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ABSTRACT

This study sought to understand the role of continental influence on ocean productivity along the late Quaternary
based on the comparison between continental palynomorphs and paleoproductivity proxies from the marine
sediment core SIS188. Retrieved from the slope of the Pelotas Basin at a depth of 1,514 m, the core documents
the time interval between 47.8 and 7.4 cal ka BP, including the Marine Isotope Stages (MIS) 3, 2 and 1. The
palynological content found in the core SIS188 indicates a typical flora of the southern Brazil highlands, which is
at the same latitude as the core. Thus, continental input sources, such as wind-borne dust and discharges from
the Mampituba and Ararangua rivers, would more likely account for the palynological content than the Brazilian
Coastal Current (BCC). During the glacial intervals (MIS 3 and MIS 2), paleoproductivity (indicated by the proxies
coccolith numbers, N Ratio, and TOC content) suggest the intensification of upwelling and transport of wind dust,
the latter of which may have transported pollen grains to the core region. There is a concentration decrease of
continental palynomorphs at the end of MIS 2, which is accentuated during MIS 1 when the sea level is higher.
Paleoproductivity was high during MIS 1, especially from the Holocene onwards, although the concentration
of continental-derived palynomorphs decreases sharply, showing that the rise in sea level interferes with the
fertilization of marine waters far from the coast by continental input.

Descriptors: Palynomorphs, Paleoproductivity, Continental influence, Pelotas basin, Brazilian Continental
Margin.

INTRODUCTION nutrient input from continental influence and/or up-
welling processes (Wang et al., 2015). The southern
Brazilian margin is a productive area of the western
margin of the South Atlantic due to two factors. The
first is the South Atlantic upwelling system (20-28°S),
currently located on the shelf and shelf break but
Submitted: 24-Aug-2021 whlch in the past may have undergone of.fshorg.ex-
Approved: 19-Apr-2022 pansion (Lessa et al., 2017). The other is fertiliza-
tion through the La Plata River plume and continen-
tal drainage (Gonzalez-Silveira et al., 2006). Both

Studies on paleoproductivity are of great impor-
tance, as they provide clues about past atmospheric
and oceanographic systems variations. Continental
margins are regions of high productivity due to high
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represent important factors for the supply of nutrients
to surface waters. Currently, the Brazilian Coastal
Current (BCC), which transports the La Plata River
plume (Piola et al., 2005), reaches latitudes of about
28°S, and its course to the north is mainly controlled
as a function of wind tension (Piola et al., 2008).

Although various studies suggest an influence of
BCC on the slope of the Brazilian Continental Margin
(between 24.9° and 38°S) during glacial intervals, few
use proxies linked to the plume of the La Plata River.
One of these is Mathias et al. (2021), which character-
ized the sediments of the core GL-1090 collected in
the Santos Basin (24° 92° S; 42° 51" W; at 2,225 m
of water column). From paleomagnetic, geochemical
(Al/Si and Fe/K), and grain size data, they derived a
characterization compatible with La Plata River plume
sediment. The authors concluded that the presence
of these sediments on the slope was due to transport
by BCC in glacial intervals with the lowest sea levels.
However, it is also possible that these sediments were
deposited at shallower depths and redistributed by
undercurrents that also undergo changes with the de-
crease in relative sea level.

Other works that infer the presence of BCC in the
open sea in the southern Brazilian Continental Margin
present paleoproductivity proxies (Pivel et al., 2011 -
planktonic foraminifera; Almeida et al., 2015 - benthic
foraminifera; Gu et al., 2017; Gu et al., 2018a; Gu
et al., 2018b — marine dinoflagellates) that could be
responding to other fertilization mechanisms. On the
other hand, Avila et al. (2020), when studying palyno-
morphs and organic matter content in the sediments
of the core REG972 (33.75S, 50.85W, 1,025 m of
water column), attributed the increases in paleopro-
ductivity in the Rio Grande cone region to a greater
influence of Subantarctic Shelf Water during periods
of lower sea level, rather than to the influence of BCC.

Therefore, the objective of this work is to analyze
the role of continental influence on oceanic paleo-
productivity in the south Brazilian Continental Margin
during the period between 47.8 and 7.4 cal ka BP
from the comparison of palynomorphs of continental
origin and marine proxies for productivity.

STUDY AREA

The marine sediment core SIS188 was collected
on the northern continental slope of the Pelotas Basin
(-29.221286; -47.283805, at 1,514 m water depth).

Marine waters fertilization during Late Quaternary

The sampling site is located approximately 206 km
from the current coastline (Figure 1).

CLIMATE AND ATMOSPHERIC CIRCULATION

In southern Brazil, the climate is humid tem-
perate-subtropical, with evenly distributed rain
throughout the year, relatively humid conditions,
and annual precipitation of approximately 1,100
mm. El Nifio Southern Oscillation (ENSO) events
influence annual precipitation, showing positive
anomalies during El Nifio years and negative
anomalies during La Nifa years (Grimm and
Tedeschi, 2009). Temperature varies throughout
the year between 15 and 25°C (Diaz et al., 1998).

