a microsplitter,
followed Bé (1967), Bé et al. (1977), Bolli and Saunders (1989),
Hemleben et al. (1989), Kemle-vonMücke and Hemleben (1999),
Schiebel and Hemleben (2017), and Morard et al. (2019).

We used a revised version of the Frozza et al. (2020) age model,
based on the rbacon package (Blaauw and Christen, 2011; version
2.4.2) for the R software (R Core Team, 2019). The age model
(Supplementary Material) used the ten AMS radiocarbon dates

presented by Frozza et al. (2020), carried out on monospecific
samples of planktonic Foraminifera, and the Laschamp
geomagnetic excursion (J. Savian, personal communication,
June 5, 2020) as an additional control point.

Past sea surface temperatures (SST) at 100 m water depth
(SST100m) were estimated using the modern analogue technique
(MAT; Hutson, 1980) in the software PAST (version 4.05;
Hammer et al., 2001). The paleo-SST100m were calibrated with
a dataset composed of: 1) relative abundances of planktonic
Foraminifera of surface sediments from the South Atlantic
Ocean extracted from the ForCenS database (Siccha and
Kučera, 2017) as training data and 2) modern mean annual

FIGURE 1 | Location of sediment core SAT-048A and other mentioned cores (GeoB2107-3, Gu et al., 2017, Pereira et al., 2018; GeoB2104-3, Howe J. N. W.
et al., 2016) in the studied area, in map view (A,B) and as latitudinal cross section (C). Seasonal variation of average sea surface salinity (measured on the psu scale) for
the months of (a) January–March (austral summer) and (b) July–September (winter) are based on data from the World Ocean Atlas 2013 (WOA13, Zweng et al., 2013).
The isohalines 32, 34, and 36 (dashed lines) highlight the northward intrusion of less saline water from the south during winter (b) when compared to summer (a)
conditions. This is related to seasonally predominating wind regimes, indicated as white arrows. The present Río de la Plata Estuary (RdlPE) and Patos-Mirim Lagoon
System (PMLS) represent important continental nutrient sources in the study area. Dissolved oxygen concentrations (c; µmol/kg) in a transect along the South American
continental margin show the South Atlantic water masses that circulate in the region: Tropical Water (TW), South Atlantic Central Water (SACW), Antarctic Intermediate
Water (AAIW), Upper Circumpolar Deep Water (UCDW), North Atlantic Deep Water (NADW), and Antarctic Bottom Water (AABW).
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temperature estimates for 100 m below sea level, obtained from
theWorld Ocean Atlas 2013 (Locarnini et al., 2013) and extracted
with the software Ocean Data View (Schlitzer, 2020). For the
weighting parameter, we used the inverse dissimilarity based on
the squared Chord dissimilarity index with a threshold of 0.28
and five analogues.

Sea surface paleo-productivity was assessed from the relative
abundances of the species Globigerinita glutinata (Conan and
Brummer, 2000; Souto et al., 2011) and the ratio between
Globigerina bulloides and Globigerinoides ruber (albus and
ruber) (G.bull:G.rub; Conan et al., 2002; Toledo et al., 2008).
The OM flux to the seafloor, as a response to sea surface
productivity, was estimated based on the benthic:planktonic
Foraminifera ratio (B:P; Berger and Diester-Haass, 1988;
Loubere, 1991; Gooday, 2002). While this parameter was
applied on different size fractions in the past, with no clearly
defined standard, it was shown that small size fraction differences
do not impact analyses considerably (Schönfeld 2012; Weinkauf.
2018). As long as data for benthic and planktonic communities, as
in our case, were extracted from the same sieve size fraction. The
resulting B:P ratios will be comparable, indeed, being used in the
literature (e.g., de Almeida et al., 2022). The ostracod valves
abundances (number of valves in the >150 µm fraction per gram
of sediment), and the δ13C record of Uvigerina spp. (δ13CUvi;
Mackensen, 2008) were also used to infer the OM flux to the
seafloor. Part of these data (relative abundances of G. bulloides
and G. ruber, δ13CUvi) were previously published by Frozza et al.
(2020). For the δ13CUvi measurements, approximately seven
specimens of the benthic foraminiferal genus Uvigerina were
selected from the 250 µm sediment fraction from each sample.
The geochemical analyses were performed with a Thermo
Scientific MAT-253 mass spectrometer, coupled to a Kiel IV
carbonate device, by the Laboratory of Stable Isotopes of the
University of California–Santa Cruz (SIL-UCSC). All results are
expressed in δ-notation relative to the Vienna Pee-Dee Belemnite
(VPDB) standard.

Dissolution effect proxies for this core were published by
Suárez-Ibarra et al. (2021) and were based on the 1) the
planktonic Foraminifera fragmentation intensity, which follows
Berger (1970)’s fragments and broken shells counting, 2) the bulk
sand fraction (%; Berger et al., 1982; Gonzales et al., 2017), 3) the
number of whole planktonic Foraminifera tests per Gram of
sediment (PF/g, Le and Shackleton, 1992), and 4) the relative
CaCO3 content of the sediment. Bulk sand contents were
determined using a laser diffraction particle size analyzer
Horiba Partica-LA-950 at the Climate Studies Center Centro
de Estudo de Geologia Costeira e Oceânica (CECO) of the
Universidade Federal do Rio Grande do Sul (UFRGS). The
calcium carbonate content for the samples was determined by
weight loss after reaction with 10% hydrochloric acid (HCl) at the
Calcareous Microfossils Laboratory of the UFRGS.

All statistical analyses were conducted in the software PAST
(version 4.05; Hammer et al., 2001). An overall relation between
productivity and dissolution proxies was quantified using
Spearman rank-order correlation. To objectively define phases
of changing conditions through the analyzed time interval, a
principal component analysis (PCA) on the correlation matrix

including all the correlatable paleo-productivity proxies (PCAP)
and all dissolution proxies (PCAD), respectively, was carried out.
Using the first principal component of PCAP (PC1P), we
objectively defined the borders between the three phases using
a piecewise ordinary least-squares regression (OLS; Weinkauf
et al., 2013): 1) We subdivided the PC1P vs age date into three
subsets. The age-borders for each subset varied over a range of
reasonable values (25.11–31.46 ka for the phase 1–Phase 2 border,
18.274–15.515 ka for the phase 2–Phase 3 border); 2) for each
possible combination of phase borders, we calculated three
independent OLS regression lines and their associated R2-
value; 3) we calculated the overall fit of the solution as the
product of the three individual R2-values; 4) the best phase
border solution was the one that showed the highest overall
R2-value. The relationship between summer insolation and paleo-
productivity, represented by the score of PC1P, was analyzed
using a reduced major axis regression. To study the interaction
between productivity (PC1P), bottom water intensity
(reconstructed by the 231Pa/230Th ratio; McManus et al., 2004;
Böhm et al., 2015), and dissolution (PC1D), a multiple linear
regression was carried out.

RESULTS

Sediments from core SAT-048A represent hemipelagic muds rich
in carbonate. The average grain size of the samples is slightly
sandy mud, and in general, ranges from slightly clayey mud to
muddy sand in some cases. The recovered sediments correspond
to the latest Pleistocene and early/middle Holocene muds of the
Imbé formation. The age model (Supplementary Material)
indicates sample ages ranging from 43 to 5 ka.

Planktonic Foraminifera species indicate two contrasting
temporal distribution patterns: 1) species with higher
abundances during the Late Pleistocene that decreased in
abundance towards the Holocene, Globigerinita glutinata
(Figure 2C), Globigerina bulloides, Globoconella inflata, and
Neogloboquadrina incompta (Supplementary Material); 2)
species with lower abundance values during the Late
Pleistocene and higher abundances in the Holocene,
Globigerinoides ruber albus and G. ruber ruber, Trilobatus
sacculifer, Globorotalia menardii, Globigerinella calida,
Orbulina universa, Globorotalia tumida, and Globigerinoides
conglobatus (Supplementary Material).

The performance of the MAT (shown in the Supplementary
Material) was generally very good, with an R2 of 0.993. The
annual mean paleo-SST100m estimates for core SAT-048A are
shown in Figure 2E (residuals shown in Supplementary
Material). The annual mean reconstructions show lower
values from the bottom of the core until 37 ka (on average
16°C), although the lowest value occurred at 25 ka (15.2°C).
For the 37–15 ka period, the observed temperature variation was
larger and fluctuated faster than during the rest of the record,
spanning from 15 to 19°C. A warming trend is indicated to have
occurred before the Last Glacial Maximum (LGM) at 25 ka, with
values between 19 and 23°C and the warmest SST100m value
(22.5°C) observed at 7 ka.
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FIGURE 2 | Fluctuations in summer insolation, paleoenvironmental proxies for surface productivity, organic matter (OM) flux to the seafloor, CaCO3 dissolution,
Atlantic Meridional Overturning Circulation (AMOC) speed, and relative sea level. (A) Austral summer (February) insolation at 31° S (Laskar et al., 2004) (B–C) relative
abundance of G. glutinata in cores GeoB2107-3 (b; Pereira et al., 2018) and SAT-048A (c; this study); (D) G. bulloides/G. ruber ratio (G.bull:G.rub); (E) SST100m (°C)
(F–G) relative abundance of T. quinqueloba (f) and G. falconensis (g); (H) δ13CUvi (‰); (I) Benthic/Planktonic Foraminifera ratio (B:P) (J) CaCO3 content of the
sediment (K) number of planktonic Foraminifera tests per gram of sediment (PF/g) (L) sand bulk content (%) (M) fragmentation intensity (N) 231Pa/230Th values from
McManus et al. (2004; squares), Lippold et al. (2009; circles), and Böhm et al. (2015; triangles) (O) Ostracods per gram of sediment (valves/g) (P) relative sea level (RSL;
Waelbroeck et al., 2002). Note the inverted y-axes in (f), (g), and (i–k) to aid visualization. Proxies printed in black belong to sediment core SAT-048A. The three phases
indicated in the plot are based on a principal component analysis of all productivity values, as shown in Figure 3.
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All reconstructed paleoenvironmental proxies are shown
in Figure 2. Paleo-productivity shows highest values in the
43–32/34 ka interval (superimposed on a decreasing trend),
when reconstructed from G. glutinata abundances
(Figure 2C) and the G. bull:G.rub ratios (Figure 2D),
respectively. A relative plateau is witnessed for both
proxies from 32/34 to 25 ka. The following time interval
(25–17 ka) is characterized by an increasing trend. From
17 to 5 ka, G. glutinata and the G. bull:G.rub ratio show a
decreasing trend with some of the lowest values of the entire
record. The abundance of ostracods valves (Figure 2) is low
during the 43–27 ka interval, then increases until 10 ka, and
decreases afterward.

We ran a Spearman rank-order correlation to test the
relationship between different productivity and dissolution
proxies (Table 1). When the correlation was significant at the
α = 0.05-level, the correlation coefficients ρ were categorized as
either weak (|ρ| = 0–0.33), medium (|ρ| = 0.34–0.66), or strong (|ρ|
= 0.67–1). The paleo-productivity proxies G. bull/G.rub and G.
glutinata (%) are not significantly correlated (p = 0.556),
nevertheless, the correlations between productivity and OM
flux proxies are all significant, ranging from medium to strong
correlations. All the dissolution proxies are significantly
correlated, also ranging from medium to strong. The
correlation between productivity, OM flux and dissolution
proxies are all significant, ranging from weak to strong
relations, except for the FI vs G. glutinata (%) and the bulk
sand (%) vs G. glutinata (%) proxies. The OM flux proxy
Ostracod valves only showed a medium correlation with the
G. bull/G.rub proxy and was also weakly–moderately correlated
to three dissolution proxies.

These results indicate that all these proxies are also influenced
by other environmental parameters, not just productivity and

dissolution, respectively. Therefore, not any single proxy is
suitable to provide an unbiased picture of the past
environment. We, thus, aimed to develop synthetic
productivity and dissolution proxies by combining all
information in a PCA, which on its first axis amplifies the
direction of largest variation in both parameters. PCAs were
run both for productivity/OM flux (G.bull/G.rub, G. glutinata
(%), δ13CUvi, and B:P; PCAP) and dissolution proxies (CaCO3, FI,
PF/g, and bulk sand (%), PCAD) on the data centered at zero and
scaled to unit variance (Supplementary Material). The first
principal component of the productivity/OM flux analysis
(PC1P) explains 62.14% of the variance in the data, while the
first principal component for the dissolution proxies (PC1D)
captures 74.88% of data variance. The trends of PC1P and
PC1D are shown in Figure 3, where the borders between three
phases are based on the best solution of a set of piecewise OLS
regressions with combinations of 70 feasible phase border
scenarios. The loadings of the components on the principal
component axes and the individual R2-values from the
piecewise regressions on which the phase borders are based
are shown in the Supplementary Material. The optimal phase
borders were determined by the R2-product of 0.251 as follows:
phase 1 (42.32–29.12 ka), where PC1p values decreased,
indicating a reduction in productivity; phase 2
(28.56–16.15 ka), with stable to slightly increasing paleo-
productivities; and phase 3 (15.51–5.77 ka), where productivity
decreased again during the Holocene.

A reduced major axis regression between summer insolation
and PC1P (Supplementary Material) yielded a significant (p <
0.001) correlation value of 0.476. A multiple linear regression
between the independent variable PC1P and bottom water
velocity (231Pa/230Th) and PC1D as dependent variable was
carried out and results are shown in Table 2. Only PC1P is

TABLE 1 | Correlation coefficient (ρ) and statistical significance (p) for productivity and dissolution indices in sediment core SAT-048A from the western South Atlantic. G.
glutinata (%): Relative abundance of Globigerinita glutinata; δ13CUvi: VPDB δ13C-values of shells of the benthic foraminifer genus Uvigerina; B:P: Ratio between benthic
and planktonic Foraminifera; CaCO3 (%): Relative CaCO3 content of the sediment; FI: Planktonic foraminifera fragmentation intensity; PF/g: Number of Planktonic
foraminiferal tests per gram of sediment; bulk sand (%): Relative sand content of the sediment; Ostracod valves: Number of Ostracod valves per Gram of sediment.
Significant p-values (at α = 0.05) are highlighted in bold; for these, the correlation coefficient was marked as weak (italics), medium (bold), or strong (bold-italics).

— G.bull/
G.rub

G.
glutinata

(%)

δ13CUvi B:P CaCO3

(%)
FI PF/g Sand

bulk
(%)

G. glutinata (%) ρ 0.086 — — — — — — —

p 0.556 — — — — — — —

δ13CUvi ρ −0.441 −0.508 — — — — — —

p 0.002 <0.001 — — — — — —

B:P ρ 0.458 0.511 −0.795 — — — — —

p 0.001 <0.001 <0.001 — — — — —

CaCO3 (%) ρ −0.518 −0.430 0.777 −0.914 — — — —

p <0.001 0.002 <0.001 <0.001 — — — —

FI ρ 0.329 0.287 −0.304 0.452 −0.567 — — —

p 0.024 0.05 0.038 0.001 <0.001 — — —

PF/g ρ −0.371 −0.302 0.703 −0.811 0.831 −0.53 — —

p 0.009 0.035 <0.001 <0.001 <0.001 <0.001 — —

Sand bulk (%) ρ −0.389 −0.204 0.473 −0.579 0.629 −0.606 0.576 —

p 0.006 0.16 0.001 <0.001 <0.001 <0.001 <0.001 —

Ostracod
valves

ρ −0.354 0.129 0.187 −0.229 0.24 −0.334 0.479 0.304
p 0.015 0.387 0.207 0.121 0.104 0.022 0.001 0.038
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significantly influencing dissolution, and explains around 51% of
the observed dissolution signal.

DISCUSSION

Radiocarbon Reversals
The occurrence of reversals in planktonic Foraminifera
radiocarbon dates are not rare in the studies of the south
Brazilian continental margin (SBCM, e.g., Sortor and Lund,
2011; Hoffman and Lund, 2012; Portilho-Ramos et al., 2019),
being related either to: 1) morphological features of the sea
bottom that remobilize sediments (such as turbidity or
contour currents), or to 2) post-depositional chemical
processes that affect the 14C concentrations. The age model of
core SAT-048A here presented (Supplementary Figure S3)
indicates three intervals where samples yielded mean older
ages (Supplementary Table S3). Nevertheless, the only
significant difference is shown in the sample at 183.5 cm depth
(31.1 ka before calibration), between 217 and 149 cm
(27.8–22.7 ka), an interval constituted by hemipelagic mud

rich in carbonate. According to Kowsmann et al. (2014),
features of geological instability for the SBCM usually
occurred between 28 and 15 ka, during relative low sea levels.
Nevertheless, reversals of AMS 14C planktonic Foraminifera dates
from core SAT-048A are not associated to abrupt changes on the
grain size record (Supplementary Figure S4). Moreover, the
action of contour currents in the proximities of the study area
(Viana, 2001; Duarte and Viana, 2007; Hernández-Molina et al.,
2016) could, have gradually remobilized older particles (such as
planktonic Foraminifera shells), masking the 14C ages and
increasing the temporal mixing.

Regarding the chemical processes, Rodrigues et al. (2020)
reported older radiocarbon dates likely due to the upward
migration of 14C-depleted methane fluids from gas chimneys,
as already reported for the south portion of the SBCM (Portilho-
Ramos et al., 2018; Ketzer et al., 2020), which can precipitate in
shell interstitial pores (Wycech et al., 2016), producing an
alteration in the radiocarbon dates. Given the above, we tried
to diminish the impact of radiocarbon reversals by using 1) a high
number of correlation points (10 radiocarbon dates and one
geomagnetic correlation point) and, 2) the rbacon package for
software R, which implements Bayesian statistics that calculate
mean ages for age model constructions, and has the capacity to
deal with 14C reversals.

