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In this study, we associated the variations in coccolithophore assemblages with the variability in major elements (Fe, Ca, and Ti) from the continental slope of the western South Atlantic by investigating two marine sediment cores (GL-824 and GL-1109) to reconstruct paleoceanographic and paleoproductivity changes from the Last Glacial Maximum (LGM) to the present. Terrigenous-supply proxies (Fe/Ca and Ti/Ca) showed a very similar pattern compared with the fine-fraction sediments, higher values throughout the LGM and lower values during the Holocene. The dominant species in the coccolithophore assemblages were Emiliania huxleyi, Gephyrocapsa spp., and Florisphaera profunda, with these species together representing between 82 and 99% of the total assemblage. Additionally, we used three other subordinate species (Umbellosphaera ssp., Rhabdosphaera spp., and Syracosphaera spp.) for paleoproductivity reconstruction. The estimates of primary production using F. profunda and Gephyrocapsa spp. exhibited a similar trend, with higher productivity values during the LGM. Paleoproductivity decreased toward the Late Holocene. Analyzing these results, we observed that the oscillation of relative sea level was the process that controlled paleoproductivity, primarily by changing the position of the main flow of the Brazil Current (BC). During periods of high sea level (low Fe/Ca and Ti/Ca), the BC transported warm and oligotrophic water to the upper slope, preventing any nutrient transport from deeper layers or coastal water. In contrast, during low sea-level periods (high Fe/Ca and Ti/Ca), the offshore displacement of the BC allowed the presence of coastal water (more nutrient-rich than tropical water) and the erosion of the exposed shelf that along with a more enhanced fluvial input provided more nutrients to the photic zone, thus enhancing primary productivity.
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1 INTRODUCTION
Studying the variations in oceanic parameters over time is extremely important to understand their influence on climate because the ocean is one of the largest carbon reservoirs on the planet. In addition, marine phytoplankton uses carbon dioxide and ocean surface sunlight to generate organic matter through photosynthesis. Therefore, oceanic productivity plays a unique role in this system because changes in the strength of the biological pump might be one of the processes controlling the CO2 variations in glacial/interglacial time scales. In this context, the Last Glacial Maximum (LGM) is a significant contrasting period compared with the actual warming trend. During the LGM, the CO2 concentration was about 50% lower than the present values, atmospheric temperatures were cooler, and the ice sheets cover was at its maximum, leaving the sea level at its minimum. Thus, studying this steady state of the glacial word is essential, even for assisting model studies in boundary conditions.
Marine sediments record climate and oceanographic variations by means of chemical element variations during a specific period. In this study, we employ the relative concentrations of chemical elements, titanium (Ti), iron (Fe), and calcium (Ca), to infer terrigenous sediment contributions. Ca mainly reflects marine carbonate content; Ti and Fe, on the other hand, are related to siliciclastic content (Arz et al., 1998; Jansen et al., 1998; Govin et al., 2012a). Therefore, the variations in these elements allow us to obtain paleoclimatic and paleoceanographic information about the study area. Several authors have applied Fe/Ca and Ti/Ca ratios to trace-element changes in terrigenous input of mainly fluvial origin, particularly offshore northeastern Brazil (Arz et al., 1998; Arz et al., 1999; Jaeschke et al., 2007).
The Brazilian margin is an important region to study climate changes because the Brazil Current directly influences it. This western boundary current transports warm oligotrophic water from the tropics to subtropics, affecting the local environment and productivity. Thus, marine paleoproductivity reconstructions associating changes in these processes, especially in the continental slope and shelf transition, are crucial to understanding the interplay between the continental and marine environments.
Paleoproductivity along the southeastern Brazilian upper slope has been correlated with hydrodynamic changes driven by sea-level fluctuations that during glacial periods would promote the offshore displacement of the Brazil Current leading to higher marine productivity in the continental shelf and upper slope (Mahiques et al., 2007; Nagai et al., 2010; Nagai et al., 2014; Lourenço et al., 2016; Pereira et al., 2018). Previous paleoproductivity studies for the region were based on the variation in foraminiferal assemblages (Nagai et al., 2010; Pereira et al., 2018), the evaluation of sedimentary changes (Mahiques et al., 2007), and the use of organic biomarkers (Lourenço et al., 2016). A multiproxy approach combining all these indicators is a more reliable perspective since any given proxy has limitations. For instance, the benthic foraminiferal accumulation rate (Nagai et al., 2010) and total organic carbon accumulation might be influenced by changes in preservation and sedimentation rates (Rühlemann et al., 1999; Lourenço et al., 2016). Benthic (Nagai et al., 2010) and planktonic foraminiferal assemblage analyses (Pereira et al., 2018) are excellent paleoproductivity proxies. However, they provide an indirect paleoproductivity perspective because planktonic foraminifera are mainly heterotrophic, feeding on smaller organisms, organic matter, and phytodetritus. Furthermore, coccolithophores offer us a unique and more direct vision of productivity.