Atmospheric circulation in the study area is
controlled by the high-pressure center of the
South Atlantic anticyclone. The South Atlantic
Subtropical High (SASH) is a high-pressure sys-
tem located at approximately 30°S latitude over
the Atlantic Ocean and associated with the south-
ern mean meridional circulation of the atmosphere
through the Hadley cell (Wainer and Taschetto,
2006; Moura et al., 2018). Variations in the inten-
sity and position of SASH directly affect climate
in South America and especially in Brazil. This
system is responsible for the predominance of NE
winds in the southwest region throughout the year
and SW winds during the passage of cold fronts,
more common during winter. The annual variability
of the SASH is responsible for the seasonal migra-
tion of the BCC, which shifts north during the aus-
tral winter but is more restricted to the south during
the summer (Bastos and Ferreira, 2000).

OCEANOGRAPHIC CIRCULATION

The Brazil Current (BC) dominates the surface
portion of the water column in the study area. The
BC is the western contour current in the South
Atlantic subtropical gyre and is responsible for
heat and saltwater transport from the tropical re-
gion to higher latitudes in the Southwest Atlantic
(Peterson and Stramma, 1991). It originates at
approximately 10°S and comprises the southern
branch of the South Equatorial Current (SEC),
which bifurcates when reaching the coast of
Brazil and rises to the North Brazil Current (NBC).
The BC flows in a southerly direction, bypassing
South America until reaching the region of the
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Figure 1. Location of SIS 188 core showing the main vegetation formations (IBGE, 2004) in the adjacent continental area and the
oceanographic currents which influence the study area are indicated on the map (BC: Brazilian Current, BCC: Brazilian Coastal
Current, MC: Malvinas Current, BMC: Brazil-Malvinas Confluence). The cores GeoB2107-3 (Gu et al., 2017), GeoB6211-2 (Gu et al.,

2018a) and REG 972 (Avila et al., 2020) are also indicated.

Brazil-Malvinas Confluence at ca. 38°S (Stramma
and England, 1999). In the first 100 m, the BC
transports Tropical Water (TW) with temperatures
above 20°C, salinity » 36, and low nutrient concen-
trations (Peterson and Stramma, 1991; Stramma
and England, 1999). Between depths of 100-
600 m, the water column is dominated by South
Atlantic Central Water (SACW), which is rich in
nutrients and has temperatures ranging between
6-20°C and salinity between 34.6-36 (Braga and
Nienscheski, 2006).

The study area is also influenced by the
Brazilian Coastal Current (BCC). The BCC is an
arm of the BC that flows north along the coast and
inner shelf, carrying nutrient-rich, low-tempera-
ture, and low-salinity waters as well as continen-
tal material from the La Plata River and the Patos
Lagoon drainage basins (Souza and Robinson,
2004; Piola et al., 2005; Razik et al., 2015). The
BCC can also carry sedimentary material from the

discharge of the Mampituba and Ararangua rivers,
two smaller rivers that flow near the sampling area.
The Mampituba River has a drainage area of 1,200
km?2 and an average flow of 18.6 m? s (D’Aquino
et al., 2011). It begins in Serra Geral and flows
into the Atlantic Ocean near the city of Torres, in
the state of Rio Grande do Sul (Loitzembauer and
Mendes, 2016). The watershed of the Ararangua
River has an area of 3,020 km?, with an average
flow of 65 m3 s, It also begins in Serra Geral and
flows into the Atlantic at the city of Ararangua
(Loitzembauer and Mendes, 2016).

However, the main continental inputs to the
Southwest Atlantic, the Patos Lagoon and the La
Plata River, are located south of the sampling site.
The Patos Lagoon has a surface area of 10,360
km?2 and is considered the largest choked lake in
the world (Kjerfve, 1986). It receives water from a
drainage basin of 140,000 km?, directly from tribu-
taries, or through the Sdo Gongalo Channel, which
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connects it with the Mirim Lagoon basin (Kjerfve,
1986). The La Plata River receives discharge from
the La Plata drainage basin and is considered the
second largest river system in South America, cov-
ering an area of approximately 3.2 x 10 km? and
extending along the coast for up to 1,300 km (Piola
et al., 2005; Acha et al., 2008).

REGIONAL GEOLOGY

The southern Brazilian continental shelf is
quite extensive and is characterized by its smooth
relief and low slope, with an average width of 125
km (Dias et al., 1994). In the northernmost part of
the basin, next to SIS 188, the most pronounced
feature is the Rio Grande Terrace, with bathymetry
ranging from 250 to 500 m and occupying a con-
siderable area of slope, estimated at around 500
km? (Basseto et al., 2000). Located further south
of this basin is the Rio Grande Cone, a feature
formed by a voluminous wedge of sediment re-
sembling a cone and extending from the external
shelf to depths of 4000 m (Basseto et al., 2000).

VEGETATION

Various prior works describe the different
types of vegetation present in southern Brazil and
Uruguay (e.g., Klein, 1978, 1979; Boldrini, 2009;
Oliveira-Filho et al., 2015), mainly influenced by
the climate and topography of the region (Figure 1).
The Atlantic Forest occupies the northern part of
the southern region and the coastal plain. Coastal
lagoons also occur along the coasts of the state
of Rio Grande do Sul and Uruguay, dominated by
marshlands composed mainly of the Cyperaceae,
Chenopodiaceae, and Amaranthaceae families
(Marangoni and Costa, 2009). In the higher por-
tions, there is a mosaic of Araucaria forest and
grasslands. Araucaria forests are found between
24° and 30°S and between 1,000 and 1,400 m
of altitude (Hueck, 1966), and are mostly repre-
sented by Araucaria angustifolia, Podocarpus lam-
bertii, Mimosa scabrella, llex spp., and Dicksonia
sellowiana (Boldrini, 2009). The grasslands, which
occupy vast areas of southern Brazil, are domi-
nated by the Poaceae, Cyperaceae, Asteraceae,
Apiaceae, and Fabaceae families, which are as-
sociated with cooler and drier climates (Mourelle
and Prieto, 2012). Along the rivers and streams

Marine waters fertilization during Late Quaternary

of the region are riparian forests composed of the
species Salix chilensis, Sebastiania commmerso-
niana, Myrsine laetevirens, and others from the
Myrtaceae family (Mourelle and Prieto, 2012).

