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ABSTRACT

This study aimed to investigate the biogenic composition of calcium carbonate (CaCO,) in pelagic sediments
in the Santos Basin over the past 140,000 years. The content and composition of CaCO, in different sediment
fractions were evaluated, including the bulk sample, coarse fraction (foraminifera), medium fraction (juvenile
foraminifera and fragments), and fine fraction (nannofossils), to determine the contribution of each fraction to
the carbonated sediment composition. We found that variations in CaCO, levels were closely linked to glacial
and interglacial periods, with higher values during interglacial periods and lower values during glacial periods.
The main factor controlling the variation in CaCO, was dissolution, which was mainly linked to the influx of more
corrosive southern water masses. Fluctuations in CaCQ, levels were influenced by variations in productivity and
dilution caused by terrigenous sediments. Nevertheless, it is noteworthy that both processes held a relatively
minor impact compared to dissolution. Productivity primarily contributed to increased dissolution rates. During
periods of low sea levels, dilution by terrigenous sediments became significant (similarly, the influence of the La
Plata River plume was notable). However, due to the limited presence of riverine supply in the study area, which
contributes directly to major dilution influences, fluctuations in terrigenous materials were considered of lesser
magnitude than those caused by dissolution. The nannofossils were found to be the largest contributor to the
total CaCO, composition, as they were the fraction least affected by the dissolution process. Overall, our results
provide insights into the factors influencing CaCO, accumulation in marine sediments and can be used as a tool
to determine changes between climatic cycles over time.
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INTRODUCTION component of the calcium carbonate (CaCO,)
cycle. This cycle influences the pH of seawater
and regulates the CO, exchange between the
ocean and the atmosphere, making it an essential
factor in climate change (Millero, 1996).

The ocean plays a crucial role as a carbon
reservoir, with most of the carbon being a vital
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and Fairbanks, 1990; Falkowski, 1997; Ducklow
et al., 2001; Chiu and Broecker, 2008). Climate
change significantly affects these processes,
particularly during the transitions between glacial
and interglacial periods (Volk and Hoffert, 1985;
Broecker and Peng, 1986; Broecker, 2009). Marine
organisms that produce CaCO, use dissolved
inorganic carbon and calcium to create their shells.
As a result, there is a reduction in the concentration
of CO2 in seawater, leading to an increase in the
concentration of aqueous CO, and, ultimately,
an increase in atmospheric CO, (Broecker, 2003;
Chiu and Broecker, 2008). Conversely, a decrease
in the CaCQ, stock during glacial periods reduces
CO, in the atmosphere. Therefore, carbonate
deposition plays a vital role in regulating the climate
by “sequestering” CO, (Millero, 1996; Bachu,
2000; Feely et al., 2004; Chiu and Broecker, 2008;
Hassenkam et al., 2011).

Deep marine sediments consist primarily of
CaCQ, and clay minerals. In these areas, planktonic
organisms such as nannofossils and foraminifera are
the main producers of CaCO, (Frenz et al., 2005),
whereas clay minerals originate from continental
regions (Kullenberg, 1953; Broecker et al., 1958;
Milliman, 1993; Balch et al., 2000). In terms of
quantity, the main organisms that produce CaCO,
are nannofossils, which are unicellular algae that
secrete calcareous plagues known as coccoliths
(Westbroek et al., 1993).

Foraminifera contributes more to carbonate
production in  mesotrophic regions, whereas
nannofossils are more prevalent in oligotrophic
regions. The relationship between the carbonate
produced by these two organisms can indicate
whether carbonate production serves as a source or
sink for CO, (Buitenhuis et al., 1996; Frenz et al., 2005).

The amount of CaCQO, present in deep marine
sediments is influenced by four main factors: surface
biological productivity, dilution by noncarbonate
materials, diagenetic alterations, and dissolution.
It may seem logical that an increase in productivity
would lead to greater accumulation and preservation
of CaCO,; however, this is not always the case
(Volat et al., 1980). An increase in productivity can:
(a) boost the flow of organic carbon, which can lead
to increased dissolution of CaCO, due to organic
matter oxidation (Farrel and Prell, 1989) and (b)
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support siliceous organisms, leading to dilution
(Dymond and Collier, 1988).

The amount of CaCO, in sediments can also be
diluted by an increase in the sedimentation of other
materials, such as terrigenous material. Researchers
such as Schott (1935) argue that during glacial
periods in the Atlantic Ocean, there is an increase
in the rate of carbonate accumulation, which is
obscured by a simultaneous increase in the rate of
noncarbonate materials (Hays and Peruzza, 1972;
Arz et al., 2001; Baumann et al., 2004).