Sea Surface Productivity
Three phases were defined from the PC1P trends (Figure 3). Phases
3 and 1 fall into time intervals with decreasing summer insolation
values, while phase 2 is characterized by increasing summer
insolation. The correlation between PC1P and summer insolation
values is supported by the significant (p < 0.001) values of a reduced
major axis regression (r = 0.476). This is supported by mechanisms,
reported in the literature, that drove the paleo-productivity changes
in the western SouthAtlantic. Portilho-Ramos et al. (2019) explained
the high glacial productivity by a combination of short – but highly
productive – austral summer upwelling periods and prolonged
winter conditions favorable to the intrusion of RdlPE.

The short summer upwelling periods resulted from the
enhanced northeasterly (NE) winds blowing along the shore
during intervals with high summer insolation, both directly, by
pushing surface waters offshore due to the Ekman transport
(Chen et al., 2019), and indirectly by strengthening the BC
meandering and, therefore, enhancing shelf break upwelling
(Portilho-Ramos et al., 2015; Pereira et al., 2018). This
interpretation is supported by the observed changes in the
relative abundances of: 1) Globigerinita glutinata (Conan and
Brummer, 2000; Souto et al., 2011), a species that feeds on

TABLE 2 | Results from a multiple linear regression between summarized paleo-productivity (PC1P; first axis of a principal component analysis including all correlatable
productivity proxies) and bottom water velocity231Pa/230Th and summarized dissolution (first axis of a principal component analysis including all dissolution proxies) as
dependent variable for sediment core SAT-048A from the South Atlantic. p-values significant at α = 0.05 are indicated in bold.

Coefficient Standard error t p R2 r

Constant 0.286 1.425 0.201 0.842 — —

PC1P −0.781 0.122 −6.402 <0.001 0.519 0.720
231Pa/230Th −4.141 20.458 −0.202 0.840 0.091 0.302

FIGURE 3 |Mean average for the first principal components of principal
component analyses on all productivity proxies (PC1P, black line) and all
dissolution proxies (PC1D, red line) in samples from sediment core SAT-048A
in the South Atlantic. The purple line represents the Austral summer
(February) insolation at 31° S (Laskar et al., 2004). The three phases defined by
productivity trends (decreasing in phases 1 and 3, increasing in phase 2) are
indicated. Dominant species of planktonic Foraminifera (Globigerina bulloides
in phase 1, Globigerinoides ruber in phase 3) are indicated.
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diatoms (Schiebel and Hemleben, 2017) and therefore benefits
from the glacial silicic acid-rich SACW intrusions in the area
(Portilho-Ramos et al., 2019) (Figure 2B,C); 2) Turborotalita
quinqueloba, which is associated with stronger intrusions of
cooler SACW into the photic zone (Souto, et al., 2011; Lessa
et al., 2014, 2016) (Figure 2F); and 3) Globigerina falconensis,
which is associated with eutrophic conditions (Sousa et al., 2014)
(Figure 2G). Additionally, a reconstructed SST100m cooler than
20°C (Campos et al., 2000; Silveira et al., 2000; Castelão et al.,
2004) along with a G. bull:G.rub ratio higher than 0.25 (Lessa
et al., 2014) for the Pleistocene portion of the record indicates a
constant presence of the SACW in the subsurface during the short
austral upwelling of the late glacial.

Prolonged winter conditions involved prevalent
southwesterly (SW) winds year-round which carried
outflows from the Río de La Plata (RdlPE) (Pimenta et al.,
2005; Piola et al., 2005) and other continental sources
(Camaquã, Jaguarão, and Jacuí rivers)—presently
converging in the PMLS–closer to the study area (Piola
et al., 2000; Nagai et al., 2014). Strengthened SW winds
would also displace the BMC to a location closer to the
area (Gonzalez-Silvera et al., 2006), which is supported by
the higher relative abundances of Globoconella inflata and
Neogloboquadrina incompta (Supplementary Material). The
abundances of these two species can be interpreted as an
indicator for a BMC closer to the study area (Boltovskoy et al.,
1996), induced by the enhanced SW winds during the late last
glacial.

Several authors suggest that during low relative sea levels
(glacial times), periods of higher nutrient availability and
increased terrigenous sediment input were favored due to
the more offshore position of the BC and the exposure of the
continental shelf (Mahiques et al., 2007; Gu et al., 2017;
Pereira et al., 2018, Portilho-Ramos et al., 2019). Moreover,
the Río de la Plata (Lantzsch et al., 2014) and Jacuí and
Camaquã river paleo-drainages (Weschenfelder et al., 2014)
were closer to the study area during this interval (higher
influence of the PMLS). Higher Fe/Ca values (Heil, 2006),
higher relative abundances of eutrophile dinoflagellate cysts
species (Gu et al., 2017), and high terrestrial palynomorph
proportions (Bottezini et al., 2022), are all evidence of the
greater influence of continental outflow in the study area
under lower relative sea levels during the late last glacial
(which approximately corresponds to our phases 1 and 2).
Medium paleo-productivity estimates during the LGM
(relative sea level approximately 120 m lower; Figure 3)
stand in contrast to the higher sea levels during phase 1
(relative sea level approximately 75 m below, Waelbroeck
et al., 2002), where higher (terrigenous-related) fertilization
was expected due the lower eustatic sea level. This suggests a
different influence for the continental terrigenous fertilization
for mid-depth cores retrieved from the continental slope. In
contrast, for the Holocene, the higher relative sea level and
onshore displacement of the BC, as well as the absence of the
SACW, inhibited the photic zone fertilization, leading to
oligotrophic conditions (Mahiques et al., 2007), witnessed
in the phase 3.

Organic Matter Flux to the Seafloor and
Carbonate Dissolution
Orbital to suborbital climate cycles can influence the
abundance of deep-sea benthic communities (Cronin et al.,
1999). Since abundance fluctuations of benthic Foraminifera
and ostracods are related to variations in particulate organic
carbon fluxes to the seafloor (Smith et al., 1997; Rex et al., 2006;
Rex and Etter, 2010), their use as surface paleo-productivity
indicators is widespread (Nees et al., 1999; Herguera, 2000;
Rasmussen et al., 2002; Gooday, 2003; Yasuhara et al., 2012).
The surface productivity fluctuations, indicated by the G.
glutinata abundance and G. bull:G.rub, are significantly
correlated to those of the OM flux recorded by the B:P ratio
and the δ13CUvi (Table 1). This effective OM export from the
surface to the seafloor revealed a high benthic–pelagic
coupling (Toledo et al., 2007). The B:P changes are
accompanied by a similar trend in inverse δ13CUvi

(Figure 2H,I), which are expected to decrease when higher
OM fluxes, rich in 12C due to the preferential incorporation of
the light isotope during photosynthesis (Wefer et al., 1999),
reach the seabed (Ravello and Hillaire-Marcel, 2007).
Nevertheless, the abundance of ostracod valves (Figure 2)
was only significantly correlated with G. bull:G. rub ratio
values. Intriguingly, ostracod valves showed a hump-shaped
relation with productivity (Yasuhara et al., 2012), where values
increased under moderate OM supply and declined under very
low and very high productive conditions. This is because under
high-productivity scenarios, oxygen levels at the sea floor tend
to decrease and deep-sea ostracods, which are mostly epifaunal
(Jöst et al., 2017), would not respond well to such an
environment. On the other hand, ostracods valves had a
significant (p > 0.001) strong correlation (ρ = −0.701) with
paleo-bathymetric variations, where abundances decreased
exponentially with water depth increase (Rex et al., 2006;
Rex and Etter, 2010).

Dissolution indicators suggest higher calcium carbonate
dissolution during the beginning of Phases 1 and the
transition of phases 2 and 3 (Figure 2, 3), related to the OM
flux. Enhanced dissolution could theoretically be triggered by two
different processes: 1) increase in CO2 concentrations (decreasing
the water pH) due to the remineralization of OM at the seafloor
(Jahnke et al., 1997; Schiebel, 2002) or 2) changes in the bottom
water mass configuration related to AMOC dynamics (speed or
geometry). Although the B:P ratios are also used as a dissolution
indicator (Berger and Diester-Haass, 1988; Conan et al., 2002),
Kučera (2007) states that this is only applicable for abyssal
depths. We also have evidence from regional studies (Petró
et al., 2018b) that benthic foraminifera are more prone to
dissolution in this setting than planktonic foraminifers. This
means that our observed B:P ratios are, in the worst case, an
underestimate of the real situation because dissolution would
attenuate it.

In the SBCM basins, the δ13CUvi values have been used to
infer oscillations of OM input (Toledo et al., 2007; Dias et al.,
2018; Rodrigues et al., 2018; Frozza et al., 2020). Nevertheless,
δ13CUvi values are influenced by several factors, such as
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accumulation rates of organic carbon, regional changes of
water masses, the global carbon cycle, photosynthesis
respiration processes, temperature, and pH (Ravelo and
Hillaire-Marcel, 2007; Hesse et al., 2014). Calcite dissolution
has, in contrast, no influence on the foraminiferal δ13C (Petró
et al., 2018b). Lund et al. (2015) suggested that lower values of
benthic δ13C during glacial times are associated with a weak
AMOC. Nevertheless, the fluctuations of δ13CUvi and the
carbonate preservation could be the result of the interplay
between the OM flux and water masses changes.

Based on εNd in planktonic Foraminifera at mid-depths in the
western South Atlantic, Howe et al. (2016, 2018) showed
variations of water masses at intermediate depths of
1,000–1,200 m (cores GeoB2107-3 and KNR159-3-36GGC)
during the Holocene, and at 2,200 m (core GL-1090) since
Heinrich Stadial 1. After the Heinrich Stadial 1, core GL-1090s
εNd values decreased, becoming less radiogenic and more related
to modern upper NADW values, while cores GeoB2107-3’s and
KNR159-3-36GGC’s εNd values increased after about 10 ka,
becoming more radiogenic and showing more affinity with
modern AAIW. Sediment core GeoB2104-3 (1,500 m) is
located between these aforementioned cores, at the same depth
as sediment core SAT-048A on which the present study is based,
at its εNd values remained stable during the 25–4 ka interval
(Howe J. N. W. et al., 2016). This indicates that SAT048A’s
δ13CUvi fluctuations were produced by the OM bottom flux rather
than water masses reconfigurations–at least throughout the
studied time interval.

In addition, the 231Pa/230Th ratio (Figure 2N) has been used to
track the intensity of the AMOC (McManus et al., 2004; Lippold
et al., 2009; Böhm et al., 2015), where lower values indicate a
strengthened AMOC. During periods of high 231Pa/230Th values
and indicating AMOC slowdown (like Heinrich Stadials), a
higher concentration of respired CO2 is accumulated in
seafloor water masses. As proposed by Howe JN. et al. (2016),
this is a possible explanation for the intervals of increased calcium
carbonate dissolution. Nevertheless, the results from the multiple
linear regression (Table 2) point to paleo-productivity as the
main factor to influence dissolution. The multiple linear
regression designates the sea surface productivity and OM flux
to the seafloor as the principal agents of the calcium carbonate
dissolution (Figure 4), at least for the 25–4 ka interval, which is
related to changes in the summer insolation. This is true, even
including the decoupling between productivity and dissolution
visible in our data during the last ca. 5 kyrs (Figure 3). We
hypothesize that the increasing dissolution at constantly low
productivity, high AMOC rates (Figure 2N) and stable water
mass configuration during this last segment of the record is
related to the rising temperatures in this period, which
increased the Mg/Ca values of the biogenic carbonate. Since
higher Mg content facilitates dissolution of calcite, shells
produced during this time would be more prone to
dissolution, so that other environmental parameters were no
longer the major factors that affected calcite dissolution.
Future studies should investigate possible changes in bottom
water mass configuration through εNd isotopes for the entire

FIGURE 4 | Schematic representation of two possible end-member scenarios affecting carbonate dissolution on deep-water assemblages of sediment core SAT-
048A (South Atlantic). The paleoceanographic changes could be triggered by: (A) Low organic matter (OM) inputs to the seafloor, which results in lower benthic
abundances and better preservation of CaCO3, or (B) high OM input that increases benthic abundances and CO2 concentrations, decreases the seawater pH, and
dissolves the planktonic Foraminifera tests (fragmentation on benthic Foraminifera was not assessed).
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studied section to 1) increase our understanding of
productivity-related carbon dissolution at the sea floor and 2)
quantify the impact of changes of the biological pump on the
total organic carbon and biogenic carbonates burial. This will
considerably aid the understanding of the glacial inorganic
carbon sequestration.

CONCLUSION

Planktonic Foraminifera assemblages from sediment core SAT-
048A, along with geochemical analyses and sedimentological
data, enabled us to reconstruct the surface and bottom water
conditions that occurred during the last 43 kyrs in the western
South Atlantic, and to contextualize the related production-
dissolution processes in the area. The Pleistocene–Holocene
transition was characterized by a shift from a glacial eutrophic
environment to more oligotrophic post-glacial conditions, as
suggested by the G. bull:G.rub ratio and the SST100m, where
intrusions of the nutrient-rich SACW were inhibited and the
RdlPE and local river discharges (nowadays PMLS) were placed
further away from the core site. The orbital-scale fluctuations of
the upwelling dynamics (indicated by the relative abundances of
G. glutinata and T. quinqueloba), modulated by insolation and
NEwind changes, directly influenced the surface productivity and
the OM fluxes to the seafloor (as shown by the B:P ratio and
δ13CUvi). Imposed on the mechanisms behind the
glacial–interglacial changes, stronger NE winds, generated by
higher summer insolation, fertilized the photic zone,
strengthened the BC, increased meandering, and enhanced
intrusion of cooler and nutrient-richer waters into the
subsurface layers. The enhanced upwelling conditions were
also registered at the sea floor, where the bacterial
decomposition of OM and the respiration of higher
abundances of benthic communities increased the CO2

concentration, which created more acidic conditions that
caused different levels of carbonate dissolution, evidenced in
the fragmentation of the planktonic Foraminifera tests. While
changes in the bottom water masses could hypothetically cause
the calcium carbonate dissolution, εNd analyses in a nearby
sediment core at the same depth suggest no changes in the
bottom water mass influence for the 25–4 ka interval, pointing
to sea surface productivity and the intensity of the AMOC as
possible causes of the carbonate dissolution. A multiple linear
regression between summarized productivity and 231Pa/230Th
(proxy for AMOC intensity), indicates that productivity is the
main controlling factor of calcium carbonate dissolution. The
continental influence (i.e., terrigenous input) must be better
assessed in future studies, since, in contrast to expectations, no
increased productivity was registered during the lowest relative
sea level (LGM), when terrestrial input should have been highest.
The dissolution of planktonic Foraminifera tests, induced by an
enhanced biological pump (evidenced in the high glacial surface
productivity and the high OM fluxes to the sea floor), must call
the attention to future research, since a strong biological pump

influences biogenic carbonate burial and CO2 sequestration and
burial at the seafloor.
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The last glacial inception was characterised by rapid changes in temperature,

atmospheric pCO2, and changes in the water mass geometry of the major ocean

basins. Although several climatic feedback mechanisms have been proposed to

explain the glacial/interglacial cycles witnessed in the Quaternary, the exact

mechanistic responses of these processes are still under constrained. In this

study we use proxies including planktonic foraminifera compositional

assemblages and oxygen stable isotopes to reconstruct past changes in sea

surface productivity, stratification, and carbonate dissolution. We use core SIS-

249 (2,091 mbsl, western South Atlantic 30°S 47°W), spanning 30–110 thousand

years ago (ka), and currently bathed by modern Northern Component Water. We

test existing hypotheses suggesting that the orbital obliquity cycle modulates the

biological pump in the study area. Spectral analysis run on our synthesised

productivity proxies recognises a ~43 kyr-cycle, related to the obliquity cycle. We

propose that the enhanced productivity is produced by two mechanisms: i) the

glacial upwelling of subsurface nutrient-rich waters and, ii) the continental

(wind-driven dust and riverine outflows) fertilisation of the photic zone, with

the latter process being obliquity-paced. We also suggest that not only the

increased organic matter export but also a change in its bioavailability (from

refractory to labile) led to calcium carbonate dissolution, as the degradation of

the more soluble organic matter decreased the pH of the glacial bottom water,

partially dissolving the calcium carbonate. Although our correlation analyses

show a strong benthic-pelagic coupling through the relation between the
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enhanced biological pump and carbonate dissolution (r<0.05, r=0.80), we

cannot reject the potential of corrosive Southern Component Water bathing

the site during the glacial. Finally, we highlight that these processes are not

mutually exclusive and that both can be modulated by the obliquity cycle.

KEYWORDS

planktonic foraminifera, primary productivity, stratification, southern Brazilian
continental margin, late Quaternary

1 Introduction

Glacial-interglacial cycles are characterised by cold stages,

witnessing decreased temperatures and carbon dioxide (CO2)

concentrations, the growth of ice sheets and the rearrangement of

water mass geometry (Lisiecki and Raymo, 2005; Ahn and Brook,

2008; Doughty et al., 2021; Shackleton et al., 2021; Menking et al.,

2022). During these cycles, multiple mechanisms contribute to CO2

drawdown, resulting in a reduction of atmospheric CO2 levels.

These mechanisms include changes in ocean carbonate chemistry

(Rickaby et al., 2010), boosted biological pump (Martin, 1990;

Sigman and Boyle, 2000), enhanced calcium carbonate

preservation (Archer and Maier-Reimer, 1994; Brovkin et al.,

2012; Doss and Marchitto, 2013) and expanded Antarctic sea ice

(Stephens and Keeling, 2000; Sigman et al., 2010), among others.