METHODS

The marine sediment core SIS188
(-29.221286; -47.283805) was extracted by Fugro
from the northern continental slope of the Pelotas
Basin at a water depth of 1,514 m, using a piston
corer. A total of 338 cm of sediment was recovered.
Approximately 20 cm from the upper and middle
part of the core was removed, and the rest was
sent to the Nucleo de Oceanografia Geoldgica of
the Universidade Federal do Rio Grande (FURG)
for refrigerated storage. The sedimentological
description of the SIS188 core was presented by
Petrd et al. (2021).

AGE MODEL

The age model was built based on the correla-
tion between the &'®0 isotopic curve of the plank-
tonic foraminifera of the SIS188 core and the stan-
dard curve of Lisiecki and Stern (2016) (Figure 2).
As control points, four AMS '“C ages were obtained
(Table 1). The age model was constructed using
the AnalySeries software (Paillard et al., 1996) and
was presented by Duque-Castaio et al. (2019)
and Gongalves and Leonhardt (2021a). Dating of
4G was performed on the planktonic foraminifera
Globigerinoides ruber (fraction > 150 pm; 10 mg
per sample) using accelerated mass spectrom-
etry (AMS) at the Laboratdrio de Radiocarbono of
the Universidade Federal Fluminense (LAC-UFF).
Ages derived from “C were adjusted considering
a Delta R from the Marine Reservoir Correction
Database of 54.0 + 42.0 (De Masi, 1999; Angulo
et al., 2005; Alves et al., 2015) and calibrated ac-
cording to the Marine13 curve (Reimer et al., 2013)
using the Calib Radiocarbon Program (Stuiver and
Reimer, 1993) (Table 1). Analyses of 60O were
also performed on G. ruber (fraction > 150 pm;
10-15 specimens per sample) in a MAT-253 dual
input mass spectrometer with a Kiel IV carbonate
device at the Laboratory of Stable Isotopes at the
University of California, Santa Cruz. Isotope data
are reported in permil against the Vienna Pee Dee
Belemnite (V-PDB) standard (Figure 2).
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Figure 2. Age model of the core SIS188. (A) Correlation between Lisiecki and Stern (2016) South Atlantic intermediate standard curve
and the oxygen isotope data from the marine core SIS188 (presented by Duque-Castafio et al. 2019). (B) Relationship between age
and depth in the marine core SIS188. The dots are the depths where radiocarbon dating was performed.
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Table 1. Radiocarbon ages used in the construction of the marine core SIS188 age model (Duque-Castafo et al.

(2019); Gongalves and Leonhardt (2021a).

?c‘::)t " Species ("c yﬁgfs BP) (5;;:;) ca(“clz{itaeg:)g © Lab ID
21 G. ruber 6725 +31 7204 170210
54 G. ruber 9921 +34 10812 170055
113.5 G. ruber 21360 +59 25243 170056
180.8 G. ruber 26325 +77 30099 170211

SAMPLE PROCESSING AND PALYNOLOGICAL
ANALYSIS

For palynological analysis, 56 samples were col-
lected at intervals of 6 cm along the core. Prior to pro-
cessing, a tablet of the exotic spore Lycopodium cla-
vatum (lot number 1030, produced by the Department
of Quaternary Geology at Lund University, and cali-
brated in Sweden with 20,848 + 1,545 spores/tablet)
was added to each sediment sample to calculate the
concentration of pollen (Stockmarr, 1971). The paly-
nological processing followed the preparation tech-
nique proposed by Faegri and Iversen (1975), with
the addition of 10% hydrochloric acid (HCI) to remove
carbonates and 5% potassium hydroxide (KOH) to re-
move organic matter and humic acids. To concentrate
the palynomorphs, a solution of zinc chloride (ZnCl,)
with a density between 1.8-1.9 g cm? was used, and
at least five slides of each sample were assembled in
glycerinated gelatin. The slides were analysed under
an optical microscope at 400x or 1,000x magnifica-
tion, and 300 pollen grains and spores were counted
for each sample when possible. Identification was
based on several bibliographic references (e.g., Leal
and Lorscheitter, 2007; Leonhardt and Lorscheitter,
2007, 2008, 2010; Roth and Lorscheitter, 2013;
Masetto and Lorscheitter, 2016), as well as on the
palynological collection in the laboratory.

Diatoms and dinoflagellates present on the
palynological slides were also counted. Although
these samples were not prepared for this purpose,
these data were included as they provide inter-
esting information when analysed with the pollen
assemblage.

For palecenvironmental interpretation purposes,
taxa were grouped into the following categories: con-
tinental palynomorphs - Bryophytes, Pteridophytes,
Herbs, Shrubs, Trees, Lianas, Varied Habits,
Indeterminate (when the taxonomic identification of

the pollen grain was not possible) and Algae; marine
palynomorphs - Palinoforaminifera, Scolecodonts,
Acritarchs and Dinoflagellates; and Diatoms.