From tropical to temperate regions, at depths
above the calcite compensation depth (CCD), the
coarse fraction (> 63 um) of pelagic sediments
is primarily composed of foraminifera. Juvenile
foraminiferal tests and fragments dominate the
medium fraction (63-20 um), whereas the fine fraction
(< 20 pm) is dominated by nannofossils (Broecker
and Clark, 1999; Ziveri et al., 2000; Broecker and
Clark, 2001; Frenz et al., 2005; Ramaswamy and
Gaye, 2006; Chiu and Broecker, 2008). Additionally,
the division of the carbonate content into different
size fractions has been used as a supplementary
method for determining the effects of dissolution
based on an index proposed by Chiu and Broecker
(2008). Broecker and Clark (1999) also propose
that the relationship between the contributions of
different size fractions of CaCO, in the composition
of total CaCO, can be used as a proxy to determine
the composition of marine CaCQO,, which is related
to climate change.

Broecker and Clark (1999) analyzed the CaCO,
content in the top core samples for the bulk sediment
and one sediment fraction (> 63 um) and found that
the ratio between them decreased linearly with
depth. They also discovered that the contribution
of nannofossils was greater in glacial periods than
in interglacial periods when analyzing samples
from both (Broecker and Clark, 2001). Therefore,
analysis of carbonate biogenic composition can be
used as a tool to better understand regional and
global climate oscillations.

This study aimed to evaluate the CaCO,
content/composition in pelagic sediments and to
estimate the contribution of each fraction to the
carbonated sediment composition. Additionally,
another aim was to verify whether this contribution
has changed over the last 140,000 years in the
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western portion of the South Atlantic (Santos
Basin) and the possible causes of this variation.

METHODS

STtuDY AREA

The Santos Basin, in southeastern Brazil, holds
a limited amount of terrigenous input due to the
uplift of the Serra do Mar, which causes most of the
drainage basins in the region to flow inland instead
of directly into the ocean. Therefore, sedimentation
and sediment redistribution in the area are primarily
controlled by factors such as ocean currents and
water masses, primary productivity, sea level
changes, and the climate of the surrounding land
(Stein, 1991; De Mahiques et al., 2004).

De Mahiques et al. (2004) divided the southern
region of the Brazilian coast into two sedimentation
zones. The depositional processes in the northern
zone are controlled by the meanderings of the
Brazil Current (BC), whereas in the southern zone,
seasonal penetration of a low-salinity and low-
temperature plume from the Rio de la Plata River
estuary influences the depositional processes
(De Mahiques et al., 2009, Gyllencreutz et al., 2010,
Mathias et al., 2014). This plume extends to
latitude 32°S in spring and 28°S in winter and can
lead to higher productivity when it interacts with
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the BC, as it is also an important nutrient source
for the ocean (Piola et al., 2000). Additionally,
under favorable wind conditions, the plume can
reach as far north as 23°S (Campos et al., 1999).

The surface circulation of the South Atlantic
Ocean is controlled by an anticyclonic gyre, which
dominates the upper 1,000 meters of depth. The BC
presence flowing southward also affects the local
hydrodynamics. The BC emerges from the bifurcation
of the southern portion of the South Equatorial
Current, transporting Tropical Water (TW), which
is hot, saline, and low in nutrient concentrations
(Emilson, 1961; Peterson and Stramma, 1991;
Campos et al, 1995; Ciotti et al., 1995; Silveira
et al., 2000; Cirano et al., 2006). The BC is 500 meters
deep and 100 kilometers wide and can create
meanders and eddies on the continental shelf and
slope (Campos et al., 1995; 1999).

The water masses present in the study area
include the South Atlantic Central Water (SACW),
Antarctic Intermediate Water (AAIW), Upper
Circumpolar Water (UCPW), North Atlantic Deep
Water (NADW), Lower Circumpolar Water (LCPW),
and Antarctic Bottom Water (AABW) (Peterson and
Stramma, 1991; Silveira et al., 2000). The core
collection depth of 2,225 m is under the influence
of the NADW and is located near a mixing zone
between the NADW and the UCPW (Figure 1).