Coccolithophores are unicellular microalgae belonging to the Haptophyte division and they have an inorganic envelope of calcium carbonate (CaCO3) composed mainly of calcite, known as the coccosphere, formed by a series of small plates called coccoliths. Coccolithophores are among the most significant components of calcium carbonate in seafloor sediments and they are the major carbonate-shelled primary producer group with extensive geographic fossil preservation during the Quaternary (Stoll and Ziveri, 2002). As primary producers, environmental parameters control coccolithophore distribution and include nutrient availability, light, and temperature (Winter et al., 1994). These factors make this fossil group a valuable tool in paleoceanographic and paleoproductivity reconstructions (Flores et al., 1999, 2000; Toledo et al., 2007; Saavedra-Pellitero et al., 2011; Leonhardt et al., 2013; Cabarcos et al., 2014; Costa et al., 2016). Therefore, combining coccolithophore records with geochemical sedimentary proxies is ideal for understanding how climate change in past environments affected these organisms, especially in regard to paleoproductivity (Zhou et al., 2020).
The main goal of this study is to acquire information about the paleoproductivity record based on coccolithophore assemblage variations and the contribution of terrigenous supply in the marine sedimentary record. Then, we analyzed the observed variations to infer paleoenvironmental changes connected to processes that could modify the paleoclimate and paleoceanography of southeastern Brazil.
2 REGIONAL SETTING
The Brazil Current (BC) dominates surface circulation in this region (Figure 1). This current originates from the southern branch of the South Equatorial Current (SEC) bifurcation around 10° S latitude. The BC flows southward, carrying mainly warm and saline water flowing along the shelf-break isobaths, with possible meandering occurring close to the shelf. This current is usually 100 km wide, with its extension flowing in the upper 500 m (Silveira et al., 2000). The BC has a so-called “floor polisher effect” that regularly does not allow the deposition of thinner sediments, leading to a marine bottom composed mainly of coarse sand and carbonate gravel (Mahiques et al., 2002).
[image: Figure 1]FIGURE 1 | (A) Location of the southwestern Atlantic margin. The dashed lines represent the position of the ITCZ during winter (blue) and summer (yellow). (B) Magnified view of the bathymetry of the study area with the approximate coastline during the LGM. (C) The annual mean sea surface temperature is represented °C (Locarnini et al., 2018). Blue dots mark the cores used in the present study (GL-824 and GL-1109). Cores #7485 (Lourenço et al., 2016) and GeoB2107-3 (Pereira et al., 2018) with data shown in the discussion are represented by black dots. The white dots represent the central geographic locations cited in this work. The dashed white arrows represent the main flow of the Brazil Current, while the yellow arrows show the main flow of the Brazilian Coastal Current.
The major water masses that compose the upper water column are Coastal Water (CW), Tropical Water (TW), and South Atlantic Central Water (SACW). CW is located on the continental shelf, containing a mix of oceanic water with water from continental drainage (Campos et al., 1999). In offshore regions, the BC transports, at the surface, warm and saline water of the TW and, at the pycnocline, the colder and nutrient-rich SACW (Silveira et al., 2000). In the deeper portions of the water column, there are movements of two relevant deep water masses: the Deep Western Boundary Current transports the North Atlantic Deep Water (NADW), which flows southward, and the Antarctic Bottom Water (AABW), which flows northward as a sluggish flow above the ocean floor (Stramma and England, 1999; Silveira et al., 2020). According to Vianna et al. (1998), changes in relative sea level (RSL) are the primary cause of oceanic circulation variations during the Quaternary.
The main controlling forces of modern sedimentary processes on the southeastern Brazilian margin are the BC system flow variations and the dynamics between the continental shelf and oceanic water masses (Mahiques et al., 2004). There is a division in sedimentation on the continental shelf into two distinct zones separated by São Sebastião Island. In the north, meandering of the BC, which promotes mixing between terrigenous and pelagic sedimentary fractions, is the primary control of sedimentation. On the other hand, the southern sector is characterized mainly by marine sedimentation. Infiltration of the Plata River plume directly influences this region because there is a lack of a local fluvial supply (Mahiques et al., 2004). This process transports more terrigenous sediments and nutrients to the surface water, increasing oceanic productivity (Ciotti et al., 1995; Pivel et al., 2011; Nagai et al., 2014; Bícego et al., 2021). The fluvial supply is a vital sediment source in the northern section of the study area. The main rivers that conduct terrigenous sediments in this area are the Doce River and Paraíba do Sul River (Behling et al., 2002). At glacial and interglacial scales, sea level variations and climate conditions on the adjacent continent, particularly precipitation, are factors that may influence the terrigenous sediment supply to the continental slope (Mahiques et al., 2004; Nagai et al., 2014; Razik et al., 2015; Zhou et al., 2020).