The growth of southern ice sheets during glacial stages resulted

in a reorganised Atlantic Ocean, marked by the expansion of

corrosive carbon-rich deep-water masses to shallower depths (e.g.,

Duplessy et al., 1988; Curry and Oppo, 2005; Govin et al., 2009;

Howe et al., 2016a; Howe et al., 2018) and, the redistribution of

nutrients, boosting the biological pump and enhancing the oceans’

capacity to sequestrate atmospheric CO2 during glacial periods

(Broecker, 1982; Sigman and Boyle, 2000; Skinner, 2009; Rickaby

et al., 2010; Ziegler et al., 2013). Yet, the precise way in which these

two mechanisms act and interact is still under debate.

For the western South Atlantic, several studies have

documented the impact of glacial-interglacial stages on the

carbon cycle (Gu et al., 2017; Pereira et al., 2018; Portilho-Ramos

et al., 2019; Frozza et al., 2020; Suárez-Ibarra et al., 2022) and past

bottom water mass geometry (Howe et al., 2016a; Howe et al.,

2016b; Howe et al., 2018). One important characteristic of these

climatic variations is the effect on calcium carbonate preservation,

as it plays an important role in the global carbon cycle. The

reorganised “glacial” Atlantic Ocean affects the calcium carbonate

preservation both hemispheres negatively (i.e., Chalk et al., 2019;

Petró et al., 2021). In addition, another well-known mechanism

affected by the glacial-interglacial cycles intemperate zones is the

expansion of the southwesterly winds (Toggweiler et al., 2006),

displacing the north limit of the wind belt (from 40°S to 30°S

latitude, Gili et al., 2017). The change in the wind belt position,

associated with an increasing wind strength paced by the obliquity

cycle, has been pointed to enhance the terrestrial nutrient supply

(Lopes et al., 2021). This enhancement is thought to increase the

productivity of the marine ecosystems.

Another critical factor that can influence calcium carbonate

preservation is the biological pump, transporting organic carbon

from the surface to the deep ocean. In the western South Atlantic,

Suárez-Ibarra et al. (2022) documented that high primary

productivity during the last glacial exported a higher amount of

organic matter to the seafloor, where it is remineralised. This

process releases CO2(aq), which increases acidity, affecting the

preservation of calcium carbonate, and raising questions about

the potential of an enhanced glacial biological pump to efficiently

sequester carbon in the sediments.

Yet, the extent of the mechanisms driving calcium carbonate

preservation and carbon cycling in the western South Atlantic

remains to be fully elucidated. It is required an integrated

approach encompassing both benthic and pelagic systems to

provide insights into the underlying dynamics during the last

interglacial-glacial interval. Thus, we use planktonic and benthic

foraminifera counts, geochemical analysis (oxygen stable isotopes,

d18O), sedimentological quantifications (size fraction) and various

statistical tools such as correlation, spectral and clustering analyses

from the western South Atlantic. By comparing our data with other

records from the southern and southeastern Brazilian continental

margin, our objectives are: i) to infer the mechanisms that modulate

the oceanic fertilisation, ii) to quantify the potential effect of sea

surface productivity on carbonate dissolution, and iii) to test the

influence of the orbital obliquity cycle on surface and

bottom conditions.

2 Oceanographic setting

The modern upper ocean circulation of the subtropical South

Atlantic is governed by the subtropical gyre (Peterson and

Stramma, 1991). The western boundary of the subtropical gyre is

impacted mainly by the Brazil Current, which transports warm,

salty, oligotrophic waters at the surface (tropical surface water,

temperature > 20°C; salinity > 36 psu; Peterson and Stramma, 1991;

Stramma and England, 1999). Below this tropical surface water

(~100 m) flow the cooler and more nutrient-rich South Atlantic

Central Water (Stramma and England, 1999), and the Antarctic

Intermediate Water with lower salinity and temperature and higher
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oxygen values (Stramma and England, 1999). To the South of our

study site (Figure 1), at about 38°S, the Brazil Current encounters

the cool, fresher, and nutrient-rich waters of the Malvinas Current

(temperature < 15°C; salinity < 34.2 psu), forming the Brazil-

Malvinas Confluence (Gordon and Greengrove, 1986; Gordon,

1989; Piola et al., 2000). Currently, the seafloor core location is

bathed by the southward movement of North Atlantic Deep Water,

(hereafter termed generally as Northern Component water, NCW)

a water mass that promotes calcium carbonate preservation due to

its oversaturation in carbonate ion (CO3
2−). Conversely, Southern

Component water (SCW, comprising the Antarctic Intermediate

Water, Circumpolar Deep Water and Antarctic Bottom Water),

which is undersaturated in CO3
2−, flows northward above and

below the NCW at this location, and its increased corrosiveness

leads to calcium carbonate dissolution (Broecker and Peng, 1982;

Frenz et al., 2003; Frenz and Henrich, 2007).

Close to the coring site (35° S), the Rıó de la Plata (RdlP), the

second largest continental water outflow in South America, reaches

the South Atlantic (Matano et al., 2014). The RdlP drains cool and

low salinity waters into the coastal region and increases the nutrient

availability, enhancing biological productivity along the continental

shelves of Uruguay and southern Brazil during austral winter.

Northward displacement of the RdlP outflow occurs in response

to the variability of the alongshore wind stress (e.g., Braga et al.,

2008; Möller et al., 2008). The RdlP outflows can reach 28° S along

the modern inner and mid-shelves (Piola et al., 2000; Piola et al.,

2005; Möller et al., 2008). In contrast, during austral summer, NE

winds restrict the RdlP outflows to the south (~32° S), inhibiting

fertilisation by reducing nutrient supply from continental outflows.

3 Materials and methods

3.1 Marine sediment core

The sediment samples used in this study come from the piston

core SIS-249, which measures 1.94 metres in length. This core was

retrieved from the lower continental slope of the southern Brazilian

continental margin at 2,091 metres below sea level (30°05′ S; 47°05′
W, Figure 1). Core SIS-249 was obtained during an oceanographic

campaign in the austral spring-summer of 2007 by Fugro Brasil

Ltda for the Brazilian National Agency of Petroleum, Natural Gas

and Biofuels. Due to the presence of shallower allochthonous sands

in the uppermost 48 cm of the core, this study focuses on the

carbonate-rich pelagic mud and sandy mud, which lie between 48

and 194 cm. Within this interval, we collected 45 samples with a

B

C

A

FIGURE 1

(A) Annual mean sea surface temperature and (B) annual mean sea surface salinity from the World Ocean Atlas 2013 (WOA13, Locarnini et al., 2013)
relative to core SIS-249 location (in orange). Other cores analysed in this study are indicated in grey (GeoB2107-3, Gu et al., 2017; GL1090, Santos
et al., 2017a; SAT048A, Suárez-Ibarra et al., 2022). (C) Vertical dissolved phosphate section profile through the western South Atlantic according to
the World Ocean Circulation Experiment (WOCE, Section A17; Schlitzer, 2000) and recovery depth of cores. SBCM, Southern Brazilian Continental
Margin; SEBCM, Southeastern Brazilian Continental Margin; RdlP, Rıó de la Plata; MC, Malvinas Current; BC, Brazil Current; BMC , Brazil-Malvinas
Confluence; TSW, Tropical Surface Water; SACW, South Atlantic Central Water; SCW, Southern Component Water; NCW, Northern Component
Water. Plotted using Ocean Data View (Schlitzer, 2020).
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sampling spacing of 2 to 4 cm to analyse the planktonic

foraminifera fossil assemblages and stable isotopes.

3.2 Planktonic foraminifera
compositional assemblage

To assess planktonic foraminifera assemblages, each sample (~9

cc) was sequentially weighed, washed over a 63 µm sieve, dried at

55°C, and weighed again. To avoid juvenile specimens, which would

induce taxonomic biases, planktonic foraminifera were only picked

from the >150 µm size fraction (CLIMAP Project Members, 1976;

Peeters et al., 1999). The processed samples were then divided with

a micro splitter to recover at least 300 non-fragmented planktonic

foraminifera tests per sample, as to support significant statistical

variations of around 10% for assemblage analyses (Patterson and

Fishbein, 1989). The taxonomic classification on the species level

followed Schiebel and Hemleben (2017).

3.3 Age model improvement

The chronology of core SIS-249 was first published by

Rodrigues et al. (2018) based on one single Accelerator Mass

Spectrometry (AMS) radiocarbon age combined with benthic

oxygen stable isotope (d18O) stratigraphy. The AMS radiocarbon

date from Rodrigues et al. (2018) was measured on tests of

Globigerinoides ruber at 58 cm core-depth and the age model

developed in the software AnalySeries 1.1 (Paillard et al., 1996).

In the present study, we improved the age model by using six

d18O tie-points (two points from the new d18OG.rub record and four

from d18OUvig), which are now correlated with the records from

core GL-1090 (Santos et al., 2017a), a nearby core with high-

resolution and well-calibrated age model (based on 14 AMS 14C

and 13 stable oxygen isotope correlation points to two reference

curves: Lisiecki and Raymo, 2005 and Govin et al., 2014). The new

refined age model was created in the R-package “Bacon” v. 2.5.3,

which implements Bayesian statistics (Blaauw and Christeny, 2011).

We considered a propagated error of 2.5 kyr, conservatively

estimated based on the mean accumulation rates of cores SIS-249

and GL-1090 (ca. 1.87 and 0.29 cm/kyr, respectively) and the <2 kyr

age error from the GL-1090 reference curve (Santos et al., 2017a).

The raw AMS radiocarbon age date from Rodrigues et al. (2018)

was calibrated within the R-package “bacon”, using the Marine20

curve (Heaton et al., 2020) and applying a regional reservoir effect

(DR) of −85 ± 40 years (Tables S1 and S2). This estimate follows the

Marine Reservoir Correction Database (http://calib.org/marine/),

considering the ages of Nadal De Masi (1999), Angulo et al. (2005),

and Alves et al. (2015).

3.4 Productivity proxies

We reconstruct past sea surface productivity using the ratio

between the species Globigerina bulloides and Globigerinoides ruber

(G.bull/G.rub), the relative abundance (%) of Globigerinita

glutinata, and the benthic foraminifera accumulation rate (BFAR).

The G.bull/G.rub ratio is used to reconstruct upwelling events

(Conan et al., 2002; Toledo et al., 2008) based on the contrasting

ecological preferences of both species. The opportunistic species G.

bulloides is associated with eutrophic waters in upwelling zones

(Sautter and Thunell, 1991; Peeters et al., 2002; Zaric et al., 2005;

Mohtadi et al., 2007; Lessa et al., 2014), while G. ruber, a symbiont-

bearing shallow water-dwelling species, is abundant in tropical/

subtropical planktonic foraminiferal provinces (Bé and Hutson,

1977; Kučera, 2007; Schiebel and Hemleben, 2017). Moreover, the

G. glutinata abundance is typically higher in phytoplankton-rich

waters and is used as a proxy for paleoproductivity (Conan and

Brummer, 2000; Souto et al., 2011; Pereira et al., 2018).

We also applied the BFAR index, calculated here as the total

number of benthic foraminifera multiplied by the sediment

accumulation rate as it has been shown to be a reliable proxy for

the organic carbon flux to the seafloor in the Brazilian margin (Dias

et al., 2021). The BFAR index represents the increments of primary

productivity export to the seafloor, in which the increases on

benthic biomass are associated to the increasing food availability

to the benthic community (Herguera and Berger, 1991; Guichard

et al., 1997; Jorissen et al., 2007). Thus, these planktonic and benthic

foraminiferal proxies together can indicate changes in the

fertilisation mechanisms affecting the photic zone (i.e., biological

pump, terrestrial nutrient input) and posterior organic

matter export.

3.5 Upper water column
stratification proxies

To assess changes in sea surface stratification, we studied both

the stable isotopic composition of selected planktonic foraminifera

species and assemblage counts. As planktonic foraminifera calcitic

tests record a mean value corresponding to that of the local water

mass properties (i.e., temperature, salinity) at the different depths

where they live, their d18O signal allows the reconstruction of the

seawater conditions at different depth layers (Emiliani, 1954; Ravelo

and Hillaire-Marcel, 2007). The species G. ruber dwells at surface-

shallow depths, while the species Globorotalia inflata is a

subsurface-thermocline dweller (Chiessi et al., 2007; Groeneveld

and Chiessi, 2011; Schiebel and Hemleben, 2017; Lessa et al., 2020).

Therefore, the gradient between the d18O values of these two species

(Dd18OG.inf-G.rub) indicates a decreased (increased) upper water

column stratification according to the lower (higher) Dd18OG.inf-

G.rub values (Santos et al., 2017b and references therein).

Around 10 specimens of G. ruber and G. inflata were collected

per sample for the d18O analyses from the size fraction >250 µm to

limit ontogenetic effects (Elderfield et al., 2002). The tests were

cleaned with distilled water using an ultrasonic bath to remove any

contamination by external particles. The isotopic measurements

were performed on a ThermoFisher Scientific MAT253 gas Isotope

Ratio Mass Spectrometer coupled to a Kiel IV automated carbonate

device at the Research Center for Geochronology and Isotopic
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Geochemistry (CPGeo) from the University of São Paulo. Isotopic

data used the Vienna Pee-Dee-Belemnite (VPDB) reference

standard. Here we report the standard deviation of the laboratory

reference material used for normalisation (SHP2L; Crivellari et al.,

2021), being 0.07‰ (n=20 standards) over the measurement period.

The standard deviation of the VPDB d18O values of the measured

samples did not exceed 0.1‰. As no replicated measurements were

carried out, we confirmed the consistency of our d18O values and

value offset between G. ruber and G. inflata with the expected values

for our study site. We verify this by comparing our records with

published Holocene (Chiessi et al., 2007) and last glacial and

interglacial stage (Santos et al., 2017b) datasets.

In addition, we use the abundances of the Globorotalia

truncatulinoides right coiling form, as it has been documented to

represent a well-mixed upper water column (reduced stratification),

since this morphotype migrates to relatively shallower depths to

complete its reproductive cycle (e.g., Lohmann and Schweitzer,

1990; Renaud and Schmidt, 2003; Feldmeijer et al., 2015; Billups

et al., 2016).

3.6 Dissolution proxies

We quantify the effect of dissolution on foraminiferal

assemblages by using: i) the ratio between the benthic and

planktonic foraminifera (B/P ratio, Arrhenius, 1952; Parker and

Berger, 1971; Kučera, 2007), ii) the number of whole planktonic

foraminifera tests per gram of dry sediment (PF/g, Le and

Shackleton, 1992; Suárez-Ibarra et al., 2021), iii) the abundance

(%) of the coarse fraction i.e. larger than 63 µm (Berger et al., 1982;

Gonzales et al., 2017; Suárez-Ibarra et al., 2021) and, iv) the CaCO3

content (%) (Berger et al., 1982; Gonzales et al., 2017; Suárez-Ibarra

et al., 2021). The CaCO3 (%) was previously calculated by Rodrigues

et al. (2018). The fraction >63 µm was estimated using a laser

diffraction particle size analyzer Horiba Partica-LA-950X, which

determined the grain size of the bulk sediment samples at the

Centro de Estudo de Geologia Costeira e Ocean̂ica (CECO) of the

Universidade Federal do Rio Grande do Sul (UFRGS).

3.7 Multivariate statistical analyses

To divide the time series record into distinct cluster intervals

(periods characterised by similar conditions) we carry out a clustering

analysis. Posteriorly, to distinguish the dependencies of the grouping

process we utilize an ordinate analysis. Both clustering and ordinate

analyses are applied on the planktonic foraminifera species with

relative abundances >1% (See Supplementary material).

Additionally, since all proxies are inevitably affected by different

environmental processes other than the targeted parameters, we

decrease the bias by also synthesising the variation through time of

i) sea surface productivity, ii) upper water column stratification, and

iii) carbonate dissolution. To do so, we run principal component

analyses (PCA) on the above proxies, based on the correlation

matrix. The data were centralised and standardised by dividing the

difference between the dataset mean and the sample value by the

dataset standard deviation. The synthesised productivity,

stratification and dissolution proxies were extracted from the first

axes of the PCAs as PC1P (productivity), PC1S (stratification) and

PC1D (dissolution). Correlations between (and within) the first axes

of the PCAs and other proxies were calculated using reduced major

axis regressions. All PCA and correlation analyses were conducted

using the software PAST (version 4.08; Hammer et al., 2001).

3.8 Spectral analysis

To test whether variations through time correspond to cyclic

events, paced by orbital forcings, first we run a Multi-Taper-Method

(MTM) test using the software “Acycle” (Li et al., 2019). The PC1P
curve was detrended using a locally weighted scatterplot smoothing

(LOWESS) and then analysed with the MTM. We set the smoother

with a Time-bandwidth product of “2”, and calculated the red noise

following the Classical autoregressive (AR) model AR(1) (Husson,

2014). Second, we conducted a REDFIT spectral analysis utilising

the software PAST (version 4.08; Hammer et al., 2001; Schulz and

Mudelsee, 2002). The spectral analysis used the “Welch” window, a

configuration of “4” for the oversampling and “2” as number

of segments.

4 Results

The G.bull/G.rub ratio (Figure 2A) varies from 0.18 to 0.52

(mean 0.37 ± 0.09), increasing through MIS 5 up to the boundary

with MIS 4 (90.1 to 75 ka) and again during MIS 3 (38.7 to 29.5 ka).