PALEOPRODUCTIVITY PROXIES

Paleoproductivity proxies (coccolith numbers,
N ratio, and Total Organic Carbon (TOC) content)
compared to palynological data were obtained by
Gongalves and Leonhardt (2021a), per the meth-
odology below.

Samples of the SIS188 core were prepared us-
ing the technique of Koch and Young (2007) that
enables an estimate of coccolith abundance per
gram of dry sediment. At least 500 coccoliths were
counted per sample using a petrographic micro-
scope with 1000X magnification.

N ratio (Flores et al., 2000) based on cocco-
lithophore algae was used to estimate the paleo-
productivity and to monitor the nutricline depth
variation. It consists of a ratio of the relative abun-
dance of opportunistic species that benefit from
enhanced nutrient availability in the upper photic
zone (as Gephyrocapsa spp. and Emiliania hux-
leyi) and the species that inhabit the inferior pho-
tic zone and benefit from a deeper nutricline (as
Florisphaera profunda).

Total Organic Carbon (TOC) in the sedi-
ments was measured through catalytic oxidation
by combustion with a TOC-L Series SSM-50002
Shimadzu analyzer at the Laboratdrio de Andlises
Geoquimicas of Pontificia Universidade Catdlica
do Rio Grande do Sul (PUCRS). Approximately
30 mg of dry sediment was heated to 900°C in
an oxygen rich environment, converting carbon to
CO, detected by a gas infrared analyzer. To evalu-
ate inorganic carbon, samples were acidified and
oxidized at 200°C. The generated CO, is the inor-
ganic carbon content of the sample. TOC concen-
tration is defined by subtracting inorganic carbon
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concentration from total carbon. Gongalves and
Leonhardt (2021a) also evaluated the carbonate
content and sortable silt grain-size of sediments.
The correlation between these proxies and TOC
was not significant.

STATISTICAL ANALYSIS

Percentages of continental  palynomorphs
(Bryophytes, Pteridophytes, Herbs, Shrubs, Trees,
Lianas, Varied Habits, Indeterminate and Algae)
were calculated using the total sum of the occur-
rence of these groups. The percentages of marine
palynomorphs (Palynophoraminifera, Scolecodons,
Acritarchs, and Dinoflagellates) were calculated using
the sum of their occurrence and the total occurrence
of continental palynomorphs. The percentage of
diatoms was calculated using the sum of their occur-
rence and the total of continental and marine palyno-
morphs. The Tilia 2.1.1 software (Grimm, 1993) was
used to construct pollen diagrams and to calculate
sedimentation rates (clastic material), concentration,
and percentage. All data were compared to the sea
level curve, derived from the database available on
the National Oceanic and Atmospheric Administration
(NOAA) website (Spratt and Lisiecki, 2016), appli-
cable worldwide. The standard deviation of this curve
changes with time and is greatest between 8 and 22
cal ka BP, reaching > 10 meters at some ages.

The Pearson correlation coefficient was calcu-
lated between the N Ratio obtained by Gongalves
and Leonhardt (2021a) and the pollen concentra-
tion in the samples. The correlation significance
was assessed by auto-resampling with 10,000 it-
erations and a=0.1. Analyses used MULTIV statis-
tical analysis software (Pillar, 1997).

Gongalves and Leonhardt (2021b) calculated cor-
relations between the paleoproductivity proxies (num-
ber of coccoliths per gram of sediment, N ratio, and
TOC content in the sediment) and monthly insolation
to 29°S over time (Laskar et al., 2004). Correlation sig-
nificance was also assessed by auto-resampling with
10,000 iterations and o=0.05. Analyses also used
MULTIV statistical analysis software (Pillar, 1997).

RESULTS

The marine sediment core SIS188 encom-
passes the time interval between 47.8 and 7.4 cal
ka BP (Table 1, Figure 2).

Marine waters fertilization during Late Quaternary

In 56 analyzed samples, 40 spores and 59
pollen grains were identified, in addition to other
non-pollen palynomorphs. Among continental
indicators, the taxa related to the groups Herbs
(27.7-67.2%), Varied Habits (0-60.6%), and
Pteridophyte (1.9-18.7%) stand out. Among the
marine indicators, the taxa Spiniferites mirabi-
lis (0-4.2%), Operculodinium centrocarpum (0-
2.9%), and Cymatiosphaera sp. (0-2.1%) stand
out. The diatom species Cyclotella meneghini-
ana is also abundant through the core (0-25.3%)
(Figure 3).

Results were divided by Marine Isotope Stages
(MIS) documented in the marine core SIS188 for
the purpose of paleoenvironmental interpretation.
A detailed description main taxa fluctuations of the
continental palynomorph groups can be obtained
from Bottezini et al. (2021) (see Supplementary
Material). Data on paleoproductivity obtained for
the SIS188 core are also presented, as described
in Gongalves and Leonhardt (2021a).

The correlation between N Ratio and pollen
concentration in the sediments was not signifi-
cant (r=0.24; a=0.15). However the correlation in-
creases and becomes significant (r=0.33; a=0.07)
if samples corresponding to MIS 1 are removed.