The southwestern Atlantic is an oligotrophic zone (Rühlemann et al., 1999) where nutrient concentration is the key factor limiting primary productivity. Local fluvial discharge (Brandini et al., 2014) and upwelling associated with cyclonic meanders of the BC occur throughout the entire year (Campos et al., 1995; Campos et al., 2000), increasing photic-zone nutrient concentration. In a seasonal pattern, wind-driven coastal upwelling peaks during austral summer and enhances shelf-break upwelling that occurs due to the meanders of the BC, causing higher rates of primary productivity (Campos et al., 2000; Brandini et al., 2014). During winter, the Plata River plume transports more nutrients to the study area under favorable wind conditions (Campos et al., 1999; Piola et al., 2005; Pivel et al., 2011). Therefore, the interplay between the dynamics of the BC and the continental source nutrients characterizes the primary productivity of the region.
The South American Summer Monsoon (SASM) controls precipitation in the study region (Vera et al., 2006), which varies according to its intensity and expansion. Therefore, precipitation has a strong seasonal pattern, with most precipitation occurring during summer. In this period, SASM circulation transports moisture from the Atlantic Ocean to the Amazon Basin, feeding the low-level jets of the Andes and transporting this moisture to southeastern Brazil (Cheng et al., 2013), entering the South Atlantic Convergence Zone (SACZ). Throughout Quaternary glacial–interglacial climate change, during glacial periods, in contrast to interglacial periods, there was a reinforcement of the SASM, especially during the Last Glacial Maximum (LGM), transporting more humidity to southern Brazil (Sylvestre, 2009). The SACZ is a zone oriented in a northwest-southeast direction characterized by converging winds, considerable cloud cover, and heavy precipitation (Liebmann et al., 2004; Carvalho et al., 2002, 2004), with most extreme events of precipitation over southeastern Brazil occurring during summer being associated with intensification of the SACZ (Carvalho et al., 2002).
The position of the Intertropical Convergence Zone (ITCZ) directly influences the intensity of the SACZ and is the zone near the equator where the northeast and southeast trade winds converge, forming a band of clouds. The position of the ITCZ has a seasonal variation. It migrates toward the hemisphere that is warmer relative to the other (Deplazes et al., 2013; Schneider et al., 2014). During austral summer, the ITCZ is in its southernmost position, and in winter, it migrates to its northerly position (Figure 1).
3 MATERIALS AND METHODS
3.1 Sediment Core Recovery
Two marine sediment cores, GL-824 and GL-1109, were collected on the Brazilian continental margin; more precisely, on the continental slope, GL-824 core was collected at a water depth of 532 m at 23°29′17,87″ S and 41°08′02,99″ W, while GL-1109 was located at a water depth of 848 m at 25°11′00″ S and 44°43′30″ W (Figure 1). Sediment core GL-824 was collected during an expedition with the Fugro Explorer Vessel. A piston corer was used to recover 2004 cm of sediment. This work analyzes 100 samples at an average 20 cm resolution. According to the lithology, the first 1,500 cm is composed of olive-gray carbonate-rich mud (18–30% CaCO3), and from 1,550 to 2004 cm, the sediment is composed of dark gray carbonate-poor mud (5–18% CaCO3). GL-1109 had a total recovery of 1,367 cm of marine sediment. This work analyzes the section from 515 cm to the top of the core, sampling approximately every 5 cm, with 95 samples investigated. According to the lithology, the core comprises dark gray carbonate-poor mud (5–18% CaCO3).
3.2 Age Model
The age model of both cores was constructed based on radiocarbon dating conducted mainly on the planktonic foraminifer Globigerinoides ruber (white and pink morphotypes). In the absence of G. ruber, we collected other species, such as Globigerinoides sacculifer (>150 µm size) and Globigerina bulloides (Table 1), with all of these species exhibiting a good preservation state and no overgrowth or dissolution effects. For the GL-824 core, 11 samples were selected and analyzed at the National Ocean Science Accelerator Mass Spectrometer Facility (NOSAMS), Woods Hole Oceanographic Institution (WHOI) (Table 1). For GL-1109, 19 samples were analyzed at the Beta Analytic Radiocarbon Dating Laboratory, Miami, United States (Table 2).
TABLE 1 | Radiocarbon ages based on planktonic foraminifera from the GL-824 core. Both white (w) and pink (p) G. ruber morphotypes were used.
[image: Table 1]TABLE 2 | Radiocarbon ages based on planktonic foraminifera from the GL-1109 core. Both white (w) and pink (p) G. ruber morphotypes were used.
[image: Table 2]To transform the radiocarbon ages into calibrated ages, we used the calibration curve Marine13 (Reimer et al., 2013) and a marine reservoir age of 370 ± 19 years (Alves et al., 2015) with Bacon 2.2 software (Blaauw and Christen, 2011). This software constructs the age model using Bayesian statistics and estimates mean ages and 95% error margins based on 10,000 downcore age-depth realizations at a 1 cm resolution. To establish the ages, we applied the default parameters, except for the calibration curve, in which we selected Marine13 and acc. shape (set to 0.5).