Relative abundances of G. glutinata (Figure 2B) range between 4.9

and 24.8% (average 15 ± 4.05%) and show an increasing trend

towards the MIS 5/4 boundary (from 91.9 to 72.7 ka). The BFAR

(Figure 2C) varies between 11 (at 90 ka) and 230 ind.cm-2.kyr-1 (at

59 ka), with three intervals: first, a low decreasing trend from 105 to

87 ka (mean 27 ind.cm-2.kyr-1), followed by an abrupt jump and

another decreasing trend from 84 to 39 ka (mean 92 ind.cm-2.kyr-1),

and a final increasing trend until 30 ka (mean 67 ind.cm-2.kyr-1).

The abundance of G. truncatulinoides right coiling (Figure 2D)

is low throughout the core (0 to 6.5%, mean 1.73). However, the 73–

51 ka interval (approximately MIS 4) is marked by increased

abundances and two abrupt peaks. The d18OG.rub values range

between -0.96 and 0.29‰ (mean -0.25 ± 0.33‰), with lower

values during MIS 5, increasing towards MIS 4 and decreasing at

the MIS 3 onset (Figure S1). The d18OG.inf values vary between 0.56

and 1.56‰ (mean 1.16 ± 0.18‰) and display a progressively

increasing trend from MIS 5 to MIS 3 (Figure S1). The d18OG.inf

record from core SIS-249 shows a good fit with the values from core

GL-1090, except at 80 ka. The Dd18O between G. inflata and G.

ruber (Figure 2E) presents values from 0.90 to 1.90‰ (mean 1.38 ±

0.24‰). Dd18OG.inf-G.rub values are higher during MIS 5 (around

1.6‰), intermediate during MIS 3 (above 1.30‰), and generally

lower during MIS 4 (mean 1.16 ± 0.18‰).

The B/P ratio (Figure 2F) ranges between 0.02 and 0.19, with low

values during MIS 5d-c, an increase through MIS 5b, a reduction

during MIS 5a (with a steep peak at 65 ka), followed by an increase at
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the end of MIS 4 and a further decrease with relatively stable values

during MIS 3. The PF/g (Figure 2G) varies between 400 and 5540

(mean 1922 ± 1141 ind./g) and presents a decreasing trend from 91.9 to

70.3 ka, remaining low throughout MIS 4 and 3. The fraction coarser

than 63 µm (Figure 2I) presents relatively high values (around 22%)

during the 107–84 ka time interval, except at 105 ka when values drop

to 8.5%. At 78 ka, values reach 3% and remain under 8% until the top

of the record (30.4 ka). All the productivity, stratification, and

dissolution proxies are shown in Figure 2.

Concerning the multivariate analyses, the first principal

components of the PCA’s analyses run on the productivity,

stratification, and dissolution proxies (PC1P, PC1S and PC1D)

synthesise 61.9, 78.6 and 66.4% of the variance, respectively. The

results for the reduced major axis regressions within the PC1P, PC1S,

PC1D, d13CUvig, accumulation rate (Acc. rates) and accumulation rates

of total organic carbon (ARTOC) are shown in Table 1. All regression

analyses show a significant (p <0.05) correlation except between

d13CUvig and PC1D.

Finally, the MTM spectral analyses yield significant results for

the PC1P (supplementary material). The Classic AR(1) indicates the

strongest power at the frequency 0.023 (>99%), associated with a 43

kyr-cycle (period = 1/frequency). The REDFIT points the strongest

power also at the frequency 0.023 (>99%), associated with the same

43 kyr-cycle.
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FIGURE 2

Time series records used to estimate productivity (in lilac: (A) G. bulloides/G. ruber, (B) G. glutinata abundance and (C) BFAR), stratification (in teal:
(D) abundance of G. truncatulinoides right coiling and I Dd18OG.inf-G.rub), and dissolution (in steel blue: (F) B/P ratio, (G) PF/g, (H) CaCO3 content
(Rodrigues et al., 2018) and (I) >63 µm fraction). The black vertical dotted lines divide the record into biotic clusters where: Cluster I (red) is
dominated by species characteristic of warm and oligotrophic water; cluster II (purple) by species related to eutrophic water, characterised by high
productivity and low stratification; and cluster III (blue) by species from cooler waters. Y axes in (E–I) are reversed.
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5 Discussion

5.1 Upper water column conditions

The relatively high G.bull/G.rub ratios, G. glutinata (%) and

BFAR values (Figures 2A–C) imply a period of enhanced sea surface

productivity during MIS 4 and, to a lesser extent, MIS 3. The high

glacial productivity recorded by core SIS-249 agrees with previous

studies for the southern Brazilian continental margin (SBCM), that

also document enhanced productivity during the last glacial stage

(e.g., Gu et al., 2017; Pereira et al., 2018; Portilho-Ramos et al., 2019;

Frozza et al., 2020; Suárez-Ibarra et al., 2022). The increase of

around 40% in G.bull/G.rub mean ratios from ~0.27 (110–83 ka) to

~0.39 (83–30 ka) suggests an increase in the upwelling of subsurface

more nutrient-rich South Atlantic Central Water (Venancio et al.,

2016; Lessa et al., 2017; Lessa et al., 2019; Portilho-Ramos

et al., 2019).

As the upwelling of subsurface waters necessarily implies a

break in the upper water column stratification, we should also

expect a similar behaviour in the stratification proxies. This can be

primarily confirmed by the high relative abundances of G.

truncatulinoides right coiling form, which also point to a less

stratified, well-mixed upper water column during MIS 4

(Figure 2D, Lohmann and Schweitzer, 1990; Renaud and

Schmidt, 2003; Feldmeijer et al., 2015; Billups et al., 2016; Pinho

et al., 2021). Furthermore, G. truncatulinoides types II and V (right

coiling forms) have also been associated with a shallow thermocline

and eutrophic conditions (de Vargas et al., 2001; Ujiié and Lipps,

2009; Ujiié et al., 2010; Quillévéré et al., 2013). Finally, the less

stratified upper water column during MIS 4 (and to a lesser extent

MIS 3) is also supported by the lower Dd18OG.inf-G.rubvalues

(Figure 2E), which implies a reduced stratification between the

mixed layer and the thermocline (Santos et al., 2017b).

Considering that the utilised foraminiferal proxies also depend

on other environmental parameters (for instance, changes in the

relative abundances of one species can be due to variations in the

abundances of other species), the use of the principal component

analysis helps to synthesise the variation of the proxies through

time. The PC1P (the synthesised first principal component of the

G.bull/G.rub ratios, G. glutinata (%), and BFAR proxies) from our

core SIS-249 (in the SBCM) suggests a transition, from MIS 5 to

MIS 4, to more eutrophic conditions in the upper water column

(Figure 3B). This shift in nutrient availability is also evident in the

clustering and PCoA analyses (Figures S3 and S4), where the

dominant/significant species shift from warm and oligotrophic

conditions during MIS 5 (G. ruber albus, O. universa and G.

menardii) to species associated with high productivity during MIS

4 (G. glutinata, G. bulloides and G. truncatulinoides dextral coiling).

However, studies for the southeastern Brazilian continental margin

(SEBCM) document a shift to less eutrophic conditions during the

same time interval (e.g., Portilho-Ramos et al., 2015; Lessa et al.,

2017; Lessa et al., 2019), associated with the eccentricity cycle. Our

study suggests two different mechanisms fertilising the SBCM and

SEBCM regions i) enhanced Fe-fertilisation through dust delivery

and riverine input due to the strengthening of southwesterly winds

during glacial stadials and ii) boosted upwelling delivering

subsurface nutrient rich waters to the surface during

interstadials, respectively.

Notably, our PC1P (along with the PC1S and PC1D) varies

alongside the obliquity cycle, as shown by the spectral analyses

(Figure 3). The Classic AR(1) (Figure S5) and REDFIT (Figure S6)

give a >99% confidence for our PC1P to be orbitally paced by the

obliquity cycle (43 kyr). Our results support the hypothesis that the

obliquity cycle modulates a dust delivered Fe-fertilising mechanism

at the studied site (Lopes et al., 2021). Briefly, under low-obliquity

values, annual average insolation decreases at the poles (Paillard,

2021), which would favour the expansion of Antarctica’s ice sheets

(Doughty et al., 2021), intensifying the southwesterly winds (SWW,

Toggweiler et al., 2006) and the wind-driven dust delivery. Then,

during low-obliquity intervals, the north limit of the SWW belt

migrates north (from 40°S to 30°S latitude, Lamy et al., 2015; Gili

et al., 2017) close to our coring site. This would allow the

northward/offshore transport of more nutrient-rich, fresher, and

cooler waters of the RdlP closer to our study area, also fertilising the

photic zone (e.g., Gu et al., 2017; Pereira et al., 2018; Portilho-

Ramos et al., 2019; Bottezini et al., 2021; Bottezini et al., 2022).

In fact, a northern/offshore influence of RdlP outflows during

periods of low obliquity values would be supported by the

population collapses of the dinoflagellate species Operculodinium

centrocarpum, associated with the Brazil Current, documented by

Gu et al. (2017) (core GeoB2107-3) for the SBCM during MIS 4 and

the MIS 3/2 boundary (Figure 3D). Also, the decreased influence of

the core of the Brazil Current (which transports warm oligotrophic

water) in the study area would lead to a decrease in upper water

column stratification, evidenced by our PC1S (Figure 3B). In

addition, a northern/offshore intrusion of the nutrient-rich RdlP

TABLE 1 Reduced major axis regression results.

RMA Regression
PC1P-
PC1S

PC1P- d13CUvig
PC1P-
PC1D

d13CUvig-PC1D
PC1P-

Acc. rates
PC1S-

Acc. rates
PC1S-
ARTOC

r: 0.51 -0.32 0.80 -0.28 0.58 0.77 0.66

r2: 0.26 0.01 0.64 0.08 0.34 0.59 0.44

t: 3.90 -2.13 4.99 -1.07 4.62 7.79 3.20

p: <0.05 0.04 <0.05 0.30 <0.05 <0.05 0.01

Permutation p: <0.05 0.04 <0.05 0.31 <0.05 <0.05 0.01

In bold are significant (p <0.05) values. PC1 stands for first component axes of productivity (PC1P) stratification (PC1S), and dissolution (PC1D) proxies. Accumulation rates (Acc. rates) were
calculated according to the age model presented in this study. the accumulation rates of total organic carbon (TOC*AR) used data from Rodrigues et al. (2018).
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outflows (or freshwater bodies formed along the continental shelf)

can also be inferred from the presence of freshwater diatoms during

MIS 3–2 from core SIS-188 (Bottezini et al., 2021; Bottezini

et al., 2022).

Moreover, strengthened SWW would also transport wind-

driven particles from southern South America to the study area,

increasing the Fe-fertilisation from terrestrial sources (Lopes et al.,

2021). During MIS 5/4 and 3/2 boundaries, the elevated pollen

concentrations (e.g., Gu et al., 2017, SBCM, core GeoB2107-3) can

be interpreted as enhanced aeolian transport (Figure 3), and thus,

terrestrial dust fertilisation. Additionally, the presence of the

Andean pollen Nothofagus, recorded by Gu et al. (2017) during

the late MIS 3 and MIS 2, corroborates the idea of enhanced

windiness, strengthened SWW and aeolian Fe-fertilisation from
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FIGURE 3

Time series graph showing the close relation between (A) obliquity values (Laskar et al., 2004), Infaunal/Epifaunal benthic foraminifera ratio by
Rodrigues et al. (2018), and (B) the proxies for productivity (PC1P), stratification (PC1S) and dissolution (PC1D) from core SIS-249. On (C), synthesised
record of productivity (PC1P) and dissolution (PC1D) from core SAT-048A (Suárez-Ibarra et al., 2022) and (D) SWW strength, as inferred by terrestrial
pollen and the dinoflagellate species O. centrocarpum recorded by Gu et al. (2017, core GeoB2107-3, southern Brazilian continental margin), and
the Total Organic Carbon (values from Rodrigues et al., 2018, also in core SIS-249) times the Accumulation Rates are shown. On (E), the dust flux in
Antarctica (Dome C ice core, Lambert et al., 2008) and core SIS-249 d13CUvig values (Rodrigues et al., 2018). Finally, on (F) the 231Pa/230Th proxy by
McManus et al. (2004, light blue line, sediment core CE326-GGC5, 33°42’N, 57°35’W, 4550 mbsl) and Böhm et al. (2015, dark blue line, sediment
core ODP Site 1063, Leg 172, 33°41’N, 57°37’W, 4,584 mbsl). Y axes in (A), O. centrocarpum (%) and Uvigerina spp. d13C are reversed.
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South American sources. On top of it, Lopes et al. (2021) compiled

chemical studies analysing the provenance of glacial terrigenous

dust in the southwest Atlantic, pointing southern South America

(central-western Argentina and Patagonia) as the main source (e.g.,

Delmonte et al., 2010; Weber et al., 2012; Gili et al., 2017).

In summary, our record suggests two mechanisms to have

fertilised the study area: i) upwelling, enhanced by the interplay

of lower glacial sea level and the local bathymetry allowing the

shoaling of nutrient-rich South Atlantic Central Water (also richer

in silicic acid, Portilho-Ramos et al., 2019) to the sub-surface (e.g.,

Mahiques et al., 2007; Lessa et al., 2016) and; ii) obliquity-paced

fertilisation from southern South America (wind-driven dust and

the RdlP outflows) through enhanced aeolian transport, associated

with expanded SWW. Both processes lead to a decrease in the upper

water column stratification, first, by the ascension of cooler and less

salty subsurface South Atlantic Central Water and, second, by the

offshore displacement of the core of the Brazil Current. Ultimately,

the correlation value between PC1P and PC1S (r<0.05, r=0.51)
corroborates the synergy between the boosted biological pump and

less stratified conditions.

5.2 Organic matter export and
seafloor dynamics

Enhanced primary productivity (i.e., G.bull/G.rub and G.

glutinata %) and decreased upper water column stratification

(PC1S) are mirrored by high accumulation rates of total organic

carbon during MIS 4 (TOC*AR, Figure 3, TOC data from

Rodrigues et al., 2018, and accumulation rates from this study).

In addition, the BFAR proxy, commonly employed to reconstruct

past surface productivity by examining organic matter export to the

seafloor (Herguera and Berger, 1991), demonstrates significant co-

variation (r<0.05) with both G.bull/G.rub (r=0.5) and G. glutinata

relative abundances (r=0.55). Although the BFAR proxy has been

widely used to quantitatively estimate past productivity changes,

this relationship is not always straightforward (e.g., Naidu and

Malmgren, 1995; Den Dulk et al., 2000; Jorissen et al., 2007). This

limitation arises from the lack of calibration across various

productivity settings, among other factors (for an in-depth

discussion, please refer to Jorissen et al., 2007). However, Dias

et al. (2021) demonstrated that the BFAR can indicate variations in

the Cabo Frio Upwelling System, located in the SEBCM, where

higher BFAR values correspond to increased export of fresh marine

organic carbon.

The above-mentioned coupling suggests efficient glacial carbon

sequestration via biological pump in the study area. A schematic

representation of coupled benthic-pelagic changes observed in mid-

latitude southwest Atlantic during the 107–30 ka time interval is

presented in Figure 4.

The here evidenced increase in the export of organic matter

(OM) to the seafloor from MIS 5 to MIS 4 (and to a lesser extent in

MIS 3) aligns with the findings of Rodrigues et al. (2018). They

observe a decrease in the infaunal/epifaunal benthic foraminifera

ratio in core SIS-249, indicating a shift in the bioavailability of OM

from refractory to labile forms (Gooday, 1993; Smart et al., 1994;

Gooday, 2003; Garcia-Chapori et al., 2014; de Almeida et al., 2022).

This change has significant implications for calcium carbonate

preservation. As highlighted in our study, during phytoplankton

blooms in glacial periods, higher amounts of OM (more labile, more

soluble, and more easily remineralised) are exported to the seafloor,

resulting in increased CO2 release, lower pH, and the dissolution of

CaCO3 (Figure 4). In addition, despite the relatively brief sinking

time of planktonic foraminifera tests (Takahashi and Bé, 1984;

Schiebel and Hemleben, 2017), they could experience minor

dissolution during transit through the CO3
2− under-saturated

intermediate SCWs (Frenz et al., 2003). These findings shed light

on the important role of sea surface productivity and water mass

properties in influencing the dynamics of carbonate preservation

during different climatic periods.

Despite the sparser sampling in PC1D compared to PC1P and

PC1S, our study found a strong correlation between PC1P and PC1D
in core SIS-249 (r<0.05, r=0.80, Table 1). This correlation supports

the idea that enhanced dissolution is triggered by glacial high

productivity, as it is also documented during the last deglaciation

(Suárez-Ibarra et al., 2022, Figure 3C), even in deeper cores under

the presence of modern non-corrosive Northern Component water.

While inferring changes in paleoproductivity based on

compositional assemblages from partially dissolved samples can

be imprecise, our study addresses this issue by complementing the

data with geochemical and sedimentological analyses. These

additional analyses, like the d18O signal from the species G.

inflata and G. ruber (both dissolution resistant according to

experimental studies from Petró et al., 2018), as well as the BFAR

and the TOC*AR, are less biased by dissolution.