MIS 3 (47.7- 29 cAL KA BP; 336 - 176 cm)

This core interval is composed of carbonate-
rich mud (Petré et al., 2021). Sedimentation rates
are near 9 cm/kyr from 47.8 cal ka BP to around
30 cal ka BP. Thereafter, they reach 13.8 cm/kyr
(highest value within the core) until the end of MIS
3 at 29 ka BP (Figure 3). Continental palynomorph
concentrations are moderate in this interval until
29.8 cal ka BP (0-321.5 x 10* grains/cm?®), increas-
ing towards the end of MIS 3 and peaking at 28 cal
ka BP (551.9 x 10* grains/cm?®) (Figure 4).

Among continental indicators, “Herbs” predomi-
nate in MIS 3 (30.4-64%), followed by the “Varied
Habits” (8-46.4%). “Bryophytes” (0-3.5%) and
“Shrubs” (0-5.7%) were highest along the core in this
interval. “Trees” (0-5.5%) showed decreased towards
the end of the period. “Lianas” show low percentages
throughout but increase slightly (2.6%) at 43 cal ka
BP. The “Indeterminate” group shows a higher per-
centage (4.7-26.8%) within this range compared to
subsequent ones, with peaks between 43 and 41.9
cal ka BP (14.7-24.7%) and between 37.5 and 35.9
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Figure 3. Pollen percentage summary showing lithology, sedimentation rate (in centimeters per thousand years), sea level (in meters;
Spratt and Lisiecki, 2016), continental, marine, and diatom palynomorph groups, and Marine Isotope Stages (MIS). Briophytes, Lianas,
Marine alga, Dinoflagelate, S. mirabilis, O. centrocarpum and Cymatiosphaera were exaggerated for better visualization.

Figure 4. Sedimentation rate (in centimeters per thousand years), sea level (in meters; Spratt and Lisiecki, 2016), concentration of
palynological indicators, paleoproductivity proxies (Gongalves and Leonhardt, 2021a), and insolation at 29°S (Laskar et al., 2004).
Shaded areas correspond to intervals of enhanced paleoproductivity related to higher dust influx (Gongalves and Leonhardt, 2021b).

cal ka BP (19.2-26.8%). “Algae” have low percentag-
es (0-2.2%), while the diatom Cyclotella meneghini-
ana has the highest values in this interval (3.4-25.3%)
with higher proportions between 38.6-34.3 cal ka BP
(7.4-25.3%) (Figure 3).

“Marine” concentrations are low throughout
the MIS 3 (0-37 x 10* grains/cm?®) (Figure 4), as
are the percentages, despite a peak between 40.8
and 39.2 cal ka BP (reaching 6.3%), represent-
ed mainly by the dinoflagellate Operculodinium
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centrocarpum and the algae Cymatiosphaera sp.
(Figure 3).

According to Gongalves and Leonhardt
(2021a), the curve of coccoliths per gram of sedi-
ment shows low values (0-66.3 x 108 coccolith/g)
for nearly the entire MIS 3, increasing from 30.1
ka. Likewise, the TOC curve shows the lowest re-
corded values in the core (0.33-0.89 %). Unlike
prior proxies, the N Ratio curve does not show par-
ticularly low values throughout MIS 3; increased N
Ratio intervals are noted between 47.5 - 41.7 cal
ka BP and 33.3 - 29.9 cal ka BP (Gongalves and
Leonhardt, 2021a) (Figure 4).

MIS 2 (29 - 14 cAL KA BP; 176 - 59 cm)

In this interval, sediments are composed of
carbonate-rich mud with thin layers of organic mat-
ter at depths of 75, 90, 100, and 105 cm (Petré et
al., 2021). Sedimentation rates at the beginning of
MIS 2 are high (13.8 cm/kyr) up to 24.9 cal ka BP,
at which point they drop to 8.3 cm/kyr. At 19.5 cal
ka BP, sedimentation rates are even lower, reach-
ing the minima for the studied interval (1.4 cm/kyr)
(Figure 3).

The concentrations of most palynomorphs of
continental origin are high in MIS 2. However, the
concentrations of “Bryophytes” and “Shrubs” are
very low (0-18.6 x 10* and 0-24.8 x 10* grains/g,
respectively). There is a concentration peak at
22.9 cal ka BP of the “Continental palynomorphs”
curve (407 x 10* grains/g, with emphasis on the
groups “Pteridophytes”, “Herbs,” “Trees,” and
“Lianas”), also seen in the “Diatoms” curve (48.3 x
10 grains/g) (Figure 3).

Among continental indicators, “Varied Habits”
(0-60.6 %) and “Herbs” (27.6-67.2%) continue to
prevail in the record, the former predominating.
However, at the end of MIS 2, the percentages of
“Varied Habits” drop abruptly, and “Herbs” once
again dominate pollen association. The percent-
ages of “Pteridophytes” tend to increase beginning
at 27.3 cal ka BP, especially between 19.5-15.9
cal ka BP, reaching 16.4%. “Trees” show an in-
crease in percentage between 22.4-21.2 cal ka
BP and a peak at 15.9 cal ka, reaching 11.9%.
“Bryophytes,” “Lianas,” and “Shrubs” continue to
show low percentages. “Indeterminate” shows
lower percentages than in MIS 3 (3-18.5%),
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increasing towards the end of MIS 2. “Algae” pres-
ent lower percentages than in MIS 3 (0-1.3%,). C.
meneghiniana percentages decline compared to
MIS 3 (0-10.6%) (Figure 3).