3.3 Sample Preparation and Fine Fraction Quantification
The bulk samples were wet sieved through a 63 µm mesh. The coarse fraction (>63 µm) was dried on the mesh in an oven at 50°C and allowed to cool before weighing. The fine fraction (<63 µm) was collected in beakers where it was allowed to settle. The water was removed, and the samples were dried in an oven at 50°C and allowed to cool before weighing. To calculate the fine fraction (FF) percentage in every sample, we used the difference in weight between the coarse fraction and the total dried weight of the sample. The FF was used for all the procedures and analysis described below, except for GL-1109 elementary composition measurements.
3.4 Calcium Carbonate
The carbonate content was measured by the difference in weight before and after acidification with HCl. Approximately 1.0 g of dry sediment was weighed and acidified with 10% HCl. The sample was kept overnight, and the supernatant was discarded. Then, distilled water was added (3 times) to the sample for acid removal. Finally, the precipitated sample was kept at 60°C in an oven overnight and weighed again. The difference in weight before (Weight 1) and after reaction with HCl (Weight 2) provides an approximate estimate of the carbonate content %: CaCO3 = [(Weight 1 − Weight 2) × 100)/Weight 1].
3.5 X-Ray Fluorescence
The samples were powdered and homogenized with an agate mortar to calculate the elementary ratios in GL-824 core. Then, metals (Ti, Fe, and Ca) were analyzed in a bench equipment model BTX-II to perform X-ray fluorescence measurements in the Laboratory of Geoprocessing (LabGEO-USP), following the technique described in Pedrão et al. (2021). Briefly, the technique consists of analyzing the metals in approximately 1 cm3 of sediment (<63 µm) per sample that was previously hand-ground in a jade mortar to be used in the XRF analysis. We selected this size fraction due to the more negligible interference in the intensity values measured by the device. In GL-1109 core, we analyzed the elementary composition of the sediments by conducting an XRF analysis using an XRF Core–Scanner II (AVAATECH Serial No. 2) at MARUM, University of Bremen, to estimate the elementary ratios throughout the core.
The geochemical data were presented in the logarithmic form of elemental ratios since ratios are insensitive to dilution effects (Wetje and Tjallingii, 2008; Govin et al., 2012b), and the logarithmic form accounts for the lack of symmetry between ratios (Govin et al., 2012b).
3.6 Coccolithophore Assemblages
The qualitative technique described by Antunes (1997) and Toledo (2000) was utilized to prepare samples to identify and quantify the coccolithophore assemblages in terms of percentages. Counts were made under a polarized light microscope at a 1,000X magnification. A minimum of 300 coccoliths, in addition to Florisphaera profunda coccoliths, were counted in each sample, assuring that all species with relative abundances greater than 3% were well represented (Dennison and Hay, 1967; Roth, 1994; Fatela and Taborda, 2002). Florisphaera profunda was excluded from the 300 coccoliths minimum counts because it may dominate the assemblages and mask the signal of other species. However, the total number of coccolithophore species, including F. profunda, was used for calculating the relative abundances of coccoliths.
Variations between the relative abundance of the main species in the upper photic zone (Emiliania huxleyi and Gephyrocapsa spp.) and the lower photic zone (F. profunda) can be used as indicators of primary productivity (e.g., Beaufort et al., 1997, 2001; Flores et al., 2000). Florisphaera profunda is an habitant in the lower photic zone (LPZ) (Okada and Honjo, 1973) and is commonly used as a paleoproductivity proxy (Beaufort et al., 2001; Hernandez-Almeida et al., 2019), mainly because this species is an indicator of the thermocline/nutricline position (Molfino and McIntyre, 1990; Flores et al., 2000). When more nutrients are available in the upper photic zone (UPZ), opportunistic species such as Gephyrocapsa spp. and E. huxleyi increase in abundance, while F. profunda decreases in relative abundance. In contrast, when the nutricline is greater, more nutrients are available for species in the LPZ, such as F. profunda, raising their relative abundance compared to the UPZ dwellers. Therefore, Beaufort et al. (1997) established an equation to estimate primary productivity (EPP, grams of carbon ((gC) m−2 year−1)) based on the relative abundance of F. profunda (Fp, %) [EPP = 617 − (279 log(Fp + 3))].
To evaluate the effect of dissolution in our record, we applied the CEX’ index (Boeckel and Baumann, 2004), which compares the relative abundances of the small and more sensitive species, Gephyrocapsa spp. and E. huxleyi, to the more resistant large species, such as Calcidiscus leptoporus. The index varies between 1 and 0, with values close to 1 indicating no dissolution and values below 0.6 indicating a more substantial dissolution influence.
We applied the Pearson linear correlation index (r) using Past 3.05 software (Hammer et al., 2001) in both cores separately to investigate the associations among sedimentology and geochemical and micropaleontological proxies.
4 RESULTS
4.1 Age Model
The results of 11 radiocarbon ages for GL-824 show continuous sedimentation (Figure 2A), which indicates that no hiatus occurred in the core. The core covers an age range of approximately 22 kyrs BP with an average accumulation rate of approximately 97 cm/kyrs (Figure 2A), with the lowest sedimentation rate occurring in the Early Holocene (∼70 cm/kyrs) and the highest occurring at its top (∼180 cm/kyrs) and between 14 and 15 kyrs BP (∼150 cm/kyrs).