Due to the OM enrichment in 12C from photosynthesis

(O 'Leary , 1988 ; Rave lo and Hi l l a i re -Marce l , 2007) ,

remineralisation at the seafloor is expected to drive negative

excursions in the endobenthic foraminiferal d13C values, as seen

in MIS 5c and 4 (Figure 3E). Nevertheless, although d13CUvig is

significantly anti correlated with our PC1P (r<0.05), the correlation
value is weak (r=-0.31) and is likely impacted by additional changes

in the dissolved inorganic carbon d13C of pore waters and/or the

local bottom water mass geometry (Ravelo and Hillaire-Marcel,

2007; Hesse et al., 2014). Lopes et al. (2021) suggested an increased

influence of more corrosive SCW at the core site during MIS 4 and

3, based on an apparent phasing between the d13CUvig record from

core SIS-249 and the dust flux record from Dome C ice core

(Lambert et al., 2008), as the dust-fertilisation in the Southern

Ocean would be recorded in the d13C of the bottom water masses

(Figure 3E). Although we do not exclude the possible influence of a

higher proportion of SCW on carbonate preservation, our data

show a relationship between the changes in the organic carbon cycle

(periods of enhanced sea surface productivity associated with higher

exportation of labile OM) and the deep-sea carbonate system. This

highlights the need for further investigations applying a

conservative or quasi-conservative water mass circulation tracer

to elucidate the water masses mixing proportions at our site during

the last glacial inception.

Furthermore, a third process that could have impacted the

calcium carbonate preservation is the intensity of the Atlantic

Meridional Overturning Circulation (AMOC). In a scenario with
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a sluggish AMOC, the reduced water flow at the seafloor leads to an

accumulation of respired CO2, resulting in decreased water pH and

subsequent corrosion of CaCO3 (McManus et al., 2004; Thornalley

et al., 2013; Howe et al., 2016b). Despite the lower temporal

resolution of our PC1D record, it is evident that the positive

excursions of 231Pa/230Th (Figure 3F), indicative of a sluggish

AMOC (McManus et al., 2004; Böhm et al., 2015), do not align

with the longer-term events of intense dissolution recorded by core

SIS-249, which also seem to follow the 43 kyr-cycle. Furthermore,

our findings are consistent with the conclusions of Suárez-Ibarra

et al. (2022), who, using a dataset with higher temporal resolution,

found that surface productivity was the primary factor driving

calcium carbonate dissolution close to our study site.

Additionally, we would like to highlight that these processes, i)

the biological pump and ii) water mass configuration, are not

mutually exclusive and both may respond to the obliquity cycle.

Under low obliquity values and decreased insolation at high

latitudes, the (sub)polar fronts migrate equatorward: (i) displacing

the north limit of the SSW belt closer to the study site, enhancing

the wind-driven dust and continental river fertilisation, and

boosting the biological pump; (ii) expanding the southern ice

coverage, leading to an increased brine production and enhanced

FIGURE 4

Schematic representation of main changes in sea surface and seafloor conditions recorded by core SIS-249 for the 107–30 ka interval, according to
the foraminiferal assemblages and their respective three clusters. Interval I (107–74 ka) is dominated by species related to warm and oligotrophic
water; species from interval II (73–61 ka) are related to eutrophic water, with high productivity and low stratification; and interval III (60–30 ka) is
related to cooler water species. Interval II suggests higher levels of CO2 at the seafloor mainly due to larger exports of OM. Benthic epifaunal and
infaunal proportions, as well as TOC*AR.
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SCW formation (Govin et al., 2009). This would result in the

volumetric increase in the deep Atlantic of more corrosive SCWs

which also act in part as a CO2 storage reservoir.

Finally, although the enhanced remineralization causes part of

the OM and biogenic carbonate to be recirculated back in the

system instead of being exported to the sediments, we suggest an

efficient biological pump in the mixed-layer, which removes

inorganic carbon and points out the importance of the SBCM as

a glacial carbon capture and sink of atmospheric CO2 and thus part

of the puzzle of glacial-interglacial CO2 changes.

6 Conclusions

Based on our multiproxy analysis carried out in the sediments

of core SIS-249, retrieved from the lower continental slope of the

southwest Atlantic, southern Brazilian continental margin, we

can conclude:

(i) In the study area, there was an increase in sea surface

productivity from the last interglacial (MIS 5) to the

subsequent glacial (MIS 4 and, partly, MIS 3). When

compared to cores from the southeastern Brazilian

continental margin, two possible fertilising mechanisms were

identified: during glacial stadials the south was Fe-fertilised by

enhanced dust delivery and riverine input due to the

strengthening of southwesterly winds. During interstadials

the southeastern region experienced expanded upwelling

delivering subsurface nutrient rich waters to the surface.

(ii) Glacial increased continental aeolian-riverine fertilisation

and reduced upper water column stratification led to an

efficient removal of inorganic carbon via the biological

pump, as evidenced by the high accumulation rates of

total organic carbon, suggesting that the study area is

capable to efficiently capture and sink atmospheric CO2.

(iii) The degradation of the exported glacial organic matter can

lead to decreased pH in bottom water, aiding dissolution

and may play a major role in carbon sequestration

irrespective of/addition to, deep water mass conditions.
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(SW Atlantic). Deep Sea Res. Part I: Oceanographic Res. Papers 181, 103688.
doi: 10.1016/j.dsr.2022.103688

Delmonte, B., Andersson, P. S., Schöberg, H., Hansson, M., Petit, J. R., Delmas, R.,
et al. (2010). Geographic provenance of aeolian dust in East Antarctica during

Pleistocene glaciations: preliminary results from Talos Dome and comparison with
East Antarctic and new Andean ice core data. Quaternary Sci. Rev. 29 (1–2), 256–264.
doi: 10.1016/j.quascirev.2009.05.010

Den Dulk, M., Reichart, G. J., van Heyst, S., Zachariasse, W. J., and van der Zwaan, G.
J. (2000). Benthic foraminifera as proxies of organic matter flux and bottom water
oxygenation? A case history from the northern Arabian Sea. Palaeogeography
Palaeoclimatology Palaeoecol. 161, 337–359. doi: 10.1016/S0031-0182(00)00074-2

de Vargas, C., Renaud, S., Hilbrecht, H., and Pawlowski, J. (2001). Pleistocene
adaptive radiation in Globoratalia truncatulinoides: genetic, morphologic, and
environmental evidence. Paleobiology 27 (1), 104–125. doi: 10.1666/0094-8373(2001)
027<0104:PARIGT>2.0.CO;2

Dias, B. B., Piotrowski, A. M., Barbosa, C. F., Venancio, I. M., Chiessi, C. M., and
Albuquerque, A. L. S. (2021). Coupled changes in western south Atlantic carbón
sequestration and particle reactive element cycling during millennial-scale Holocene
climate variability. Sci. Rep. 11, 24378. doi: 10.1038/s41598-021-03821-8

Doss, W., and Marchitto, T. M. (2013). Glacial deep ocean sequestration of CO2

driven by the eastern equatorial Pacific biologic pump. Earth Planetary Sci. Lett. 377-
378, 45–54. doi: 10.1016/j.epsl.2013.07.019

Doughty, A. M., Kaplan, M. R., Peltier, C., and Barker, S. (2021). A maximum in
global glacier extent during MIS 4. Quaternary Sci. Rev. 261, 106948. doi: 10.1016/
j.quascirev.2021.106948

Duplessy, J. C., Shackleton, N. J., Fairbanks, R. G., Labeyrie, L., Oppo, D., and Kallel,
N. (1988). Deepwater source variations during the last climatic cycle and their impact
on the global deepwater circulation. Paleoceanography 3 (3), 343–360. doi: 10.1029/
pa003i003p00343

Elderfield, H., Vautravers, M., and Cooper, M. (2002). The relationship between shell
size and Mg/Ca, Sr/Ca, d18O, and d13C of species of planktonic foraminifera.
Geochemistry Geophysics Geosystems 3, 1–13. doi: 10.1029/2001GC000194

Emiliani, C. (1954). Depth habitats of some species of pelagic foraminifera as
indicated by oxygen isotope ratios. Am. J. Sci. 252 (3), 149–158. doi: 10.2475/
ajs.252.3.149

Feldmeijer, W., Metcalfe, B., Brummer, G.-J. A., and Ganssen, G. M. (2015).
Reconstructing the depth of the permanent thermocline through the morphology
and geochemistry of the deep dwelling planktonic foraminifer Globorotalia
truncatulinoides. Paleoceanography 30, 1–22. doi: 10.1002/2014PA002687

Frenz, M., and Henrich, R. (2007). Carbonate dissolution revealed by silt grain-size
distribution: Comparison of Holocene and Last Glacial Maximum Sediments from the
Pelagic South Atlantic. Sedimentology 54, 391–404. doi: 10.1111/j.1365-
3091.2006.00841.x

Frenz, M., Höppner, R., Stuut, J.-B. W., Wagner, T., and Henrich, R. (2003). “Surface
sediment bulk geochemistry and grain-size composition related to the oceanic
circulation along the south american continental margin in the southwest atlantic,”
in The South Atlantic in the Late Quaternary. Eds. G. Wefer, S. Mulitza and V.
Ratmeyer. (Berlin, Heidelberg, New York, Tokyo: Springer-Verlag), 347–373.
doi: 10.1007/978-3-642-18917-3_17

Frozza, C. F., Pivel, M. A. G., Suarez-Ibarra, J. Y., Ritter, M. N., and Coimbra, J. C.
(2020). Bioerosion on late Quaternary planktonic Foraminifera related to
paleoproductivity in the western South Atlantic. Paleoceanography Paleoclimatology
35, e2020PA003865. doi: 10.1029/2020pa003865

Garcia-Chapori, N., Laprida, C., Watanabe, S., Totah, V., and Violante, R. A. (2014).
Mid-Late Pleistocene benthic foraminifera from Southwestern South Atlantic: driven
by primary productivity or water mass properties?Micropaleontology 60, 195–210. doi:
10.47894/mpal.60.2.03

Gili, S., Gaiero, D. M., Goldstein, S. L., Chemale, F. Jr., Jweda, J., Kaplan, M. R., et al.
(2017). Glacial/interglacial changes of Southern Hemisphere wind circulation from the
geochemistry of South American dust. Earth Planetary Sci. Lett. 469, 98–109.
doi: 10.1016/j.epsl.2017.04.007

Gonzales, M. V., de Almeida, F. K., Costa, K. B., Santarosa, A. C. A., Camillo, E., de
Quadros, J. P., et al. (2017). Help INDEX: Hoenglundina elegans preservation index for
marine sediments in the western South Atlantic. J. Foraminiferal Res. 47, 56–69.
doi: 10.2113/gsjfr.47.1.56

Gooday, A. J. (1993). Deep-sea benthic foraminiferal species which exploit
phytodetritus: characteristic features and controls on distribution. Mar.
Micropaleontology 22 (3), 187–205. doi: 10.1016/0377-8398(93)90043-W

Gooday, A. J. (2003). Benthic foraminifera (Protista) as tools in deep-water
palaeoceanography: environmental influences on faunal characteristics. Adv. Mar.
Biol. 46, 1–90. doi: 10.1016/S0065-2881(03)46002-1

Gordon, A. L. (1989). Brazil-malvinas confluence-1984. Deep Sea Res. Part A.
Oceanographic Res. Papers 36, 359–361. doi: 10.1016/0198-0149(89)90042-3

Gordon, A. L., and Greengrove, C. L. (1986). Geostrophic circulation of the Brazil-
Falkland confluence. Deep-Sea Res. 33 (5), 573–585. doi: 10.1016/0198-0149(86)90054-3

Govin, A., Chiessi, C. M., Zabel, M., Sawakuchi, A. O., Heslop, D., Hörner, T., et al.
(2014). Terrigenous input off northern South America driven by changes in Amazonian
climate and the North Brazil Current retroflection during the last 250 ka. Clim. Past 10,
843–862. doi: 10.5194/cp-10-843-2014
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de l’upwelling (NW africain). Comptes Rendus l'Académie Des. Sci. - Ser. IIA - Earth
Planetary Sci. 325, 65–70. doi: 10.1016/S1251-8050(97)83274-0

Hammer, Ø., Harper, D. A. T., and Ryan, P. D. (2001). PAST: Paleontological
statistics software package for education and data analysis. Palaeontologia Electronica 4,
1–9.

Heaton, T. J., Köhler, P., Butzin, M., Bard, E., Reimer, R. W., Austin, W. E. N., et al.
(2020). Marine20—The marine radiocarbon age calibration curve (0–55,000 cal BP).
Radiocarbon 62, 779–820. doi: 10.1017/RDC.2020.68

Herguera, J. C., and Berger, W. H. (1991). Paleoproductivity from benthic
foraminifera abundance: Glacial to postglacial change in the west equatorial Pacific.
Geology 19 (12), 1173–1176. doi: 10.1130/0091-7613(1991)019%3C1173:PFBFAG%
3E2.3.CO;2

Hesse, T., Wolf-Gladrow, D., Lohmann, G., Bijma, J., Mackensen, A., and Zeebe, R.
E. (2014). Modeling d13C in benthic foraminifera: insights from model sensitivity
experiments. Mar. Micropaleontology 112, 50–61. doi: 10.1016/j

Howe, J. N. W., Huang, K.-F., Oppo, D. W., Chiessi, C. M., Mulitza, S., Blusztajn, J.,
et al. (2018). Similar mid-depth atlantic water mass provenance during the last glacial
maximum and heinrich stadial 1. Earth Planetary Sci. Lett. 490, 51–61. doi: 10.1016/
j.epsl.2018.03.006

Howe, J. N. W., Piotrowski, A. M., Noble, T. L., Mulitza, S., Chiessi, C. M., and Baton,
G. (2016a). North atlantic deep water production during the last glacial maximum. Nat.
Commun. 7, 11765. doi: 10.1038/ncomms11765

Howe, J. N. W., Piotrowski, A. M., Oppo, D. W., Huang, K. F., Mulitza, S., Chiessi, C.,
et al. (2016b). Antarctic intermediate water circulation in the South Atlantic over the
past 25,000 years. Paleoceanography 31, 1302–1314. doi: 10.1002/2016PA002975

Husson, D. (2014).MathWorks File Exchange: RedNoise_ConfidenceLevels. Available
at: https://www.mathworks.com/matlabcentral/fileexchange/45539-rednoise_
confidencelevels.

Jorissen, F. J., Fontanier, C., and Thomas, E. (2007). Paleoceanographical proxies
based on deep-sea benthic foraminiferal assemblage characteristics. Developments Mar.
Geology 1, 263–325. doi: 10.1016/S1572-5480(07)01011-1
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Takahashi, K., and Bé, A. W. H. (1984). Planktonic Foraminifera: factors controlling
sinking speeds. Deep-Sea Res. Part Oceanogr Res. Pap. 31, 1477–1500. doi: 10.1016/
0198-0149(84)90083-9

Thornalley, D. J. R., Barker, S., Becker, J., Hall, I. R., and Knorr, G. (2013). Abrupt
changes in deep Atlantic circulation during the transition to full glacial conditions.
Paleoceanography paleoclimatology 28 (2), 253–262. doi: 10.1002/palo.20025

Toggweiler, J. R., Russell, J. L., and Carson, S. R. (2006). Midlatitude westerlies,
atmospheric CO2, and climate change during the ice ages. Paleoceanography 21,
PA2005. doi: 10.1029/2005PA001154

Toledo, F., Costa, K. B., Pivel, M. A. G., and Campos, E. J. D. (2008). Tracing past
circulation changes in the western South Atlantic based on planktonic Foraminifera.
Rev. Bras. Paleontologia 11, 169–178. doi: 10.4072/rbp.2008.3.03
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ABSTRACT 21 

 22 

In this study, we quantify the impact of environmental conditions (temperature, 23 

productivity, and salinity) and taphonomic (carbonate dissolution) processes in the test (shell) 24 

size variation of planktonic foraminifera. To do so, we measure the cross-sectional area of over 25 

16,000 tests from core SAT-048A, recovered from the Western South Atlantic. Core SAT-048A 26 

spans the last 45 ka BP and is in a highly dynamic (palae)oceanographic setting. We perform 27 

multiple linear correlation analyses which reveal significant relations between the test sizes and 28 

the studied environmental parameters, notably, smaller sizes during periods of intensified 29 

upwelling which is consequent with enhanced carbonate dissolution. We hypothesise that smaller 30 

sizes of Globigerinoides ruber albus might result from slower metabolic rates of its symbionts 31 

under high productivity conditions where increased suspended particles attenuate the incoming 32 

light. G. ruber albus is sometimes considered dissolution-prone species, thus its apparent smaller 33 

sizes may (also) be due to carbonate dissolution. The remineralisation of exported organic matter 34 

decreases the pH of the seawater, meaning carbonate tests can fragment, a process often 35 

signposted by the loss of the thinner and more fragile terminal chamber(s). We document an 36 

intricate interplay between living and post-mortem conditions, noting that they are additive in the 37 

fossil record. This paper provides a framework to understand the differential effect of dissolution 38 

on calcite tests which without proper identification can lead to underestimation of test sizes (by 39 

~25±9%) and planktonic foraminifera fragmentation, potentially impacting all foraminifera-40 

based ecology and geochemical proxies.  Finally, we highlight the use of different size 41 

descriptors and environmental parameters to better comprehend the effect of living and post-42 

mortem conditions in the test size variation of planktonic foraminifera.  43 
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INTRODUCTION 45 

 46 

Since their emergence in the Jurassic, planktonic foraminifera have evolved in terms of 47 

morphology and species diversity (Schmidt et al., 2004a; BouDagher-Fadel, 2018; Rillo et al., 48 

2019; Yasuhara et al. 2020), associated with variations in global oceanographic conditions (e.g., 49 

Kucera and Malmgren, 1998; Hart et al., 2003; Aze et al., 2011; Knappertsbusch, 2016; Schmidt 50 

et al., 2016; Woodhouse et al., 2023) and local changes (e.g., variations in salinity, nutrient 51 

availability, Naidu and Malmgren, 1995; Mojtahid et al., 2015; Weinkauf et al., 2019; 52 