“Marines” reach their highest concentration in
MIS 2 (0-79 x 10* grains/g), with peaks at 29.8,
26.6, 24.7, and 15.9 cal ka BP (Figure 4). The
percentages range from 0 to 6.9%, with peaks
between 24.7-23.6 cal ka BP and at 15.9 cal ka
BP, with an emphasis on O. centrocarpum and
Cymatiosphaera (Figure 3).

According to Gongalves and Leonhardt
(2021a), the curve of coccoliths per gram of sedi-
ment shows a slight decrease from the begin-
ning of MIS 2 to the end of UMG (6.9-85.3 x 108
coccolith/g), increasing later. TOC clearly increas-
es compared to MIS 3 values but with greater
fluctuations, reaching the highest levels between
25.9-24.8 cal ka BP (1.8 to 2.28%) and the lowest
between 20.3-18.3 cal ka BP (0.51 to 0.58%). The
N Ratio decreases over MIS 2 (Gongalves and
Leonhardt, 2021a) (Figure 4).

MIS 1 (14 - 7.4 cAL KA BP; 59 - 22 cm)

Over most of this interval, sediments are com-
posed of carbonate-rich hemipelagic mud, except
for between 31-45 cm which contains a lightly
sandy carbonate-rich mud (Petré et al., 2021).
Sedimentation rates increase from 1.4 cm/kyr to
9.1 cm/kyr beginning at 10.8 cal ka BP (54 cm)
(Figure 3).

The concentrations of palynomorphs of conti-
nental origin are very low during MIS 1 (4.1-54.7 x
10* grains/g) (Figure 4). “Herbs” dominate the pol-
len association (49.7-59.1%), but “Pteridophytes,”
“Trees,” and “Shrubs” are also significant. The
percentages of “Varied habits,” “Bryophytes,” and
“Lianas” remain low. The “Indetermined” group
has high percentages (15.5-24.2%) in this range.
“Algae” percentages are slightly higher, between
12.6-10 cal ka BP (1.5-3.6 %). The diatom C.
meneghiniana shows its lowest percentage during
MIS 1 (0-2.8%) (Figure 3).

“Marine” concentrations also drop at the begin-
ning of MIS 1 (0-10.3 x 10%) (Figure 4), although their
percentages peak at 6.8% at 8.5 cal kyr BP. The
specimens O. centrocarpum and Cymatiosphaera
do not stand out during MIS 1 (Figure 3).
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According to Gongalves and Leonhardt (2021),
the highest content of coccoliths per gram of sedi-
ment are found in MIS 1, during the Holocene,
reaching 115 x 108 coccoliths/gram at 8.5 cal ka
BP. TOC shows its highest and lowest levels dur-
ing the Holocene, ranging from 0.28% (9.1 cal ka
BP) to 2.6% (7.9 cal ka BP). The N Ratio curve in-
creases during the Holocene, especially between
9 and 7.9 cal ka BP (Gongalves and Leonhardt,
2021a) (Figure 4).

DISCUSSION

The primary productivity of the Southwest
Atlantic region can be increased by several local
factors such as the position of the Brazil-Malvinas
Confluence, a greater influence of the La Plata
River plume (transported by the BCC), the strength-
ening of upwelling systems, and the intensification
of the westerly winds that carry continental dust
to the ocean. It is known that the Brazil-Malvinas
Confluence is a region of high productivity that mi-
grates seasonally, going to the south during the
austral summer and to the north during the austral
winter. Over Quaternary, this migration may have
been wider, driven by changes in the intensity of
the westerly winds. However, after studying three
cores at the Confluence area, Voight et al. (2015)
concluded that its migration never exceeded the
range of 32.5-39.3°S during the Holocene. Gu et
al. (2019) found evidence of the Confluence influ-
ence in a core at 38,018°S, which decreases to the
north and is not perceived at the SIS188 core lati-
tude (Gu et al., 2017; 2018). Thus, the migration
of the Brazil-Malvinas Confluence does not seem
to be responsible for the increase in productivity
in our record, nor for the transport of continental
palynomorphs to the region.

Recently, several studies have pointed to the
BCC as one of the main agents redistributing ter-
rigenous sediments and fertilizing marine waters
in the region, both on the continental shelf or in
the open ocean (Mahiques et al., 2009; Pivel et
al., 2011; Mathias et al., 2014; Gu et al., 2017;
Gu et al., 2018; Mathias et al., 2020). The BCC,
though currently a coastal current, would influ-
ence the slope region at intervals where the rela-
tive sea level was lower (Pivel et al., 2011; Gu et
al., 2017; Gu et al., 2018; Mathias et al., 2020).

Marine waters fertilization during Late Quaternary

However, a study on paleoproductivity carried out
in the core SIS188 (Gongalves and Leonhardt, in
press) found a clearer relationship of the proxies N
ratio, coccoliths/g, and TOC content in sediments
(Gongalves and Leonhardt, 2021a) with the insola-
tion of the study area (Laskar et al., 2004) (Figure
4), which drives the SASH and, consequently, the
BC, the BCC, and upwelling systems.

Insolation drives atmospheric processes and
can play an important role in enhancing or weak-
ening upwelling systems. The SASH is currently
shifted south between January and March, caus-
ing northeasterly winds to predominate in the
southern and southeastern regions of Brazil during
the austral summer, intensifying upwelling (Palma
and Matano, 2009), and causing the plume of
the La Plata River to be contained to the south.
During winter, there is a predominance of south-
west winds in the region, which drive the plume to
the latitude of the study region (Piola et al., 2005).