Figure 1. Schematic representation of the South Atlantic Ocean water masses based on GEOSECS v2 dissolved oxygen
data (Bainbridge and GEOSECS, 1981). Black dot represents the GL-1090 position under the influence of the North Atlantic
Deep Water (NADW). White dots represents other records discussed in this work, GL-852 and GL-854 (Lessa et al., 2019).
Dashed black lines represent water masses limits. White arrows represent the flow directions of the respective water
masses: AAIW- Antarctic Intermediate Water, SACW — South Atlantic Central Water, UCPW — Upper Circumpolar Water,
NADW — North Atlantic Deep Water, LCPW — Lower Circumpolar Water, and AABW - Antarctic Bottom Water.
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The NADW is found at depths of 1,500m
to 3,000m off the coast of Southeast Brazil
(Peterson and Stramma, 1991; Silveira et al. 2000).
It is noncorrosive to CaCO, (Arz et al., 1999) and
holds low concentrations of CO, and nutrients
(Dittert et al., 1999). The division of the Antarctic
Circumpolar Water (ACPW) by the NADW
forms two different sections (upper and lower).
Compared to the NADW, the upper section
(UCPW) is less saline, low in oxygen, and high
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in phosphate and causes a corrosive effect
on CaCO, due to its high concentration of CO
(Dittert et al., 1999).

2

MATERIALS

This study was based on the analysis of a
core, GL-1090, located at 25° 11’ S and 44° 43’ W,
at a water depth of 2,225 m on the continental
slope of the Santos Basin in the western South
Atlantic (Figure 2).

Figure 2. Overview of the South Atlantic surface circulation and Santos Basin. (A) Depiction of the sea surface temperature
distribution and GL-1090 study site, modified from Peterson and Stramma (1991). BC: Brazil Current, MC: Malvina Current,
NBC: North Brazil Current, SAC: South Atlantic Current, SEC: South Equatorial Current, and NECC: North Equatorial
Counter Current. (B) Geographical representation of the Santos Basin with river systems and isobath depths. White dots
represents other records discussed in this work, GL-852 and GL-854 (Lessa et al., 2019).
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The sediment core GL-1090 was collected
using a piston corer with a total recovery
of 1,914 cm. To conduct this research, a total
of 57 representative samples were selected
from the 438 available, encompassing different
paleoceanographic/climatic conditions (glacial,
deglacial, and interglacial).

STABLE IsoTOPES AND AGE MODEL

In the study conducted by Santos et al. (2017),
isotopic analyses were performed on benthic and
planktonic foraminifera using approximately ten
shells of each species within the 250-300 um
size range. For the benthic analysis, the chosen
species was Cibicides wuellerstorfi. In cases
where an insufficient quantity of C. wuellerstorfi
samples was available, the alternative species
Uvigerina peregrina was selected. The &80
and &'C values were accurately determined,
and additional details can be found in Santos
et al. (2017). Planktonic foraminifera analyses
focused specifically on the white variety (sensu
stricto) of Globigerinoides ruber.

The experimental procedures were conducted
at the MARUM - Center for Marine Environmental
Sciences, University of Bremen, Germany.
A Finnigan MAT251 gas isotope ratio mass
spectrometer was used in conjunction with a
Kiel Ill automated carbonate preparation device.
The standard deviations, calculated based on
multiple measurements of the internally employed
standard, were established at 0.06%. for &0
and 0.04%. for &'°C.

The chronology was determined by Santos
et al. (2017, 2020) by correlating the &'%0O data
in benthic foraminifera with two reference curves:
LRO04 (Lisiecki and Raymo, 2005) and MD95-2042,
as modified by Govin et al. (2014), using the most
recent ice core chronology AICC2012 (Veres
et al., 2013). The complete age model was then
built using Bacon v. 2.3 software, which employs
Bayesian statistics to reconstruct the accumulation
rates of downcore age-depth relations (Blaauw and
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Christen, 2011). Bacon was employed with default
parameters, applying 10,000 age-depth runs
to estimate the mean age and 95% confidence
interval at the desired resolution for each proxy,
as described in more detail in Santos et al. (2020).
Six marine isotopic stages (MIS) can be
recognized in the record for the last 140,000
years, comprising the last glacial-interglacial cycle.
MIS 1 and 5 represent interglacial periods, whereas
stages 2—3—4 and 6 represent glacial periods.

VARIATION IN CACO3 IN THE DIFFERENT
FRACTIONS

The samples for analysis were prepared at
the South Atlantic Paleoceanography Laboratory
(LaPAS-IOUSP) following a systematic procedure.
First, a portion of the bulk sample was isolated
to determine the total CaCO, content. Then, the
remaining sample was weighed and subjected to
wet sieving using two different mesh sizes: 63 um
and 20 um. This process resulted in three distinct
fractions: < 20 um (fine), 20-63 um (medium),
and > 63 um (coarse).

After wet sieving, the fractions were dried in an
oven at 50 °C and then reweighed (Weight 1). Next,
to remove the CaCO, the samples were treated
with 10% hydrochloric acid (HCI). Any excess acid
was carefully removed, and the samples were
thoroughly washed with water to eliminate any
traces of remaining acid. Finally, the samples were
dried again and weighed to determine their weight
without CaCO, (Weight 2).