Zarkogiannis et al., 2020). Variations in morphological characteristics of planktonic 53 

foraminiferal tests, such as size, porosity, chamber architecture, and wall thickness, have been 54 

shown to be controlled by environmental factors (e.g., Hecht, 1976a; Hecht et al., 1976; Schmidt 55 

et al., 2004a; Kaiho et al., 2006; Birch et al., 2012; Davis et al., 2013; Marshall et al., 2015; 56 

Wade et al., 2016; Burke et al., 2018; Duque-Castaño et al., 2019; Todd et al., 2020; Adebayo et 57 

al., 2023). Furthermore, although there is a demonstrated ecophenotypic plasticity (the ability of 58 

an organism to exhibit different phenotypic traits in response to changes in environmental 59 

conditions; e.g., West-Eberhard, 1989; Darling and Wade, 2008; Weiner et al., 2015; Aurahs et 60 

al., 2011; Davis et al., 2020), and the existence of (pseudo)cryptic diversity might also account 61 

for some morphological variability (e.g., Darling et al., 2006; Ujiié and Lipps, 2009; Ujiié et al., 62 

2010; Weiner et al., 2015; Morard et al., 2016), there is potential to develop these morphological 63 
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changes as proxies for past environmental conditions (Wade and Olsson, 2009; Weinkauf et al., 64 

2019). 65 

It has been documented that sea surface temperature controls the test size of planktonic 66 

foraminifera on a global scale, exhibiting a positive linear relationship (Schmidt et al., 2004b). 67 

Nevertheless, this relation is disrupted in areas with turbulent hydrographic conditions, such as 68 

ocean fronts or upwelling zones, likely associated with environmental variability disrupting 69 

ecosystems (Ortiz et al., 1995; Renaud and Schmidt, 2003; Schmidt et al., 2003, 2004a; 70 

Zarkogiannis et al., 2020). Though planktonic foraminifera species have different ecological 71 

preferences (Kucera, 2007; Schiebel and Hemleben, 2017; Chaabane et al., 2023a,b), key studies 72 

have investigated the size variations by considering entire associations rather than individual 73 

species (e.g., Schmidt et al., 2003, 2004a; Todd et al., 2020). Furthermore, when analysing 74 

species-specific test size responses to environmental parameters, results vary (e.g., Moller et al., 75 

2013; Brombacher et al., 2018b, Rillo et al., 2020; Adebayo et al., 2023). For instance, using a 76 

similar dataset, Rillo et al. (2020) emphasised the challenge of consistently predicting test size 77 

variation in planktonic foraminifera based on environmental conditions, while Adebayo et al. 78 

(2023) highlight the importance of environmental parameters (specifically local carbonate 79 

chemistry and temperature) in influencing test size variation at both the species and assemblage 80 

level. 81 

Pioneer experiments dissolving planktonic foraminiferal tests documented a reduction in 82 

the size frequency distribution (Berger, 1967; Hecht et al., 1975), potentially associated with the 83 

preferential removal and/or destruction of the thinner terminal chambers (Berger, 1970; Bé et al., 84 

1975). In addition, studies using X-ray microcomputed tomography (e.g., Iwasaki et al., 2015; 85 

2019; Fox et al., 2020) and measuring test weight (e.g., Moy et al., 2009; de Moel et al., 2009) 86 



 

 

5 

 

have recorded a thinning in carbonate walls due to increased dissolution, which can lead to 87 

fragmentation. Nevertheless, it has not been yet fully explored how the carbonate dissolution 88 

processes can affect the size variation. The Last Glacial period in the Western South Atlantic is 89 

an interesting interval to be studied, as intense dissolution processes have been documented 90 

(Petró et al., 2021) in response to increased surface primary productivity (e.g., Suárez-Ibarra et 91 

al., 2022, 2023, also discussed in Section 2) and changing bottom water conditions (Howe et al., 92 

2016a,b; Oppo et al., 2023). 93 

In this study we aim to quantify the influence of living environmental conditions (i.e., 94 

temperature, productivity, and salinity) and post-mortem processes (i.e., dissolution) in the test 95 

size variation of Quaternary planktonic foraminifera, investigating the possible mechanisms 96 

behind the size changes. To do so, we analysed core SAT-048A, recovered from the Western 97 

South Atlantic, which spans 5–43 ka BP, where large variations in upper water column 98 

conditions and carbonate preservation have been documented. 99 

 100 

REGIONAL SETTING 101 

 102 

In the offshore portion of the southernmost Brazilian continental margin, Western South 103 

Atlantic, there is the influence of the southward Brazil Current, flowing along the shelf break and 104 

transporting, in the upper 200 meters, warm (>20°C), saline (>36 psu) and nutrient-poor Tropical 105 

Water (Silveira et al., 2000; Rodrigues and Lorenzzetti, 2001) (Figure 1). At the pycnocline 106 

layer, the Brazil Current transports progressively cooler (6–20°C), less saline (34.6–36 psu) and 107 

nutrient-rich South Atlantic Central Water. At ~38°S, the Brazil Current meets a northward-108 

flowing branch of the Antarctic Circumpolar Current, the Malvinas Current, which transports 109 
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Subantarctic Water, which is cooler (4–16°C) and fresher (<34.2 psu) (Piola and Matano, 2009). 110 

The confluence of these two currents, with contrasting properties, produces a highly dynamic 111 

zone of with eddies and turbulent meanders known as the Brazil-Malvinas Confluence, which 112 

displays seasonal and interannual migration (Gordon, 1989; Palma and Matano, 2009). After the 113 

Brazil and Malvinas currents converge, their waters flow eastward transported by the South 114 

Atlantic Current (Gordon, 1989; Palma and Matano, 2009; Piola and Matano, 2009).  115 

The study region is also influenced by the influx of continental water outflow from the 116 

cooler (>10°C) and fresher (<33.5 psu) De la Plata River plume, which can extend up to ~27°S 117 

during the winter months (Piola et al., 2005; Möller et al., 2008). The plume may modify 118 

parameters such as sea surface temperature, nutrient availability (Figure 1) and sea surface 119 

salinity at the southern portion of the Brazilian continental margin. The extent of the northward 120 

intrusion of these cooler and fresher waters is mostly dependent on the wind pattern rather than 121 

river discharge (Pimenta et al., 2005; Piola et al., 2005). During austral winter, SW winds carry 122 

the plume northward while during austral summer the dominant NE winds restrict the Plume 123 

closer to the river mouth, at around 32°S (Möller et al., 2008).  124 

 125 

MATERIAL AND METHODS 126 

 127 

CORE INFORMATION 128 

 129 

This study is based on the analysis of 16,022 specimens, recovered from 49 sediment 130 

samples from core SAT-048A (29º11’S, 47º15’W, 1,542 mbsl). Core SAT-048A was retrieved 131 

by FUGRO Brasil – Serviços Submarinos e Levantamentos Ltda for the Agência Nacional do 132 
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Petróleo, Gás Natural e Biocombustíveis (Brazilian National Agency of Petroleum, Natural Gas 133 

and Biofuels) at the south Brazilian continental margin, Western South Atlantic. The sediment 134 

samples were sieve-washed over a 63 µm mesh and oven-dried at 55°C. Before being classified, 135 

planktonic foraminiferal specimens were dry sieved on a 150 µm mesh. The taxonomical 136 

classification follows Schiebel and Hemleben (2017) and Brummer and Kucera (2022). For the 137 

Globigerinoides clade, we follow Morard et al. (2019). We use the age model published by 138 

Suárez-Ibarra et al. (2022) which briefly comprises ten 14C AMS dates plus the Laschamp 139 

geomagnetic excursion, run using the package “bacon” (Blaauw and Christen, 2011; version 140 

2.4.2) for the free software R (R Core Team, 2020, version 4.1.2) (supplementary material).  141 

 142 

IMAGE ACQUISITION, SIZE MEASUREMENTS AND DATA TREATMENT 143 

 144 

For the image acquisition, tests are positioned with their umbilical side facing upwards. 145 

Photographs are manually taken using the Zen 2.6 lite software (blue edition) and a Zeiss 146 

stereomicroscope, model Discovery V8 Stereo with an Axiocam 105 colour digital camera 147 

attached. The basic resolution of the Axiocam is 2560 (H) x 1920 (V), 5.0 Mpixels and, the size 148 

of the pixel is 2.2 µm x 2.2 µm. To measure the tests, we use the software ImageJ (Abràmoff et 149 

al., 2004; version 1.53c) freely available at https://imagej.nih.gov/ij/. To obtain the 150 

measurements in ImageJ, images are converted to grayscale (8 bits), then to binary images and 151 

cropped to remove undesired particles or marks. 152 

To quantify the test morphometric variation, we normalise the cross-sectional area of the 153 

foraminifera (µm) by calculating its square root, hereafter referred to as size. We chose the cross-154 

sectional area as it has been shown to be a robust, repeatable, and standardised 2D metric 155 
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consistently correlated with 3D volumetric measurements (Brombacher et al., 2017, 2018a), 156 

these can then both be represented in 1D using the square root metric. In this study, we focus our 157 

analyses on the species Globigerinoides ruber albus (4,987 specimens), Globigerinita glutinata 158 

(3,008 specimens), and Globigerina bulloides (2,911 specimens). These species were selected 159 

because they yielded enough specimens for statistical analyses and are important taxa in the 160 

study area (Boltovskoy et al., 1996). In addition, to provide an overview of the planktonic 161 

foraminifera morphometric assemblage, we included 5,121 specimens belonging to the 162 

(sub)species Globigerinoides ruber ruber, Globorotalia inflata, Neogloboquadrina incompta and 163 

Globigerinella calida. Collectively, these seven (sub)species represent (on average) 82±4 % (at 164 

1SD, interval ranges: 68–94%) of the whole assemblage per sample and are hereafter referred to 165 

as the “partial assemblage”. To assure statistical significance, we aim for a minimum of 20–25 166 

specimens per species per sample (Table 1), as suggested by Kucera (2007) and Brombacher et 167 

al. (2017), though also included in our analysis are four G. bulloides samples (within the 9.4–5.8 168 

ka BP time interval) with only 15 to 18 specimens. 169 

To assess the error in determining the cross-sectional area, we measured one slide 170 

containing 77 large and small specimens six times: two replicas each of three different 171 

illumination angles. We determined the variation among the six analysed replicates for each of 172 

the 77 individual specimens. To do so, we calculated the percentage (%) of variation by 173 

comparing the standard deviation of the measurements to the mean value for each specimen. The 174 

repeated measurements showed high reproducibility and accuracy, with a mean variation of 175 

3.05±1.39% at 1SD.  176 

Furthermore, as planktonic foraminifera are subjected to a sieving process, typically with 177 

mesh sizes of over 150 or 125 µm, smaller and/or juvenile specimens are usually excluded from 178 
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the assemblages (e.g., Di Donato et al., 2014). As a result, the frequency distribution of test sizes 179 

is artificially truncated and skewed towards larger sizes (Schmidt et al., 2004a). Given this issue, 180 

morphometric analyses focus on the largest portion of the assemblages, as described by the 95th 181 

percentile (e.g., Todd et al., 2020; Rillo et al., 2020; Adebayo et al., 2023). Nevertheless, we 182 

conducted a sensitivity test on the size cut-off descriptor to better capture the size changes of the 183 

species-specific population dynamics. We found two patterns with similar variations: i) the 184 

mean, median, and 65th percentiles and ii) the 75th, 85th and 95th percentiles. To have a better idea 185 

of the variation trough time, we analysed the 95th percentile and mean values. 186 

 187 

QUANTIFYING THE EFFECTS OF ENVIRONMENTAL PARAMETERS IN THE TEST SIZE VARIATION 188 

 189 

To quantify potential effects of palaeoenvironmental parameters on the test size variation 190 

of the selected planktonic foraminifera, we run 16 multiple linear correlations on the size (mean 191 

and 95th percentile of the square root of the cross-sectional area), as a dependent variable, against 192 

the reconstructed environmental parameters: i) sea subsurface temperature estimates (at 25 and 75 193 

m depth), ii) sea subsurface salinity estimates (at 25 m depth), iii) reconstructed primary 194 

productivity, and iv) calcium carbonate preservation (iii and iv from Suárez-Ibarra et al., 2022). 195 

Correlation analyses were run using the free software R (R stats package, R Core Team, 2020, 196 

version 4.1.2). Finally, to further test the hypotheses of ecological optimum, we run Pearson and 197 

Spearman’s rank correlation analyses between the sizes and the respective relative abundances of 198 

each analysed taxa.  199 

To estimate past sea subsurface temperatures at 25 and 75 m depths (T25m and T75m, 200 

respectively), relative abundances of whole assemblages (26 planktonic foraminifera 201 
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morphospecies) from core SAT-048A were used (Suárez-Ibarra et al., 2020), using the Modern 202 

Analog Technique (Hutson, 1980) within the statistical software PAST (version 3.2; Hammer et 203 

al., 2001). The calibration was performed using 1,538 core top samples from the Atlantic Ocean 204 

(including 421 samples from the South Atlantic), recovered from the ForCenS database (Siccha 205 

and Kucera, 2017) and García-Chapori and Laprida (2020) for the Brazil-Malvinas Confluence. 206 

Mean annual temperatures for 25 and 75 m depth were extracted from the World Ocean Atlas 207 

2013 (Locarnini et al., 2013, at a resolution of 0.25°), using the Ocean Data View software 208 

(Schlitzer, 2021). 209 

To infer changes in past sea subsurface salinity at 25 meters depth (S25m), we 210 

reconstructed the ice volume corrected-oxygen stable isotopes of the seawater (δ18Osw). We 211 

based our reconstructions on the core-top calibration of Farmer et al. (2007) for Globigerinoides 212 

ruber ruber (pink ruber): 213 

T = 14.7 – 4.86 (δ18Oc – δ18Osw) 214 

where T is our MAT-temperature at 25 meters depth, δ18Oc (‰ Vienna Pee Dee 215 

Belemnite, VPDB) is the oxygen stable isotope value from G. ruber ruber, and δ18Osw is the 216 

oxygen stable isotope of the seawater (‰ Vienna Standard Mean Ocean Water, VSMOW) 217 

related to salinity. The 1SD for α, (°C) and β (°C/‰) factors are ±1.6 and ±0.57, respectively 218 

(Farmer et al., 2007). To convert VPDB to VSMOW, an offset of 0.27‰ was applied. In 219 

addition, to subtract the ice volume effect, we computed the δ18O values from Shakun et al. 220 

(2015) to the corresponding ages. For the oxygen stable isotope analyses, approximately 12–15 221 

specimens from the planktonic species G. ruber ruber (δ18OG. ruber ruber) were selected from the 222 

250 µm fraction. The analyses were performed with a Thermo Scientific MAT‐253 mass 223 

spectrometer, coupled to a Kiel IV carbonate device, by the Laboratory of Stable Isotopes of the 224 
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University of California, Santa Cruz (SIL‐UCSC). All results are expressed relative to the 225 

Vienna Pee‐Dee Belemnite (VPDB) standard. 226 

 227 

SCANNING ELECTRON MICROSCOPE IMAGES AND X-RAY 3D MODELS 228 

 229 

To further characterise the planktonic foraminifera test preservation, we use scanning 230 

electron microscope (SEM) imaging in secondary electron mode, with an accelerating voltage of 231 

12 kV and the working distance ranged from 7 to 12 mm. SEM images of gold-coated samples 232 

were acquired at the Laboratório de Geologia Isotópica at Universidade Federal do Rio Grande 233 

do Sul, Brazil (LGI-CPGq-IGEO-UFRGS). Five open-access CT-scan foraminifera models were 234 

processed using Dragonfly 2022.2 [Computer software]. Comet Technologies Canada Inc., 235 

Montreal, Canada; software available at https://www.theobjects.com/dragonfly. This includes the 236 

digital ‘removal’ of the last chamber and a comparison of volumes of the original and modified 237 

models. Sources of the models are listed in Table 6. 238 

 239 

RESULTS 240 

 241 

PLANKTONIC FORAMINIFERA TEST SIZES AND ABUNDANCES 242 

 243 

The partial assemblage and G. ruber albus sizes show generally higher values (as described by 244 

the mean and 95th percentile) compared to those of G. bulloides and G. glutinata (Figure 2).  The 245 

smallest size for the partial assemblage (267 µm, in the largest 95th percentile) and G. ruber 246 

albus (231 µm, largest 95th percentile) occur at the base of the core (40 ka BP). Later, the partial 247 
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assemblage and G. ruber albus sizes display an increasing trend towards the present, with a brief 248 

declining trend during the 22–16 ka BP time interval. The largest size for the assemblage was 249 

406 µm, recorded at 7 ka BP, while the largest size for G. ruber albus measured 400 µm and 250 

occurred at 22 ka BP. 251 

From 41 to 23 ka BP, G. glutinata sizes exhibit an increasing trend, followed by a period 252 

of relatively stable values. After 23 ka BP, the size variability shows high amplitude changes. 253 

After relatively lower values from 21 to 16 ka BP, there is an increasing trend in size up to the 254 

present. Between 36 and 11 ka BP, G. glutinata sizes are consistently smaller than those of G. 255 

bulloides. The smallest size of G. glutinata is also observed at the base of the core 41 ka BP (208 256 

µm, 95th percentile), making it the smallest of the three principal species. The largest G. glutinata 257 

size is recorded at 7 ka BP (271 µm, 95th percentile) and at 22 ka BP, similar size to that of G. 258 

ruber albus. 259 

During the 42–36 ka BP time interval, G. bulloides size exhibits a decreasing trend. The 260 

absolute smallest size is recorded during the Holocene at 7 ka BP (217 µm, 95th percentile). 261 