The same mechanism may have occurred over
time in the region’s recent past. The correlation be-
tween different paleoproductivity proxies (N Ratio,
coccoliths/g, and TOC content in sediments) from
the core SIS188 with the monthly insolation over
time (Figure 4), demonstrated by Gongalves and
Leonhardt (2021b), shows a pattern similar to
the current one for the time interval studied, with
positive correlation during spring and early sum-
mer and negative correlation during late summer
and early autumn. Therefore, the increase in pro-
ductivity in the study area increases at intervals
of higher insolation with a predominance of north-
easterly winds, which intensify upwelling. No sig-
nificant correlations were found for the intervals
of lower insolation (austral winter), when the BCC
could reach the latitude of the study area driven
by southwest winds (Gongalves and Leonhardt
(2021b)).

Furthermore, the palynological content found in
the core SIS188 points to the presence of several
elements of the Araucaria forest (Bottezini et al.,
2021 - see Supplementary Material), a typical veg-
etation of the East Plateau of RS, which is at the
same latitude as the core. The exotic pollen grains
Alnus sp. and Nothofagus sp. are very scarce
in the core SIS188, indicative of long-distance
transport. Both are typical of Andean vegetation

Ocean and Coastal Research 2022, v70:e22021 10


https://zenodo.org/record/6643472#.Yrm_QHbMKUl

Bottezini et al.

(Cabrera, 1994) and could have reached the study
area by wind transport, since these are also found
in bogs on the South Brazilian Plateau (Leonhardt
and Lorscheitter, 2009). Other than wind-borne
dust, sources of continental input to the ocean
include the discharges from the Mampituba and
Ararangué rivers. The correlation analysis be-
tween pollen concentration in the sediments and
N-Ratio found in the core SIS188 indicates some
influence of continental input on fertilization of the
marine environment in the studied area. However,
this correlation (r = 0.33) is only significant when
samples belonging to MIS 1 are excluded from the
analysis, suggesting that the rise in sea level hin-
ders the arrival of these elements in the open sea.

However, the fossil record may also reflect
processes that occurred after the arrival of paly-
nomorphs on the seabed due to sediment removal
by the deep current. Gongalves and Leonhardt
(2021a) measured the size of the sortable silt in
S1S188 samples, which is considered a proxy for
the deep current velocity. Although the analyses
they carried out were not on the same samples
used in this work, one notes a slight tendency of
greater concentration of palynomorphs during the
time intervals in which the Intermediate Western
Boundary Current (IWBC) was presumably slower
(Gongalves and Leonhardt, 2021a). As such, a
portion of the fluctuation in concentration of paly-
nomorphs in the sediments may be due to chang-
es in the velocity of the IWBC, in addition to the
changes in the palynomorph influx in the studied
area.

MIS 3 (47.7- 29 cAL KA BP, 336 - 137.5 cm)

The climate during this interval was predomi-
nantly cold (with a predominance of grassland
vegetation, indicated by the high percentages of
“Herbs”). Climatic conditions were sufficiently wet
for the development of lakes and swamps on the
coastal plain (indicated by high percentages of
“Bryophytes,” “Pteridophytes,” and the diatom C.
meneghiniana) and of forest formations probably
in refuges (Figure 3) (Bottezini et al., 2021 — see
Supplementary Material).

During MIS 3, paleoproductivity (inferred by
N ratio) was higher between 47.5-41.7 ka BP
and 33.3-29.9 ka BP in the core SIS188 (Figura
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4) (Gongalves and Leonhardt, 2021a; Gongalves
and Leonhardt, (2021b)). These intervals coincide
in part with the increase in dust influx followed
by the increase in productivity found in the core
S1S249 (Lopes et al., 2021), which is very close to
S1S188. The authors attribute this increase in dust
influx to the expansion to the north of the south-
west wind belt generated by the South Pacific
anticyclone during glacial intervals (Pichat et al.,
2014; Jacobel et al., 2017), reaching the Pelotas
Basin. These intervals of higher productivity as-
sociated with dust influx contain the samples that
reach the highest pollen concentrations of MIS 3
(Figure 4), suggesting that these palynomorphs
arrived by wind transport.

The positive correlation between pollen con-
centration in sediments and the N-Ratio (r = 0.33,
excluding MIS 1) is consistent with this explana-
tion. The same pattern was not observed for the
other paleoproductivity proxies (coccolith abun-
dance and TOC content in sediments), which may
be due to changes in deep water chemical proper-
ties (for example, pulses of more oxygenated wa-
ters during glacial periods could degrade organic
matter) (Gongalves and Leonhardt, 2021a). It may
also be related to changes in deep current velocity
(lower velocities allow for a higher sedimentation
rate and dilution of coccoliths in the sediments), as
indicated by changes at sortable silt mean size in
S1S188 core (Gongalves and Leonhardt, 2021a).

MIS 2 (29 - 14 cAL KA BP, 137.5 - 59 cm)

During MIS 2, climatic fluctuations induced
changes in the ecological structure of vegetation
(increase in “Varied Habits”), with environmental
conditions starting to become drier and cooler
(decrease in the percentages of C. meneghiniana
and “Trees,” “Bryophytes,” and “Pteridophytes”)
(Figure 3). This climatic trend becomes more
evident around 19.5 cal ka BP, during the Last
Glacial Maximum (LGM) (Bottezini et al., 2021 —
see Supplementary Material). It is interrupted at
15.9 cal ka BP, possibly due to the Heinrich Event
1, which is characterized by greater precipitation
and/or a temperature increase (Bottezini et al.,
2021 - see Supplementary Material).