Notably, the coarse fraction was not used in
the acidification process. This decision was made
because the method employed for analysis is
destructive, and this fraction needs to be preserved
for planktonic foraminiferal assemblage analyses.

To calculate the amount of CaCO, in each
fraction, the initial weight (Weight 1) and final
weight (Weight 2) of each subsample were
used (Equation 1).

Additionally, the percentage of CaCQO, in each
fraction was calculated (Equation 2).

(Weigth 2 — Weigth 1) = Weigth in grams of calcium carbonate (1)

Weigth in grams of calcium carbonate X 100/ Weigth 1 (2)

Ocean and Coastal Research 2024, v72:e24015 5
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To assess the representative percentage of each
fraction in the total CaCO, composition (Equation 3)

140,000 years of calcium carbonate evolution

of the sample, the weight of each fraction in grams of
CaCO, was compared to the total weight of CaCO,.

Weigth in grams of calcium carbonate X 100/ Total weight of CaCO, in the sample (3)

As we did not measure the carbonate content of

the coarse fraction, we determined its contribution

by subtracting the contribution (in percentage) of
the other fractions (Equation 4).

Coarse fraction =(100 — (fine fraction + medium fraction) (4)

DissoLUTION INDEX

The variation in CaCO3 content in different
size fractions was also used to establish
the dissolution index, as proposed by Chiu

%CaCO

and Broecker (2008), using the following
equation: (Equation 5).

A higher value of the index indicates a greater
influence on dissolution processes.

(%CaCo

RESULTS

SEDIMENTOLOGY

The sedimentation in the GL-1090 core was
continuous, and the core was predominantly
composed of intercalations of marls and
mudstones. The coarse fraction was mainly

+ %CaCoO

3<20um) (5)

composed of planktonic foraminifera. To better
understand its composition, the sediments were
classified based on their CaCO, content. Marls
(M) were characterized by a CaCO, content of
30-60%, carbonate-rich mud (CR) held a CaCO,
content of 18-30%, and light carbonate mud (LC)
held a CaCQO, content of 5-18% (Figure 3).

Figure 3. Lithology and geochemical variations in the GL-1090 Core. The green
bars represent the GL-1090 lithology. The red line represents the CaCO, content,
and the black line shows the benthic §'®0O variations over time. M represents Marl,
CR represents Carbonate-rich Mud, and LC represents Light Carbonate Mud.

Ocean and Coastal Research 2024, v72:e24015 6
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IsoToPIC STRATIGRAPHY

The oxygen isotope records measured in
benthic foraminifera plotted as a function of
age (Figure 4) revealed features that correlate
with the LR-04 stack (Lisieki and Raymo,
2005). Six marine isotopic stages (MIS) can be
recognized in the record of the last 140,000 years,
comprising the last glacial-interglacial cycle. MIS
1 and 5 represent interglacial periods, whereas
stages 2-3-4 and 6 represent glacial periods

140,000 years of calcium carbonate evolution

(Figure 4). The marine isotopic stages were
determined according to the time limits established
by Lisiecki and Raymo (2005).

MIS 6 showed the highest values of benthic §'20.
MIS 5 held the second lowest value of benthic 680,
representing the last interglacial period. This core’s
4-3 and 3-2 boundaries were unclear. MIS 2
showed high values of benthic §®0O, representing
the Last Glacial Maximum (LGM). Finally, stage 1,
an interglacial interval equivalent to the Holocene,
showed the lowest values of benthic §'®0 (Figure 4).

Figure 4. lllustration of the relationship between benthic §'®0 values (in black) and age in the GL-1090 Core.
The time periods from MIS 6 to 1 are indicated as defined by Lisiecki and Raymo (2005). Interglacial periods
are highlighted with red bars. Three different fractions of CaCO, content (measured in the fraction itself) are
shown: Bulk (in red), Medium-Fraction (in green), and Fine-Fraction (in orange). These lines demonstrate the
changing connections between CaCO, content in various size fractions and benthic 6'®0 values. The Dissolution
Index (in pink) is calculated by assessing the <20 um and >20 um CaCO, sediment fractions within the GL-1090
core. This calculation, developed by Chiu and Broecker (2008), is used for evaluating carbonate preservation.

CACO3 CONTENT IN THE DIFFERENT FRACTIONS

The percentages of CaCQO, in the bulk, medium
(20 to 63 um), and fine (< 20 um) fractions were

similar, with their fluctuations following the benthic
6'®0 curve, that is, lower values of CaCO, content
during glacial periods and higher values during

Ocean and Coastal Research 2024, v72:e24015 7
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interglacial periods. The results obtained for each
fraction are presented in detail below (Table S1
Supplementary Material).