Between 36 and 35 ka BP, a rapid increase in G. bulloides size is observed, followed by a phase 262 

of constant larger sizes to 12 ka BP. The peak size of 292 µm (95th percentile) is recorded at 22 263 

ka BP, coinciding with the moment when G. ruber albus and G. glutinata also exhibit their 264 

largest sizes. From 12 ka BP onward, sizes gradually decrease till they reach their minimum 265 

value at 7 ka BP.  266 

 267 

SUBSURFACE PALAEOTEMPERATURE AND PALAEOSALINITY ESTIMATES 268 

 269 
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The Modern Analogue Technique is used to obtain palaeotemperature curves for depths 270 

of 25 metres (T25m) and 75 metres (T75m), as shown in Figure 3B. During MIS 3 and MIS 2, T75m 271 

exhibits near constant values, followed by a warming trend after 16 ka BP. The 272 

palaeotemperature values recorded at this depth during MIS 1 are the highest, peaking at 24°C 273 

around 12 ka BP. Throughout the record, T25m displays more fluctuations, starting with 22° C 274 

and recording a peak of 24°C between 35 and 30 ka BP. From 30 ka BP to the onset of the Last 275 

Glacial Maximum, stable values around 22°C are observed. During the Last Glacial Maximum, 276 

the lowest temperature reached approximately 18°C at 22 ka BP. Afterwards, temperatures rose 277 

toward 5 ka BP, with the highest temperature of 26°C recorded at the onset of the Holocene.  278 

In general, the δ18OG. ruber ruber displays a decreasing trend towards the recent, with values 279 

ranging from -1.6 to 0.8‰. Our salinity proxy (S25m) showed variations throughout the record 280 

(Figure 3D). During MIS 3, the values remained stable, and the beginning of MIS 2 presented 281 

lower values than MIS 3. Lower S25m values were observed from 21 to 17 ka BP, followed by a 282 

tendency for salinity to increase after that, returning to stable values close to 1‰ (vs. VSMOW). 283 

 284 

STATISTICAL ANALYSES 285 

 286 

The results of the multiple linear correlations used to quantify the palaeoenvironmental 287 

effects on the test size variation are shown in Table 2. All four models negatively associate the 288 

changes in the size of partial assemblage with palaeoproductivity (PC1P), with adjusted coefficient 289 

of determinations (R2) of 0.68, 0.67, 0.59 and 0.55. For G. ruber albus, one model negatively 290 

relates the size (mean) with temperature (T75m, R
2
 =0.55), two negatively link (mean) size with 291 

productivity (R2
 =0.55 and 0.45), and three models negatively associate test size with dissolution 292 
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intensity (R2
 =0.55, 0.43 and 0.39). For G. glutinata, two models link size (mean) with dissolution 293 

(R2
 =0.24 and 0.22). Finally, for G. bulloides, one model positively associates (mean) size with 294 

temperature (T25m, R
2

 =0.25), and two models negatively relate size with temperature (T75m) and 295 

productivity (R2
 =0.21 and 0.16). 296 

From the six Pearson correlations (Table 3, Figure S2), only one associates the (mean) 297 

size with its relative abundance (G. glutinata), with an R of -0.28 (p-value =0.05). None of the 298 

Spearman’s rank correlations are significant (Table S3). 299 

 300 

DISCUSSION 301 

 302 

Our results show that the relation between test size changes and environmental 303 

parameters might not be recorded in all size descriptors concurrently (Table 2). For instance, if 304 

only the 95th percentile had been analysed, the relation of temperature, and productivity with the 305 

test size of the studied species would have been underestimated. Although size frequency 306 

distribution is artificially cut off due to the sieving process (Schmidt et al., 2004a), our results 307 

highlight the necessity to analyse the test size variation with different statistical descriptors, 308 

especially when the number of analysed specimens per sample is low, for instance, datasets 309 

produced manually (e.g., this study) vs. those automatically produced (e.g., Schmidt et al., 310 

2004a; Adebayo et al., 2023). This phenomenon arises as the 95th percentile might represent as 311 

few as eight individuals, not fully capturing the size changes of the whole species population.  312 

In the same way, using temperature reconstructions at different depths affects the 313 

significance and direction of how MAT relates to planktonic foraminifera test size, for instance 314 

with G. ruber albus and G. bulloides (Table 2). Given the pronounced temperature changes in 315 
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the upper water column, it is necessary to test multiple temperature reconstructions to fully 316 

understand their effect in driving the sizes of planktonic foraminifera tests. Thus, to fully 317 

understand the palaeoenvironmental effects on the test sizes, we recommend running sensitivity 318 

tests on the size descriptors and using different parameters to reconstruct past environmental 319 

variables, when possible. 320 

 321 

LIVING CONDITIONS: THE EFFECTS OF TEMPERATURE, PRODUCTIVITY, AND SALINITY 322 

 323 

High relative abundances of planktonic foraminifera are often interpreted as evidence of 324 

ecological optima, and are expected to result in large test sizes (Hecht, 1976b; Schmidt et al., 325 

2004b; Weinkauf et al., 2013, for a deeper discussion see Adebayo et al., 2023). Nonetheless, 326 

just one of the 12 models (6 Pearson and 6 Spearman, tables 3 and S2, Figure S2) negatively 327 

associates size with the species’ relative abundance and this association is weak. The absence of 328 

correlation suggests that high relative abundances might not be the best indicators for optimum 329 

ecological conditions but rather environmental parameters, as previously documented by 330 

Schmidt et al. (2004b) and Adebayo et al. (2023). 331 

The multiple linear correlation analyses between the size of partial assemblage and 332 

environmental parameters (Table 2) point to productivity being the main driver of size variations 333 

through time. While the relationship between planktonic foraminifera test sizes and temperature 334 

has been extensively documented (e.g., Deuser et al., 1981; Schmidt et al., 2004a; Lombard et 335 

al., 2009; Davis et al., 2013), given the significant variations in nutrient availability in the study 336 

area, it was anticipated that the size variation of the partial assemblage would be more closely 337 

associated with productivity than with temperature (e.g., Ortiz et al., 1995; Renaud and Schmidt, 338 
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2003; Schmidt et al., 2004a; Zarkogiannis et al., 2020), although we note both parameters are 339 

affected by the upwelling of subsurface nutrient rich waters (e.g., Gu et al., 2017; Pereira et al., 340 

2018; Alvarenga et al., 2022; Suárez-Ibarra et al., 2022, 2023). 341 

From Figure 2, it is possible to infer that changes in partial assemblage mainly represent 342 

changes in the size of G. ruber albus (the most abundant species within the samples), as the size 343 

of G. glutinata and G. bulloides does not appreciably vary along the record. Given the reduction 344 

in test sizes from tropical to polar biogeographic provinces, the analysis of species-specific size 345 

response becomes necessary, as changes in the test sizes of planktonic foraminifera assemblages 346 

also denote changes in species proportions (Schmidt et al., 2004b).  347 

To analyse the drivers of G. ruber albus size changes, it is necessary to consider its 348 

ecological preferences. G. ruber (both albus and ruber) is abundant in oligotrophic (low 349 

productivity) conditions, prevailing in our study area in the modern (Sousa et al., 2014). 350 

However, glacial upwelling events (which increased the number of suspended particles) may 351 

have resulted in reduced size of G. ruber albus tests. This likely associated with the need of its 352 

symbionts for light to carry out metabolic activities, and/or a decrease in the symbiotic host 353 

respiration rate, resulting in the competitive advantage of smaller tests (Schmidt et al. 2004b; 354 

Bijma et al., 1990; Bijma et al., 1992; Kemle-von-Mücke and Hemleben, 1999). As upwelling 355 

reduces subsurface temperatures, the negative size response of the G. ruber albus to T75m can be 356 

explained by the species’ preference for warm and oligotrophic subtropical waters, despite its 357 

high tolerance to different environmental conditions (Bijma et al., 1990; Kemle-von-Mücke and 358 

Hemleben, 1999; Schiebel and Hemleben, 2017). In the same way, albeit weakly, G. bulloides 359 

sizes also respond negatively to cooler deep temperatures (75 m depth) and positively (mean 360 

size, Table 2) to shallower warmer temperatures, likely related to quick reproduction during 361 
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productive periods (Naidu and Malmgren, 1995; Conan and Brumer, 2000; Schiebel et al., 2001; 362 

Schmidt et al., 2004a; Souto et al., 2011).  363 

Yet, another reason that could account for the reduced G. ruber sizes is carbonate 364 

dissolution, triggered by upwelling events (Suárez-Ibarra et al., 2022, 2023), explored in the 365 

following subsection.  366 

 367 

POST-MORTEM CONDITIONS: REDUCTION IN TEST SIZE DUE TO DISSOLUTION 368 

 369 

As our Holocene assemblages are dominated by G. ruber albus (Figure 2), and Holocene 370 

conditions are similar to modern ones, our planktonic foraminifera assemblages should belong to 371 

the subtropical province (Boltovskoy et al., 1996; Kucera, 2007). To compare our size 372 

measurements (square root of cross-sectional area) with those from Schmidt et al. (2004b, 373 

maximum diameter), we run a Pearson’s correlation between the square root of cross-sectional 374 

area and maximum diameter of 422 random specimens, belonging to different species (Figure 375 

4). Strong and significantly correlated (R=0.995, p-value<0.01), the regression equation (Y = 376 

1.29X * 6.73) allows us to calculate the maximum diameters of our measurements. Our highest 377 

Holocene size value for the partial assemblage (406 µm, 95th percentile, Figure 2) would 378 

correspond to 517 µm, a typical value for the subtropical-tropical bioprovinces (Schmidt et al., 379 

2004b). Yet, the minimum 95th percentile value for partial assemblage (267 µm) at 40 ka BP 380 

would correspond to polar-subpolar bioprovinces (338 µm), and not to the glacial upwelling 381 

conditions for our study area.  382 

As a response to the enhanced upwelling events, higher quantities of exported labile 383 

glacial organic matter (Rodrigues et al., 2018) underwent remineralisation. This process released 384 
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CO2, which in turn, led to a reduction in the pH of the surrounding water, affecting the 385 

planktonic foraminiferal tests (Schulte and Bard, 2003; Petró et al., 2021; Suárez-Ibarra et al., 386 

2022, 2023). Although G. ruber albus is not particularly susceptible to dissolution in our study 387 

area (according to experiments using weak acetic acid over 200 days, Petró et al., 2018), there is 388 

a high discrepancy among rankings (Adelseck, 1977; Thunell and Honjo, 1981; Boltovskoy and 389 

Totah, 1992, Petró et al., 2018). However, it is typically considered in the literature that G. ruber 390 

albus is a dissolution-prone species (Berger, 1967; Berger, 1970; Bé et al., 1975; Hecht et al., 391 

1975; Kucera, 2007). If the size of G. ruber albus reflects the size of the partial assemblage, then 392 

dissolution could account for the discrepancy between the size of our assemblages and those 393 

from Schmidt et al. (2004b). The mentioned reasoning is supported by the correlation models 394 

(Table 2), which point dissolution (PC1D) driving the test size changes in G. ruber albus.  395 

Similarly, studying Holocene mid-depth Mediterranean sediment samples, Principato et 396 

al. (2006) documented enhanced carbonate corrosion during organic matter-rich intervals 397 

(sapropels accumulation), conditions that lead to pteropod dissolution, decreased test weight of 398 

G. ruber and reduced total counts of planktonic foraminifera per sample (~10–7 ka BP). 399 

Conversely, during the same sapropel accumulation events in low-depth Mediterranean samples, 400 

larger sizes of G. ruber albus were observed with no signs of dissolution (Mojtahid et al., 2015). 401 

As test weights and sizes are commonly positively correlated, Mojtahid et al. (2015) suggested 402 

that dissolution could account for the reduced G. ruber test weights from Principato et al. (2006). 403 

Therefore, we also hypothesise that biologically mediated carbonate dissolution under high 404 

organic matter export can account for at least part of our decreased G. ruber test sizes (95th 405 

percentile).  406 
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To explore the idea that dissolution impacted the G. ruber albus tests, a second 407 

“screening” on selected tests using scanning electron microscope (SEM) was carried out. 408 

Although the taxonomic identification utilised only planktonic foraminifera tests with no signs of 409 

broken chambers, we found the presence of scars in the last whorl of some G. ruber albus. As 410 

the use of SEM images is not viable for classic taxonomic counts (minimum of 300 specimens, 411 

Patterson and Fishbein, 1989), and they are not visible with the use of stereomicroscopes, these 412 

scars are rarely identified (Figure 5). With poor carbonate preservation, planktonic foraminifera 413 

tests undergo fragmentation, decreasing the relative abundances of species susceptible to 414 

dissolution. Nevertheless, if dissolution-prone species experience a systematic test break-down, 415 

the relative abundances of these susceptible species can actually remain high as the broken tests 416 

might look like multiple smaller whole individuals (Figure 5). 417 

The misidentification of broken tests that look like “whole specimens” (Figure 5E) can 418 

also lead to a sub quantification of size variations, as already noted by Berger (1967) and Hecht 419 

et al. (1975). In his pioneer investigations into the selective dissolution of planktonic 420 

foraminifera, Berger (1968) noted that terminal chambers tend to be initially lost (also 421 

Zarkogiannis et al., 2020). As the final chamber(s) tend to be thinner than the previous ones due 422 

to the over-calcifying process (e.g., Erez, 2003; Schmidt et al., 2008; Iwasaki et al., 2019; 423 

Fehrenbacher and Martin, 2014), dissolution might lead to the removal of the terminal 424 

chamber(s), leaving nothing, or remnant scars only evident under SEM imaging. This process 425 

can be enhanced in G. ruber albus by secondary openings that reduce the contact surface 426 

between chambers (Schiebel and Hemleben, 2017). Subsequently, the remaining test, often 427 

resembling a smaller, densely shelled individual, can be identified as a “whole specimen” 428 
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(Berger, 1970), being a potential explanation on how dissolution overprints the test size variation 429 

of G. ruber albus in our data.  430 

Can a G. ruber albus test look like a whole specimen after the removal of the final 431 

chamber(s) as suggested by Berger (1970)? To answer this question, we use X-ray computed 432 

micro-tomography (micro-CT) on individuals that are expected to have completed their 433 

ontogenetic cycles. From five open-source 3D models, we visualise how the last whorl of 434 

planktonic foraminiferal tests of G. ruber albus that lost their final chamber present themselves. 435 

In Figure 6, it is possible to see how virtual-artificially fragmented tests of G. ruber albus look 436 

before and after the removal of the terminal chamber(s). As the trochospiral growing pattern of 437 

G. ruber albus builds new chambers in relative similar positions through its life cycle, the 438 

umbilical views of a whole and a broken test are similar (Figure 6).  439 

Furthermore, as expected, the cross-sectional area of the whole individual is reduced by 440 

~25±9%, with the removal of the terminal chamber (Table 6). If our calculated lowest maximum 441 

diameter (~338 µm) is increased by 25±9%, the obtained values (422±30 µm) are within the 442 

temperate and upwelling bioprovinces (Schmidt et al., 2004b), more in agreement with the 443 

reconstructed conditions experienced during the last glacial in the studied area. Nevertheless, as 444 

carbonate dissolution is impacted by surface productivity in our study area, it is not possible to 445 

disentangle the effects of both environmental parameters. To further test the hypothesis of a 446 

taphonomical influence on the size changes of G. ruber albus, it would be necessary to analyse 447 

an environmental setting where dissolution varies independently from productivity. 448 

Finally, the misidentification of broken tests as whole individuals seems to be a common 449 

phenomenon, noticeable in the SEM images available at the taxonomic database of planktonic 450 
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foraminifera Mikrotax (Huber et al., 2016). In the Table S3, we compiled a list of 26 planktonic 451 

foraminifera individuals showing scars of (potentially) removed terminal chamber(s). 452 

 453 

CONCLUSIONS 454 

 455 

By examining the size variations in planktonic foraminifera tests from the Western South 456 

Atlantic, we have documented an intricate interplay between ecological (such as productivity and 457 

temperature) and taphonomic processes. Ecologically, we document that productivity plays a 458 

significant role in driving the test sizes of planktonic foraminifera (partial) assemblages in 459 

upwelling oceanographic settings. We observe a correlation between the test size of 460 

Globigerinoides ruber albus and productivity, with smaller tests during increased productivity, 461 

likely due to reduced metabolic activity of the symbionts under upwelling periods. Additionally, 462 

we hypothesise that temperature fluctuations, especially through the upper water column, may 463 

have influenced the size of certain species, further emphasising the need to consider diverse 464 

temperature reconstructions when analysing size variations. On the taphonomic front, we 465 

document a test size reduction (~25±9%), attributed to test fragmentation during enhanced 466 

dissolution. The lack of ease in identifying the presence of scars and signs of test fragmentation, 467 

potentially leads to the misidentification of broken tests as whole individuals. Our findings 468 

highlight the importance of considering multiple environmental parameters when interpreting 469 

size variations in planktonic foraminifera tests. Finally, this paper underscores the necessity of 470 

understanding the subtle imprints of carbonate dissolution on the planktonic foraminiferal record, 471 

as it has the capacity to bias foraminiferal-based ecology and geochemical proxies.In  472 

 473 
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APPENDICES 898 

 899 

TABLES CAPTIONS 900 

 901 

Table 1. Number of individuals utilised to analyse the test size variation from core SAT-048A, 902 

per species per sample. Samples with less than 20 specimens are bold and denoted by *. 903 

Table 2. Estimate results of the multiple linear correlations performed on the test size variation 904 

(as described by the mean and 95th percentile of the squared root of the cross-sectional area) 905 

against MAT-temperature (at 25 and 75 m depth), productivity (PC1P), salinity at 25 m depth 906 