[image: Figure 2]FIGURE 2 | Age model (solid line) and sedimentation rates for the (A) GL-824 and (B) GL-1109 cores. The red dots represent the calibrated radiocarbon ages, while the dashed lines are the upper and lower confidence intervals. We applied Bacon 2.2 software (Blaauw and Christen, 2011) to build this age model.
Even though we observed an age reversion in GL-1109 core (Table 2), using Bacon 2.2, we constructed an age model that represents continuous sedimentation with no hiatus (Figure 2B). The core comprises the last 45 kyrs BP. However, this study only analyzed the top 550 cm of the core at a resolution of 2–5 cm between samples, comprising the last 23 kyrs BP. This section had a medium sedimentation rate of 38 cm/kyrs, with significant sedimentation occurring in the LGM period between 25 kyrs BP and 19 kyrs BP (65 cm/kyrs). The sedimentation rate then decreased until 12 kyrs BP, reaching the lowest value, 8 cm/kyrs (Figure 2B).
4.2 Sedimentary Record
The proxies for terrigenous sediment supply in both cores show a similar distribution to the FF content (Figures 3A–F). Higher values of terrigenous supply and FF percentage were recorded at the bottom of the cores during the glacial period, with almost all samples having 100% FF and top metal content. In Core GL-824, a marked decrease was recorded at approximately 15 kyrs BP, with the proxies reaching their minimum values. However, in GL-1109 core, it occurred at the beginning of the Holocene (∼11 kyrs BP).
[image: Figure 3]FIGURE 3 | Results of the sedimentary record from GL-824 and GL-1109 cores. Thick lines represent a weighted average of 3 points, and the background lines are the original data. (A) ln (Fe/Ca) and (B) ln (Ti/Ca) results for GL-824. (C) ln (Fe/Ca) and (D) ln (Ti/Ca) results for GL-1109. (E) Percentage of fine fraction present in the GL-824 core. (F) Percentage of fine fraction present in the GL-1109 core. (G) Calcium carbonate content throughout the GL-824 core. (H) Calcium carbonate content throughout the GL-1109 core.
The CaCO3 content was the most divergent parameter between the cores, with higher mean values in GL-824 (25%) than in GL-1109 (13%). The CaCO3 content presented the same general trend between the cores, with lower values in the late glacial period and a rapid rise during the transition between the deglacial period and the early Holocene (16–8 kyrs BP), reaching higher values toward the mid-Holocene (Figures 3G,H). This trend was opposite to the distribution observed in the elementary ratios and FF (Figures 3E–H).
4.3 Coccolithophore Assemblages
Coccolithophore assemblage variations (Figure 4) had the same general variations in both cores. The dominant species were E. huxley, Gephyrocapsa spp., and F. profunda, representing 82–99% of the total assemblage in GL-824 and 85–97% in GL-1109. The mean relative abundances for the dominant species were 43–42% for E. huxleyi, 33–25% for Gephyrocapsa spp., and 16–24% for F. profunda (first valor for GL-824 and second for GL-1109). Gephyrocapsa oceanica (mean relative abundance = 15%) was the most common species in Gephyrocapsa (Figures 4B,C). The CEX’ index had high values in the entire core (Figure 4A), indicating that dissolution was not a problem in regard to paleoenvironmental interpretations. The relative abundances of F. profunda and E. huxleyi had a similar trend. The lowest values occurred during the glacial period, with a gradual increase toward the deglacial period, reaching higher values during the Holocene (Figures 4D–G). In contrast, Gephyrocapsa spp. had an opposite distribution, with higher values during the glacial period and lower values in the Holocene (Figures 4B,C).
[image: Figure 4]FIGURE 4 | Results of the coccolithophore assemblages from GL-824 and GL-1109 cores. Thick lines represent a weighted average of 3 points, and the background lines are the original data. (A) CEX′ index for both cores. The solid line represents GL-824 core, and the dashed line represents GL-1109 core. (B) Relative abundance of Gephyrocapsa spp. in the GL-824 core. (C) Relative abundance of Gephyrocapsa spp. in the GL-1109 core. (D) Relative abundance of F. profunda in the GL-824 core. (E) Relative abundance of F. profunda in the GL-1109 core. (F) Relative abundance of E. huxleyi in the GL-824 core. (G) Relative abundance of E. huxleyi in the GL-1109 core. (H) Relative abundance of the subtropical group in the GL-824 core. (I) Relative abundance of the subtropical group in the GL-1109 core.
Discosphaera tubifera, Rhabdosphaera spp., Syracosphaera spp., and Umbellosphaera spp. composed a subtropical group with a tendency toward warmer and oligotrophic water conditions, as suggested by Boeckel et al. (2006). The relative abundance of this group showed a similar trend as that of F. profunda (Figures 4H, 1). However, low relative abundances appeared, with a mean value of 2% in GL-824 and 3.5% in GL-1109.