TotAaL CALcium CARBONATE

The percentage of total CaCO, in the bulk
fraction fluctuated from 10% to 60%, following
the pattern of the benthic 6'®0 curve, with higher
percentages during interglacial periods and lower
percentages during glacial periods (Figure 4).
The highest percentage of CaCO,was observed
in the Last Interglacial (MIS 5e), and the lowest
percentage was approximately 65,000 years ago
during the MIS 4 glacial stage.

Mebium FRACTION CARBONATE

In the medium fraction (20 to 63 um), CaCO,
percentages fluctuated from 10 to 70%, with its
highest values observed in the Last Interglacial

140,000 years of calcium carbonate evolution

(MIS 5e) and its lowest values in the MIS 4 glacial
stage (Figure 4). The percentages then increased
again to approximately 55% in the Holocene.
This fraction held the highest percentages
of CaCQ,, reaching up to 70%.

FINE FRACTION CARBONATE

The fine fraction showed the lowest percentage
of carbonate. It varied from approximately 5 to
55%, with its highest values in the Last Interglacial
(MIS 5e) and lowest values in MIS 4. High values
(~45%) reappeared in the Holocene (Figure 4).

CONTRIBUTION OF EAcH FRACTION TO
TotaL CACO,

In general, the fine fraction showed the highest
percentage of contribution to total carbonate, followed
by the coarse fraction (> 63 um) and the medium
fraction, which held the lowest contribution (Figure 5).

Figure 5. Variation of sediment fractions contribution to total CaCO, composition in the GL-1090 core.
This figure presents the percentage contribution of coarse (blue), medium (green), and fine (pink) sediment
fractions to the total CaCO,, as represented by pie charts for each sample characteristic of a Marine Isotopic
Stage (MIS). The red line represents the bulk fraction CaCO, percentage (measured in the fraction itself).

The most prominent variations in the
contributions of the different fractions were
observed during the glacial and interglacial
periods (Figure 5). During the glacial periods,
the fine fraction showed a greater contribution
compared to the other fractions, whereas
during the interglacial periods, the fine fraction

continued to be the main contributor to the
CaCO, content, but with a decrease in its
contribution. In the same period, we observed
an increase in the contribution of the coarse
fraction. The medium fraction contribution
remained relatively constant throughout all the
isotopic stages, except in MIS 4, where there

Ocean and Coastal Research 2024, v72:e24015 8
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was a significant reduction in its proportion,
which was almost non-existent.

The contribution of the coarse fraction varied
from 20 to 60% of the total CaCO, content
(Figure 6). From 140 to 90 ky, there was a variation
of approximately 20-40% and, after this period,
there was an increase until the top of the core,
with values ranging from 20 to 60%.

The medium fraction showed the smallest
variation, from 2 to 18%, and contributed the

140,000 years of calcium carbonate evolution

least to the composition of total CaCO, content
(Figure 6). The maximum value was observed in
MIS 6, approximately 135 ky, and the minimum
was observed at 72 ky, near the boundary
of MIS 5/4. The contribution of this fraction
reaches higher values from 140 to 130 ky,
with a subsequent decrease to minimum values
of ~72 Ky. Subsequently, the values increased
again, maintaining a positive trend until the
top of the core.

Figure 6. Evolution of the sediment fractions’ contribution to total CaCO, in the GL-1090 core.
This figure displays the proportion of coarse, medium, and fine sediment fractions to the total
CaCO, composition across different Marine Isotopic Stages (MIS 6 to 1) marked on the figure.

The fine fraction contributed the most to the
CaCO, composition and showed the greatest
variation in contribution, with values ranging from
40 to 90%. The minimum contribution (40%)
was established in MIS 2, and the maximum
(90%) was at 135 ky in MIS 6. The data show
an increasing trend in the contribution from
130 to 65 ky. From the age of 65 ky, this trend
reversed and started to decrease until the top of
the core (Figure 6).

DissoLUTION INDEX

The dissolution index proposed by Chiu and
Broecker (2008) is a measure of the degree of
dissolution of the sediment. Data analysis of the

GL-1090 core revealed an increase in dissolution
rates at the end of the Last Interglacial (MIS 5,
approximately 80 ky), at the beginning of the MIS
4 glacial period, and throughout the MIS 4, 3,
and 2 glacial stages (Figure 4). In other periods,
such as MIS 1 and most of MIS 5, the index
indicated good preservation.