(S25m) and dissolution (PC1D). p-values are denoted as: ° <0.1, * <0.05, ** <0.01, *** <0.001, 907 

and significant (p <0.05) numbers are indicated in bold. Perc stands for percentile. 908 

Table 3. Results of the Pearson correlations performed on the test size variation (as described by 909 

the mean and 95th percentile of the squared root of the cross-sectional area) against the relative 910 

abundance (%) of each taxon. p-values are denoted as: ° <0.1, * <0.05, and significant (p <0.05) 911 

numbers are indicated in bold. 912 

Table 4. Area loss with the removal of the last chamber, relative to the whole test, from the open-913 

source 3D models. After the removal of the last chamber, the table shows how much the size of 914 

the test can be decreased. 915 

 916 

FIGURE CAPTIONS 917 

 918 

Figure 1. Modern oceanographic conditions at the western South Atlantic illustrated by the mean 919 

annual sea surface temperature (°C). Data are from the World Ocean Atlas 2013 (Locarnini et al., 920 
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2013). A simplified schematic representation of the Brazil and Malvinas currents is based on 921 

Peterson and Stramma (1991) and Möller et al. (2008). The white dot indicates the location of 922 

core SAT-048A analysed in this study. Plotted with Ocean Data View (Schlitzer, 2021). 923 

Figure 2. Test sizes (as 95th percentile, upper panel, and mean, lower panel, of squared root of 924 

cross-sectional area) records of species-specific (Globigerinoides ruber albus, Globigerinita 925 

glutinata and Globigerina bulloides) and the partial assemblage (Globigerinoides ruber ruber, 926 

Globorotalia inflata, Globigerinella calida and Neogloboquadrina incompta) for core SAT-927 

048A. Marine Isotope Stages (MIS) are indicated by vertical white (MIS 3 and MIS 1) and blue 928 

(MIS 2) background. The white rectangle within MIS 2 indicates the Last Glacial Maximum 929 

(LGM). 930 

Figure 3. Comparison of (A) relative abundances and reconstructed environmental parameters 931 

for core SAT-048A. In B) reconstructed sea surface temperature for 25 and 75 m obtained using 932 

the Modern Analogue Technique (MAT), C) δ18OG.ruber ruber (‰ VPDB) D) salinity at 25 m depth 933 

based on δ18Osw (‰ SMOW), and synthesized records of E) productivity (PC1P) and F) 934 

dissolution (PC1D) (from Suárez-Ibarra et al., 2022). Marine Isotope Stages (MIS) are indicated 935 

by vertical white (MIS 3 and MIS 1) and blue (MIS 2) backgrounds. The white rectangle within 936 

MIS 2 indicates the Last Glacial Maximum (LGM). 937 

Figure 4. Pearson correlation between the square-root of cross-sectional area and maximum 938 

diameters based on 422 random specimens, belonging to different species and varied sizes, 939 

obtained from core SAT-048A. 940 

Figure 5. Comparison of stereomicroscope views and corresponding scanning electron 941 

microscope images of Globigerinoides ruber albus tests taken from core SAT-048 displaying 942 
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scars where the final chamber(s) was(were) attached to. From A to E, broken shells become less 943 

evident. Scale-bar: 100 µm. 944 

Figure 6. Open-source 3D models of Globigerinoides ruber “any” (see Table 6). On the left side 945 

whole specimens and on the right side the same specimens after the artificial removal of the last 946 

chamber showing resemblance with a complete test. 947 
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SUÁREZ-IBARRA, TABLE 1  948 

Age (ka 

BP) 

Globigerinoides 

ruber albus 

Globigerinita 

glutinata 

Globigerina 

bulloides 

Partial 

assemblage 

5.8 163 40 17* 300 

7.1 145 30 15* 249 

8.5 133 44 15* 281 

9.4 129 45 18* 266 

10.4 189 72 33 424 

11.9 198 101 68 518 

13.9 129 60 46 331 

15.5 126 71 63 366 

16.2 109 60 34 282 

16.8 116 63 56 352 

17.4 84 61 31 233 

17.7 93 77 51 297 

17.9 87 55 34 264 

18.3 127 55 42 312 

18.9 101 68 54 312 

19.3 72 34 54 231 

20.1 90 68 26 259 

21.4 93 64 55 291 

21.8 107 47 88 348 

22.7 93 51 60 321 

23.3 72 50 90 325 

23.6 98 80 57 407 

24.0 113 78 66 451 

24.5 66 49 95 320 

25.1 107 110 56 446 

25.4 103 57 59 423 

25.8 76 45 39 312 

26.3 52 31 54 229 

27.8 69 49 59 273 

28.6 79 37 67 284 

29.1 98 47 61 304 

29.7 114 66 79 400 

30.7 142 72 83 480 

31.5 95 79 68 342 

32.0 109 71 53 346 

32.6 73 54 38 272 

33.5 93 55 52 349 

34.3 79 40 50 262 

34.9 75 42 71 289 
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SUÁREZ-IBARRA, TABLE 1 (continuation) 949 

35.2 82 54 74 308 

35.6 113 85 81 422 

36.5 94 89 75 345 

37.4 142 110 91 432 

37.9 71 77 79 286 

38.2 68 80 104 306 

38.9 61 48 77 238 

40.0 79 64 142 339 

41.1 63 67 66 261 

42.3 117 56 65 339 
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SUÁREZ-IBARRA, TABLE 2  950 

  

 

 

 

 

 

 

 

 

 

    Partial assemblage G. ruber albus G. glutinata G. bulloides 

Regression T Mean 95th Perc Mean 95th Perc Mean 95th Perc Mean 95th Perc 

Temperature 

25 m 1.16 4.22° 0.28 0.41 0.19 -0.86 2.58** 2.79 

75 m -1.40 -0.43 -3.62** 4.98° -0.78 -0.46 -1.93* -6.03** 

PC1P 

25 m -5.22*** -8.80** -3.62* -3.88 -0.3 -0.39 -0.01 -1.70 

75 m -6.57*** -11.09*** -5.77*** -6.85° -0.83 -0.23 -2.34* -6.41** 

S25m 

25 m 1.45 -1.53 1.84 4.65 -0.85 0.42 -2.14 -1.24 

75 m 4.32° 5.87 4.63 8.53 -0.01 -0.73 3.45 7.31 

PC1D 

25 m -1.00 -2.41 -2.73° -8.57** -1.82* -2.12 0.42 1.55 

75 m -1.64° -3.95 -3.44** -9.54** -2.02* -1.90 -0.79 -0.41 

Adjusted R2 

25 m 0.67*** 0.59*** 0.45*** 0.39*** 0.22** -0.03 0.25** 0.03 

75 m 0.68*** 0.55*** 0.55*** 0.43*** 0.24** -0.03 0.16* 0.21** 
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SUÁREZ-IBARRA, TABLE 3   951 

    Mean 95th Percentile 

G. ruber albus (%) 

R 0.19 0.24 

p 0.19 0.09° 

G. glutinata (%) 

R -0.28 -0.18 

p 0.05* 0.21 

G. bulloides (%) 

R -0.17 -0.04 

p 0.25 0.80 
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SUÁREZ-IBARRA, TABLE 4  952 

Name of the file 

Area loss without 

the final chamber 

(%) 

Reference 

Globigerinoides ruber (albus modern; 

plankton tow SW Pacific) 

28.4 

Secteur Sciences et 

Technologies – AMU (2018) 

Globigerinoides ruber Miocene Age 41.8 Foraminarium (2022) 

Globigerinoides ruber (fossil) 22.0 Foraminarium (2021a) 

Globigerinoides elongatus 22.8 Foraminarium (2021b) 

Globigerinoides ruber (modern; 

plankton tow) 

12.0  Foraminarium (2021c) 
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 SUÁREZ-IBARRA, FIGURE 1 953 

 954 

 955 

 956 

 957 

 958 

  959 



 

 

51 

 

SUÁREZ-IBARRA, FIGURE 2 960 
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SUÁREZ-IBARRA, FIGURE 3 962 
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SUÁREZ-IBARRA, FIGURE 4 964 
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Introduction  

This file presents data related to the age model construction (tables S1 and S2), the reconstruction of sea 

subsurface temperatures (Figure S1), statistical analysis (Spearman’s rank correlation, Table S3 and Figure 

S2) and a list of 25 planktonic foraminifera specimens showing signs of broken/removed terminal chambers 

(Table S3). 
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Age model 

The age model for core SAT-048A used in this paper is presented in Suárez-Ibarra et al. (2022). This age 

model uses 10 monospecific planktonic foraminifera Accelerator Mass Spectrometry 14C, carried out at the 

Laboratório de Radiocarbono at Universidade Federal Fluminense, and firstly presented by Frozza et al. 

(2020) (Table S1). The reservoir correction (deltaR= -85 +/-40) is based on ages from Nadal de Masi (1999), 

Angulo et al. (2005), and Alves et al. (2015), quantified using the online tool http://calib.org/ “Marine 

Reservoir Correction”. The age model was run on the rbacon package (Blaauw & Christen, 2011; version 

2.4.2), for open-source R software (R Core Team, 2020), using the calibration curve Marine20 (Heaton et 

al., 2020) (Table S2). 

Table S1. Accelerator Mass Spectrometry 14C dates used to construct the age model for core SAT-048A 

(Frozza et al., 2020).  

Sample 

depth (cm) 

LAC-UFF 

sample code 
Species 

Age 

14C (ka 

BP) 

Error 

(kyr) 

23 170059 G. 

cultrata 

5.226 0.028 

23 170209 G. ruber 5.471 0.032 

54 180167 G. ruber 10.594 0.117 

65 190321 G. ruber 13.548 0.038 

85 180168 G. ruber 16.599 0.212 

113 180169 G. ruber 15.531 0.185 

149 190704 G. ruber 19.536 0.104 

183.5 190323 G. ruber 31.174 0.271 

217 180170 G. ruber 22.997 0.451 

295 190540 G. ruber 38.997 0.260 

 

Table S2. SAT-048A data points for the construction of the age model on rbacon package (Suárez-

Ibarra et al., 2022).  

LabID 
Age 

(years) 

Error 

(years) 

Depth 

(cm) 

Calibration 

curve delta.R delta.STD 

LACUFF170059 5226 28 23 2 -85 40 

LACUFF170209 5471 32 23 2 -85 40 
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LACUFF180167 10594 117 54 2 -85 40 

LACUFF190321 13548 38 65.5 2 -85 40 

LACUFF180168 16599 212 85 2 -85 40 

LACUFF180169 15531 185 113 2 -85 40 

LACUFF190704 19536 104 149 2 -85 40 

LACUFF190323 31174 271 183.5 2 -85 40 

LACUFF180170 22997 451 217 2 -85 40 

LACUFF190540 38997 260 295 2 -85 40 

Laschamp 41000 0 352 0 0 0 

 

Sea Surface Temperatures 

Sea subsurface temperature estimates for 25 and 75 m depths (T75m and T75m, °C, Figure S1) used the 

relative abundances of whole planktonic foraminifera assemblages from Suárez-Ibarra et al. (2020) and the 

Modern Analog Technique (MAT, Hutson, 1980) tool within the statistical software PAST (version 3.2; 

Hammer et al., 2001). The calibration was performed using 1,538 core tops from the Atlantic Ocean (421 

samples from the South Atlantic), recovered from the ForCenS database (Siccha and Kucera, 2017) and 

García-Chapori & Laprida (2020) for the Brazil-Malvinas Confluence.  Mean annual temperatures for 25 

and 75 m depth were extracted from the World Ocean Atlas 2013 (WOA13, Locarnini et al., 2013, at a 

resolution of 0.25°), using the Ocean Data View software (Schlitzer, 2021). On A and B), the coefficient of 

determination values (R2) between reconstructed T75m and T75m (°C) and measured WOA13 T75m and T75m 

(°C, (Locarnini et al., 2013) are 0.992 and 0.987, respectively. On C and D) the residuals from the 

performances are shown. Horizontal lines encompass 95% of the residuals. 
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Figure S1. Modern Analog Technique (MAT) performance for core SAT-048A of sea subsurface mean 

annual temperature estimates for 25 and 75 m depths at the study site. On A and B), the coefficient of 

determination (R2) values are 0.992 and 0.987, respectively. On C) and D), the residuals of the performance 

are shown, horizontal lines encompass 95% of the residuals. 
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Statistical analysis 

To further test the ecological optimum hypothesis, we run Pearson and Spearman’s rank correlation 

analyses between the sizes (mean and 95th percentile) and the respective relative abundances of each 

analysed species. Results from the Pearson correlations are shown in Table 3 in the main text and Figure S2. 

Results from the Spearman’s rank correlations are shown in Table S3. 

Table S3. Results of the Spearman’s rank correlations performed on the test size (as described by the mean 

and 95th percentile of the squared root of the cross-sectional area) against the relative abundance (%) of each 

species. None of the p-values are significant (p <0.05). 

    Mean 
Perc 

95th  

G. ruber albus 

(%) 

R2 0.00 0.02 

p 0.62 0.39 

G. glutinata (%) 
R2 0.05 0.02 

p 0.11 0.34 

G. bulloides (%) 
R2 0.03 0.00 

p 0.27 0.99 
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Figure S2. Graphical results of the Pearson correlations performed between the test sizes (as 95th percentile 

and mean values of squared root of cross-sectional area) and the relative abundances of Globigerinoides ruber 

albus, Globigerinita glutinata and Globigerina bulloides for core SAT-048A. Note that just G. glutinata (size, 

mean value) is significantly correlated with is own relative abundance, however, with low values. 

 

Broken shells through the geological record 

Here we list 25 individuals showing signs of a broken/removed terminal chamber. Scars are evident with 

scatter electron microscopy. 

 

Table S3. List of species showing signs of final broken or removed chambers. 

Species Age Link 

Planoheteroheli

x globulosa 

Cenomania

n-Maastrichtian 

pforams@mikrotax - 

Planoheterohelix 

globulosa 

Braunella 

punctulata 

Campanian-

Maastrichtian 

pforams@mikrotax - 

Braunella punctulata  

Helvetoglobotr

uncana helvetica 
Turonian 

https://www.mikrotax

.org/pforams/index.php?t

axon=Helvetoglobotrunc

ana%20helvetica&modul

e=pf_mesozoic  

Helvetoglobotr

uncana 

praehelvetica 

Turonian-

Cenomanian 

pforams@mikrotax - 

Helvetoglobotruncana 

praehelvetica  

Contusotruncan

a contusa 

Maastrichtia

n-Maastrichtian 

pforams@mikrotax - 

Contusotruncana contusa  

Globotruncana 

orientalis 

Santonian-

Maastrichtian 

pforams@mikrotax - 

Globotruncana orientalis  

Chiloguembelin

a adriatica 

Eocene-

Oligocene 

pforams@mikrotax - 

Chiloguembelina 

adriatica  

https://www.mikrotax.org/pforams/index.php?taxon=Planoheterohelix%20globulosa&module=pf_mesozoic
https://www.mikrotax.org/pforams/index.php?taxon=Planoheterohelix%20globulosa&module=pf_mesozoic
https://www.mikrotax.org/pforams/index.php?taxon=Planoheterohelix%20globulosa&module=pf_mesozoic
https://www.mikrotax.org/pforams/index.php?taxon=Braunella%20punctulata&module=pf_mesozoic
https://www.mikrotax.org/pforams/index.php?taxon=Braunella%20punctulata&module=pf_mesozoic
https://www.mikrotax.org/pforams/index.php?taxon=Helvetoglobotruncana%20helvetica&module=pf_mesozoic
https://www.mikrotax.org/pforams/index.php?taxon=Helvetoglobotruncana%20helvetica&module=pf_mesozoic
https://www.mikrotax.org/pforams/index.php?taxon=Helvetoglobotruncana%20helvetica&module=pf_mesozoic
https://www.mikrotax.org/pforams/index.php?taxon=Helvetoglobotruncana%20helvetica&module=pf_mesozoic
https://www.mikrotax.org/pforams/index.php?taxon=Helvetoglobotruncana%20helvetica&module=pf_mesozoic
https://www.mikrotax.org/pforams/index.php?taxon=Helvetoglobotruncana%20praehelvetica&module=pf_mesozoic
https://www.mikrotax.org/pforams/index.php?taxon=Helvetoglobotruncana%20praehelvetica&module=pf_mesozoic
https://www.mikrotax.org/pforams/index.php?taxon=Helvetoglobotruncana%20praehelvetica&module=pf_mesozoic
https://www.mikrotax.org/pforams/index.php?taxon=Contusotruncana%20contusa&module=pf_mesozoic
https://www.mikrotax.org/pforams/index.php?taxon=Contusotruncana%20contusa&module=pf_mesozoic
https://www.mikrotax.org/pforams/index.php?taxon=Globotruncana%20orientalis&module=pf_mesozoic
https://www.mikrotax.org/pforams/index.php?taxon=Globotruncana%20orientalis&module=pf_mesozoic
https://www.mikrotax.org/pforams/index.php?taxon=Chiloguembelina%20adriatica&module=pf_cenozoic
https://www.mikrotax.org/pforams/index.php?taxon=Chiloguembelina%20adriatica&module=pf_cenozoic
https://www.mikrotax.org/pforams/index.php?taxon=Chiloguembelina%20adriatica&module=pf_cenozoic
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Chiloguembelin

a cubensis 

Eocene-

Oligocene 

pforams@mikrotax - 

Chiloguembelina 

cubensis  

Jenkinsina 

columbiana 

Paleocene-

Miocene 

pforams@mikrotax - 

Jenkinsina columbiana  

Parvularugoglo

bigerina 

alabamensis 

Paleocene 
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