The N ratio proposed by Flores et al. (2000) compares the relative abundances of LPZ species (F. profunda) with those of the UPZ (Gephyrocapsa spp. and E. huxleyi); thus, this ratio can be used as an indicator of the nutricline position and, therefore, of primary productivity. The N ratio and EPP presented a similar general pattern in the cores (Supplementary Figure S1), with higher paleoproductivity values at the bottom of the core during the glacial period. The values rapidly decreased at approximately 15 kyrs BP until these proxies reached their minimum values at ∼ 9 kyrs BP. However, a maximum value at approximately 4 kyrs BP, which was the transition between the Middle and Late Holocene, was observed in Core GL-1109 , in which E. huxleyi was the dominant species, accounting for approximately 70% of the total assemblage (Figure 4G).
Comparing these proxies with previous studies (Figure 5), we can observe that variation in the F. profunda percentage showed a similar trend to that for G. sacculifer, an oligotrophic foraminiferal species (Pereira et al., 2018), and an opposite distribution pattern to G. bulloides relative abundance (Pereira et al., 2018) and TOC content (Lourenço et al., 2016), demonstrating similar observations between the studies.
[image: Figure 5]FIGURE 5 | Paleoproductivity proxy results. Thick lines represent a weighted average of 3 points, and the background lines are the original data. (A) F. profunda relative abundance for the GL-824 core. (B) F. profunda relative abundance for the GL-1109 core. (C) Relative abundance of E. huxleyi in the GL-824 core. (D) Relative abundance of E. huxleyi in the GL-1109 core. (E) Gephyrocapsa spp. relative abundance for the GL-824 core. (F) Gephyrocapsa spp. relative abundance for the GL-1109 core. (G) Relative abundance of the oligotrophic planktonic foraminifera G. sacculifer (Pereira et al., 2018). (H) Relative abundance of G. bulloides, an upwelling proxy (Pereira et al., 2018). (I) TOC content (Lourenço et al., 2016).
5 DISCUSSION
5.1 Sedimentary Processes as a Function of Sea-Level Variations
5.1.1 Similarity Among XRF, CaCO3, and FF
According to the sedimentary record, it is possible to distinguish three different periods in both cores: the glacial period with a higher terrigenous supply, a brief transition period, and the Holocene with a lower terrigenous supply.
The FF positively correlated with the terrigenous sediment supply proxies (Figures 3A–F; Tables 3, 4). The highest percentage of the FF occurred when sea level dropped. In contrast, the carbonate content had an opposite correlation and distribution with the FF (Figures 3E–H; Tables 3, 4). Through these distributions, we can infer that the abundance of coccoliths did not cause changes in the FF. The primary process involved in these changes in the FF was the contribution of external silt–clay minerals associated with terrigenous supply, as observed by Costa et al. (2016).
TABLE 3 | Correlation matrix (Pearson linear correlation coefficient, r) between all variables estimated in this study for the GL-824 core. Bold values correspond to a significant correlation at the 0.05 level.
[image: Table 3]TABLE 4 | Correlation matrix (Pearson linear correlation coefficient, r) between all variables estimated in this study for the GL-1109 core. Bold values correspond to a significant correlation at the 0.05 level.
[image: Table 4]The elementary ratio data show that the terrigenous sediment supply was maximal during the LGM (Figures 3A–D). This more significant terrigenous sediment supply possibly caused a dilution in the carbonate content values because they were minimal despite the higher paleoproductivity (Figures 6C–H), which was also observed by Arz et al. (1998) and Mahiques et al. (2007). After the end of the LGM, at approximately 19 kyrs BP, the terrigenous supply started to decline in the same proportion as the FF. An increase in the coarse fraction could indicate more marine influence (CaCO3) or an increase in primary productivity because foraminiferal tests were the main component of this fraction. Both processes were observed in this period (Figures 3C–H), suggesting that deglaciation was a transition period of abrupt changes in the environment and deposition of sediments.
[image: Figure 6]FIGURE 6 | Comparison of the results obtained in GL-824 and GL-1109 with those of other studies. Thick lines represent a weighted average of 3 points, and the background lines are the original data. (A) Total organic carbon and (B) sea surface temperature calculated based on alkenones (Lourenço et al., 2016). Measured ln (Ti/Ca) for (C) GL-824 and (D) GL-1109. The relative abundance of eutrophic Gephyrocapsa spp. for (E) GL-824 and (F) GL-1109. Relative abundance of the oligotrophic proxy F. profunda for (G) GL-824 and (H) GL-1109. (I) Sea-level reconstruction (Spratt and Lisiecki, 2016). (H) Oxygen isotope composition of speleothems in the Botuverá cave (Wang et al., 2007).
During the Holocene, the variability in terrigenous supply was stable compared to the differences between glacial and interglacial periods (Figures 3A–D). The stability tendency of carbonate variation (Figures 3G,H), even with variable biological productivity (Figures 6E–H), particularly in CoreGL-1109, also indicates that terrigenous sediments diluted the carbonate content.