DISCUSSION

CACO, CONTENTS

The variation in CaCO, content was consistent
across all analyzed fractions. An increase in CaCO,
content was observed during interglacial periods
and a decrease during glacial periods, which is a
common pattern in Atlantic Ocean marine sediment

Ocean and Coastal Research 2024, v72:e24015 9
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cores (Olausson, 1965, 1971; Gardner, 1975;
Thunell, 1976). However, this pattern is opposite
to that observed in Pacific Ocean sediment
cores, as demonstrated by Berger (1973) and
Thompson and Saito (1974). Factors that can
affect the distribution of CaCO, during glacial and
interglacial periods include productivity, dilution
by noncarbonate materials, and dissolution
(Arz et al., 1998; Govin et al., 2014).

ProbucTIVITY

Several authors have reported an increase
in paleoproductivity during glacial periods
(MIS 6, 4, and 2) and a decrease during
interglacial periods for the South Atlantic Ocean
(MIS 5 and 1) (Schmiedl and Mackensen, 1997;
Chiu and Broecker, 2008; Nagai et al., 2010;
Pereira et al., 2018; Portilho-Ramos et al., 2019;
Pedréo et al., 2022; Sudrez-lbarra et al., 2022).

140,000 years of calcium carbonate evolution

One method to estimate the variation in
productivity rate is by measuring the difference
between the carbon isotope ratio between
benthic and planktonic foraminifera (A&"C).
This difference is controlled by the production
of organic matter by photosynthesis on the
surface, which depletes '2C stocks, and by the
regeneration of organic matter at depth, which
makes inorganic ?C available again in deep
waters. Therefore, a larger difference between
planktonic and benthic (A8"C) indicates higher
productivity (Broecker, 1982; Shackleton
et al., 1983; Curry and Crowley, 1987). In this
study, A&'*C showed similar productivity during
glacial and interglacial periods (Figure 7).
The Globigerina bulloides and Globigerinoides
ruber ratio (Gb/Gr) calculated by Lessa et al.
(2019) in the Santos Basin was also used to
estimate the paleoproductivity parameter.

Figure 7. A visual representation showcases productivity assessments derived from the disparity in §'*C
values between benthic and planktonic foraminifera. These data are plotted in correlation with the bulk
CaCO, content (measured within its respective fraction). A greater discrepancy in A§'3C values (depicted
in blue) corresponds to a heightened level of productivity. Additionally, paleoproductivity estimates using
the G. bulloides and G. ruber ratio (in purple) are presented on the graph. These estimates refer to the
GL-852 and GL-854 cores within the same geographical region as the GL-1090 core. These calculations

were carried out by Lessa et al. in 2019.

Ocean and Coastal Research 2024, v72:e24015 10



Tomazella et al.

At first glance, productivity, as an enhancing
factor, does not appear to be a controlling factor
for CaCO, content in the area studied, as glacial
periods showed the lowest CaCO, content and
interglacial periods showed higher CaCQ, rates,
despite their similar productivity. According to
Volat et al. (1980), variations in productivity do
not necessarily lead to a variation in CaCO,
levels. According to Dymond and Collier (1988),
productivity may favor siliceous organisms,
which will increase the effect of dilution by
noncarbonate materials and increase the flow
of organic carbon, which can lead to a more
intense CaCO, dissolution due to the oxidation of
organic matter. Therefore, productivity can act as
a dissolution process.

The functioning of the oceanic carbonate
pump system is significantly impacted by changes
in bioproductivity. Increased biological surface
productivity enhances respiration processes, leading
to the release of CO,and reduced biological carbon
burial. Additionally, the greater CO, release on the
seafloor can cause increased dissolution of biogenic
carbonates, as in planktonic foraminifera tests. Thus,
an enhanced biological pump can unexpectedly
reduce organic matter burial and dissolve biogenic
carbonates, limiting the carbon storage in seafloor
sediments. Notable studies by Cronin et al. (1999),
Dittert et al. (1999), Schiebel (2002), Hales (2003),
Zamelczyk et al. (2012) and Naik et al. (2014) have
corroborated these findings.

Sudrez-lbarra et al. (2022) reconstructed
data on productivity in the Pelotas Basin (South
Atlantic) during glacial and interglacial periods and
revealed variations in surface productivity, organic
matter flux, and dissolution rates of planktonic
foraminifera tests during glacial (high) and
postglacial periods (low). The study also noted
that an enhanced upwelling environment causes
higher CO, concentrations and acidic conditions
on the sea floor, resulting in varying levels of
carbonate dissolution. With a multiple linear
regression, the authors confirmed productivity
as a controlling factor of CaCQO, dissolution.