The increase in proxies such as coccolith
per gram of sediment and TOC content is quite
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accentuated and remains so throughout MIS 2,
demonstrating the increase in paleoproductivity at
this stage related to the intensification of upwell-
ing in the region (Pereira et al., 2018; Gongalves
and Leonhardt, (2021b)). This may have been ac-
companied by changes in the deep water chemi-
cal properties [with less significant occurrences of
oxygenated waters pulses, allowing organic mat-
ter to be preserved (Gongalves and Leonhardt,
2021a)]. However, the deep current velocity does
not seem to have changed in the beginning of MIS
2 (Gongalves and Leonhardt, 2021a), suggesting
that the increased coccolith numbers are related
to a significant increase in population. Although
palynomorph concentrations show a surge at the
start of MIS 2, they do not sustain these high levels
throughout the stage although they are, on aver-
age, higher than during MIS 3 and MIS 1 (Figure
4). This increase in concentration of continental
palynomorphs may be related to the core’s greater
proximity to the coastline and of mouths of the
Ararangua and Mampituba rivers due to the low-
ering of the sea level and/or the intensification of
winds during MIS 2, especially during the LGM
(Kohfeld et al., 2013).

The decrease in sea level characteristic of MIS
2 is also reflected in the record of marine paly-
nomorphs, which reach their highest concentra-
tions during this interval mainly due to the occur-
rence of O. centrocarpum and Cymatiosphaera sp.
Associated with the coastal-ocean transition (Dale,
1996; Zonneveld et al., 2013), O. centrocarpum is a
cosmopolitan dinoflagellate that can occur in environ-
ments with high salinity and low levels of nutrients.
This species is commonly found in sediment under
warm water bodies such as the Tropical Water, which
is transported by the BC (Santos et al., 2017). The
algae Cymatiosphaera sp. is understood to be an in-
dicator of neritic environments (Grill and Quatrocchio,
1996), with a greater proportion in the core SIS188
when the sea level was lower.

There is a significant reduction in the sedimen-
tation rate at the end of MIS 2 and beginning of
MIS 1 (between 19.5-12.6 cal ka BP), possibly re-
lated to deglaciation and an increase in the relative
sea level, displacing the mouth of the Mampituba
and Ararangua rivers, which begin to deposit sedi-
ment in shallower waters, possibly leading to the
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decrease in concentration of most palynomorphs
(which extends to the end of the record).

MIS 1 (14 - 7.4 cAL KA BP; 59 - 22 cm)

With the climatic changes of deglaciation and
the beginning of the Holocene, a small develop-
ment of forests and lakes is observed on the con-
tinent, while grasslands remain the dominant plant
formation (Figure 3) (Bottezini et al., 2021 — see
Supplementary Material).

The decrease in concentration of continental
palynomorphs observed since the end of MIS 2
is accentuated during MIS 1, when the sea level
is higher (causing the retrogradation of the coast-
line, which enables the retention of sediments
and palynomorphs on the coast) and the southern
westerly winds are weakened during the Holocene
(Voigt et al., 2015), decreasing wind transport of
palynomorph to the study area.

According to paleoproductivity proxies mea-
sured in the core SIS188 (Figure 4), the paleo-
productivity was high during MIS 1, especially
during the Holocene (Gongalves and Leonhardt,
2021a). Since the upwelling system seems to
be weakened during this interval (Chiessi et al.,
2015; Pereira et al., 2018; Duque-Castafio et al.,
2019; Gongalves and Leonhardt, (2021b)), this
higher productivity could be the result of geo-
chemical dynamics caused by marine regres-
sion during the LGM (Gongalves and Leonhardt,
(2021Db)). Filippelli et al. (2007) demonstrated that
the redistribution of phosphorus from the conti-
nental margin to the deep ocean during marine
regressions can show a lag of 10-20 kyr between
the phosphorus-based export production records
and the sea level change, causing the maximum
increase in productivity to be noticed only during
deglaciation. At the same time, the concentration
of palynomorphs of continental origin decreases
significantly during this interval, demonstrating a
decoupling of continental input (be it wind or flu-
vial) and marine productivity. The correlation be-
tween the N-Ratio and the pollen concentration
in the sediments only becomes significant once
samples of this MIS are excluded, also pointing
to the rise in sea level as a factor that interferes
with the fertilization of marine waters far from the
coast by continental input.
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CONCLUSION

The studied core covered the time interval be-
tween 47.8-7.4 cal ka BP, recording part of MIS 3,
MIS 2, and part of MIS 1. The palynological as-
sociation found along the SIS188 core indicates
a source area compatible with the vegetation of
grasslands and Araucaria forest typical of the
southern Brazil highlands. There are no palyno-
logical indicators of the influence of BCC in our
record. Comparison of continental palynomorphs
with paleoproductivity proxies in the core SIS188
indicates that BCC did not have a clear influence
on the fertilization of marine waters. The concen-
tration of palynomorphs in the sediments seems
to be controlled by the velocity of the deep water
current, the intensity of the winds, and the rise and
fall of the sea level (these last two factor lead to
increased paleoproductivity during the glacial in-
terval - MIS 3 and MIS 2).
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