The processes behind these observations may have been the variations in sea level and/or precipitation rates, which would have interfered with the riverine input and consequently in terrigenous supply and primary productivity, allowing a higher concentration of coarse fraction organisms. Analyzing the paleoproductivity record, we observed less productivity during this period (Figures 6E–H); therefore, we infer that a combined effect of sea level and precipitation was probably the main reason for changes in terrigenous input, FF and CaCO3 content.
5.1.2 Main Sedimentary Process Drivers
The proxies for terrigenous sediment supply may vary mainly due to three processes. The first is relative sea-level variation. Its rise would make the transport of sediments to the upper continental slope more complicated since it would increase the distance between the core area and the sediment source, covering the shelf (Mahiques et al., 2004; Nagai et al., 2010). The second might be variation in fluvial discharge. In other words, with more precipitation, a higher terrigenous sediment supply would lead to higher values of these proxies during humid periods (Behling et al., 2000; Costa et al., 2016). The third might be percentage dilution of the continental material due to mixing with biogenic marine particles/material.
The terrigenous supply had maximum values during the LGM when sea level reached its lowest position (Figures 6C,D,I). This indicates that a major continental shelf area was exposed, resulting in a more extensive area for weathering and a smaller distance between the sediment source and the study sites. Therefore, the continental slope was more likely to receive terrigenous sediments. Thus, the lower relative sea level contributed to more intense deposition of terrigenous and FF sediments (Figures 3E,F and Figure 6I). This could also have been connected to the offshore displacement of the BC to deeper regions during the LGM (Viana et al., 1998; Mahiques et al., 2007; Kowsmann et al., 2015), which would have lowered the local hydrodynamics and allowed or enhanced the deposition of FF sediments.
There was a stable sea level during the Holocene. Nevertheless, the input of terrigenous sediments showed a slight increase. This was linked to an increase in rainfall that occurred during this period (Figures 6C,D,I,J), suggesting that precipitation was directly responsible for these oscillations during this specific period.
Wang et al. (2007) analyzed precipitation during the study period based on δ18O data from speleothems. These data showed variability similar to the variation in the FF (Figures 3E,F and Figure 6J), especially in GL-824 core, probably because the primary source of fine sediments was fluvial runoff, which was higher when precipitation rates were higher. According to Behling et al. (2000), when there are periods with more precipitation, there are increases in the Fe/Ca and Ti/Ca ratio values. This was also observed in our study (Figures 6C,D,J). In other words, precipitation can be a controlling factor in the terrigenous supply. During the LGM, humidity was higher in South America than during the Holocene (Cruz et al., 2005; Wang et al., 2007; Sylvestre, 2009); therefore, fluvial runoff would have been higher thus transporting more terrigenous sediments to the continental slope. According to Jennerjahn et al. (2004) and Jaeschke et al. (2007), this increase in precipitation was related to the displacement of the ITCZ to the south and an increase in the intensity of winds from the southeast during colder periods, also increasing the humidity on the continent.
Comparing the precipitation oscillation to the paleoproductivity and terrigenous supply proxies, we observed that the general trend was similar between these indicators (Figures 6C–J). However, when precipitation had higher peaks without substantial sea-level variation, we did not observe significant changes in any other proxies, highlighting that rainfall may have influenced terrigenous supply and FF records, but on a smaller scale. The moisture source can also influence the δ18O speleothems record and not only the precipitation intensity (Lee et al., 2009). Furthermore, there are differences between LGM rainfall reconstructed by nonisotope proxies and interpretations of speleothem records (Sylvestre, 2009; Berman et al., 2016). Thus, we interpreted the maximum terrigenous supply to the upper slope during the glacial period to have been primarily due to the effects of lower sea level. Besides, the possible rise in precipitation could also be improving the terrigenous supply.
Several researchers have previously observed the influence of Heinrich events in the Southern Hemisphere in the tropical region of the South Atlantic (Arz et al., 1999; Vidal et al., 1999; Jennerjahn et al., 2004; Jaeschke et al., 2007), yet in our study, we did not observe a significant influence of Heinrich events or even of the Younger Dryas (Figures 6C,D). These events could have led to the movements of the ITCZ, causing anomalously higher precipitation rates in southeastern Brazil (Cruz et al., 2006; Wang et al., 2007). This should have raised fluvial runoff, transporting more terrigenous sediments and nutrients to the core region. Nevertheless, we did not observe such changes in either of these records, indicating that the main driver of most changes in the deposition of terrigenous sediments was probably relative sea-level variation (Figure 7).
[image: Figure 7]FIGURE 7 | Conceptual model of the main processes controlling the terrigenous supply and paleoproductivity in the southwestern Atlantic. The model shows high (low) productivity during the LGM (Holocene) period on the upper slope associated with variations in sea level and precipitation, promoting more input of nutrients due to enhanced terrigenous supply caused by a combination of lower sea level and higher rainfall. At the same time, the offshore displacement of the BC occurred, increasing the influence of the more eutrophic CW in the core area during the LGM.