However, Gonzales et al. (2017) concluded
that carbonate dissolution in the Santos Basin
is not driven by organic matter oxidation (e.g.,
more productivity), since the Brazilian margin
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is considered a low-latitude oligotrophic area,
indicating low surface productivity (Ridhlemann
et al., 1999; Gaeta and Brandini, 2006; Brandini
etal.,2018; Bordinetal.,2019). Paleoceanographic
studies also suggest that this condition has
likely persisted since the Last Glacial Maximum
(LGM) (Toledo et al., 2007; Pivel et al., 2013).

DiLuTION

The contribution of terrigenous material is
considered a major factor in diluting the carbonate
content in the studied area (Arz et al,, 1998).
By comparing the Fe/Ca (Figueiredo et al., 2020)
data with the CaCO, data, we can observe an
inverse relationship: an increase in the contribution
of terrigenous sediments corresponds to a decrease
in CaCO, levels and vice versa (Figure 8).

The increase in terrigenous input is primarily
caused by the arrival of material by river input, which
is linked to precipitation and sea level variations.
In the Santos Basin, no river with significant fluvial
discharge could directly affect marine sedimentation
at present (De Mahiques et al., 2004).

Findings from analyzing major and minor
elements in the GL-1090 core suggest that the
composition of terrigenous sediments delivered
to the research site was similar to the surface
sediments currently deposited off the Plata
River mouth (Mathias et al. 2021). Hence,
the inference presented in this study is that the
Plata plume served as an important source of
terrigenous sediment during glacial maxima.
Conversely, during interglacial sea-level high
stands, a decrease in the northward transport of
the Plata plume resulted in an overall reduction
in terrigenous input to the study site.

Another factor controlling terrigenous sediment
input is sea level variations (De Mahiques
et al., 2009; Nagai et al., 2010; Govin et al., 2012;
Mathias et al., 2014; Pedrao et al., 2021, 2022).
A potential consequence of a decrease in sea
level is the exposure of a larger portion of the
continental shelf to erosion. Furthermore, during
glacial periods, changes in glacial vegetation
cover and precipitation patterns may contribute
to increased erosion on the more exposed land,
thereby intensifying the weathering process on the
continent. This, in turn, can result in a higher input
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of terrigenous sediments (Behling et al., 2000;
Leite et al., 2016).

When reconstructing sea level variations over
the period studied using data from Lea et al. (2002)
(Figure 8), it was observed that sea level was
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higher during interglacial periods and lower during
glacial periods, which aligns with the terrigenous
input data. Therefore, the dilution process clearly
influences the CaCO, record in the study area,
being primarily controlled by sea level fluctuations.

Figure 8. Plotting In(Fe/Ca) (in brown; Pedrao et al., 2021,2022) against bulk CaCO, data (in red)
allows us to explore the correlation between the deposition of carbonate and noncarbonate materials,
as well as the presence of CaCO, dilution. Additionally, the graph portrays the association between
fluctuations in global sea levels (in deep blue) (as per Lea et al. 2002) and the influx of terrigenous
sediment, as indicated by the In(Fe/Ca) values. This visual representation effectively underscores
how changes in sea levels impact the introduction of terrigenous sediment into the investigated area.

DissOLUTION

During glacial periods, dissolution processes are
stronger than during interglacial periods, resulting in
lower CaCQ, preservation. The minimum levels of
CaCOQ, content during glacial periods are correlated
with dissolution events, such as those observed
in MIS 4 and 6 (Crowley, 1983). The dissolution
event in MIS 4 is more significant than that in
MIS 6, as indicated by Chiu and Broecker’s (2008)
dissolution index calculated for GL-1090 (Figure 4).
Additionally, Crowley (1983) suggests that the more
significant dissolution eventin MIS 4 is also reflected
in the lower CaCO, values of this stage compared
to those in MIS 2, which is the stage where the
minimum temperature (maximum values of benthic
§'®0) and, thus, where the minimum CaCO, content
should theoretically occur.

The dynamics of the water masses in the study
area play a role in the dissolution of CaCO,. During
interglacial periods, the predominant water mass
at the depth of GL-1090 is the NADW, which is less
corrosive to CaCQ, than the Antarctic Circumpolar
Water (ACPW) flowing from the south. However,
during glacial periods, the NADW becomes shallower
and there is an intrusion of LCPW, which is more
corrosive to CaCQO, and thus increases dissolution
and decreases preservation. This influence of
southern water masses has previously been reported
by several authors at depths of approximately 2,000
m in the South Atlantic (Clark et al., 2002; Rahmstorf,
2002; Curry and Oppo, 2005; Petré et al., 2018, 2021;
Petré and Burone, 2018; Figueiredo et al., 2020).

NADW plays a crucial role in preserving
carbonate, as it is oversaturated with carbonate
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ions (CO,*) compared to the overlying UCPW
and the underlying LCPW and AABW. In contrast,
UCPW, LCPW, and AABW are undersaturated
in CO,?, making them prone to carbonate
dissolution (Frenz et al., 2004). The depth of the
interface between the NADW and the AABW,
as demonstrated by Frenz and Henrich (2006),
represents the lysocline, which marks the level
below which carbonate dissolution takes place.

The dissolution process affects all fractions,
meaning that all fractions preserve less CaCOQO,
during glacial periods and more CaCO, during
interglacial periods. The difference lies in the
proportion that each fraction preserves CaCO,
during interglacial and glacial periods. The fine
fraction tends to preserve more CaCO, during
glacial periods compared to the other fractions,
and the coarse fraction tends to preserve
more CaCQ, during interglacial periods compared
to the other fractions.

The transfer of CaCO, among different
fractions due to dissolution is well documented
(Berger et al. 1982). The dissolution process
breaks down larger fractions into smaller parts,
creating a descending chain of CaCO,, which
leads to an increase in the fine fraction and
a decrease in the coarse fraction. Frenz and
Henrich (2006) observed a relative decrease in
the proportion of foraminifer carbonate and an
increase in nannofossil carbonate, supporting
the transfer of carbonate from coarser to finer
grain-size fractions due to fragmentation and the
assumption that foraminifers are more susceptible
to carbonate dissolution than nannofossils.

Hay (1970) noted that nannofossils are more
resistant to dissolution in deep waters than
planktic foraminifera and other carbonate-secreting
invertebrates. The transportation of nannofossils by
fecal pellets is a crucial process in transferring small
phytoplankton skeletons from the photic zone to the
ocean floor, with the pellets acting as a protective
shield. Additionally, the interstitial water of the fecal
pellet shows a semi-independent nature from the
surrounding deep-sea water, shielding them from the
influence of adjacent water masses (Honjo, 1975,
1976; Honjo et al. 1982, Dittert et al., 1999).

Additionally, nannofossils hold a smaller amount
of magnesian calcite in their carbonate structure,
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which makes them less susceptible to dissolution
(Bischoff et al., 1983). This variation in magnesium
content between the structures of nannofossils and
foraminifera can be observed by the Mg/Ca ratio of
their shells, with nannofossils holding a significantly
lower ratio than foraminifera. As a result, combined
with the presence of pellets, nannofossils are less
prone to dissolution compared to foraminifers
(Pogge von Strandmann et al., 2014).

The medium fraction, however, tends to remain
constant, as it is in the middle of the chain, losing
some CaCQ, to the fine fraction and gaining some
from the coarse fraction. An unusual observation
was made during MIS 4, where the medium
fraction experienced a significant reduction in its
contribution. This is likely due to the high dissolution
rate observed during this period, as reported
by Chiu and Broecker (2008). This observation
supports the overall process described above.

CONCLUSION

The results of this study indicate that variations
in CaCO, content over time are closely linked
to glacial and interglacial periods. The balance
between biogenic production of CaCO, in ion
carbonate and carbon dioxide subsaturated
surface waters and dissolution in supersaturated
(ion carbonate and carbon dioxide) deep waters
determines the distribution, preservation, and
accumulation of CaCO, on the seafloor.

Productivity was investigated as a potential
factor influencing CaCO, levels. Higher productivity
rates during glacial periods were associated with
lower CaCO, preservation. We concluded that
productivity acts as a dissolution process, affecting
the preservation of CaCO, more than its input to
the ocean floor. Dilution by terrigenous materials,
controlled by sea level fluctuations, emerged as
another controlling factor, with higher terrigenous
contributions associated with decreased CaCO,
levels and vice versa; however, the terrigenous
input into the region is limited by the low presence
of riverine input.

The dissolution process has been identified
as a key factor affecting CaCO, preservation,
with stronger dissolution during glacial periods
leading to lower CaCO, content. Dissolution events
are mainly linked to the influx of more corrosive
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water masses from the south, as proposed by
Clark et al. (2002) and Rahmstorf (2002).

Among the main components of marine CaCQ,,
nannofossils contributed the most to the total
CaCO, composition, as they are the fraction (fine
fraction) least affected by the dissolution process
and the fraction that increases due to the effects
of dissolution on the larger fractions. The CaCO,
content of all the fractions varied similarly, making
any one of the fractions suitable for analyzing the
variation in CaCQO, content in marine sediments.
Additionally, CaCO, variations are similar to the
benthic 60 curve and can be used as a tool to
determine changes between climatic, glacial,
and interglacial cycles over time.
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