Changes in sedimentary proxies can also indicate changes in the hydrodynamics of the region. A low-energy environment would allow more deposition of silt–clay minerals than a high-energy environment. This process has already been correlated with the displacement of the BC toward the coast, which resulted from the higher relative sea-level conditions and the covering of the continental shelf, as has also been described by other authors (Viana et al., 1998; Mahiques et al., 2007; Kowsmann 2015). The offshore displacement of the BC system can lead to more fine sediments depositing on the upper slope (Viana et al., 1998; Mahiques et al., 2007; Nagai et al., 2010; Kowsmann et al., 2015). This displacement would diminish the local hydrodynamics and promote the deposition of the FF. Furthermore, the “floor polisher” effect on the seabed described by Mahiques et al. (2004) would prevent mud deposition on the shelf break and upper slope depths in the periods where the BC moved toward the coast.
The XRF and FF records of the two cores have different trends. GL-824 shows a decrease over the last deglaciation, while GL-1109 remains constant. The decreasing trend in GL-1109 is observed during the early Holocene. Additionally, in GL-824 core, there was a more significant amount of FF and terrigenous sediments and lower percentages of CaCO3 than in GL-1109 core (Figures 3E–H), highlighting differences in sedimentary processes between the two cores. This is primarily associated with their different water depths (Figure 1B). GL-824 location is more susceptible to sea-level variations because this core is located on the upper slope, an environment that during the LGM would be analog to the continental shelf. Consequently, the coastal processes influence more the GL-824 than the GL-1109. Thus, its elements and granulometry change as soon as the sea level rises. On the other hand, in the GL-1109, the trends of the terrigenous supply and FF occur later when the sea level is nearly at its maximum. GL-824 core would also have been less affected by the action of the BC compared with GL- 1109. Moreover, GL-824 core is farther north than GL-1109 core, placing it closer to sediment sources such as Rio Doce and Rio Paraíba do Sul.
5.2 Coccolithophore Response to Paleoproductivity Variations in the Southwestern Atlantic Ocean
5.2.1 Coccolithophore Assemblage Response
The relative abundance of F. profunda was opposite to the total organic carbon (TOC) content (Lourenço et al., 2016) and the G. bulloides percentage (Pereira et al., 2018). Additionally, it was similar to higher SSTs (Lourenço et al., 2016) and the relative abundance of the oligotrophic G. sacculifer (Figures 5A–I, Pereira, et al., 2018). Therefore, we used this species to indicate oligotrophic conditions, which has also been corroborated by other studies (Beaufort et al., 2001; Hernandez-Almeida et al., 2019).
Emiliania huxleyi and F. profunda showed a similar general fluctuation (Figures 5A–D). E. huxleyi is known to tolerate a wide range of ecological conditions (Okada and Honjo, 1973; Okada and McIntyre, 1979; Boeckel and Baumann, 2008) and can dominate in both oligotrophic (Okada and Honjo, 1975; Kleijne, 1993; Haidar and Thierstein, 2001; Tyrrell and Merico, 2004) and eutrophic environments (Brand, 1994; Young, 1994; Boeckel et al., 2006). In contrast, Gephyrocapsa spp. exhibits an inverse distribution compared to F. profunda (Figures 5A–F; Tables 3, 4), indicating the different environmental preferences of these species. In the Iberian margin upwelling region, E. huxleyi and Gephyrocapsa spp (mainly small Gephyrocapsa and G. oceanica) were both indicators of upwelling periods (Ausín et al., 2018). However, they were separated into distinct ecological preferences, with E. huxleyi related to a more stable, warmer, and nutrient-poor water column associated with the upwelling relaxation stage and Gephyrocapsa spp. to colder water and higher nutrient availability associated with the early stages of the upwelling event (Ausín et al., 2018; Jin et al. (2019) in the South China Sea also found that Gephyrocapsa spp. were dominant in coastal water associated with higher diatom production and increased silicon content, while E. huxleyi was associated with a regular nutrient regime with lower amounts of silicon.
Comparing our record to SSTs estimated by Lourenço et al. (2016), we analyzed the same process described by Jin et al. (2019), with E. huxleyi dominating the period with warm and stable water and Gephyrocapsa spp. with colder nutrient-rich (silicon) water of the CW (Figures 5C–F and Figures 6B–F). Additionally, E. huxleyi had higher abundances in the periods with lower riverine influence, more negligible rainfall, and higher sea level, interpreted here as a low nutrient period, which was similar to F. profunda and the subtropical species that are associated with high temperature and oligotrophic environments (Boeckel et al., 2006). In this work, we interpreted the variations in E. huxleyi with a possible relation to more oligotrophic environments and as a response to evolutionary factors. This species first appeared and rapidly grew in the late/middle Quaternary, replacing the former more abundant Gephyrocapsa spp. (Toledo et al., 2016), making it a species with a signal that is difficult to deduce. Furthermore, as a cosmopolitan species, it may not indicate upwelling processes but is more typical of a stable regime, as observed in other studies (Andruleit and Rogalla, 2002; Jin et al., 2019).
Since Gephyrocapsa spp. and E. huxleyi seem to represent different ecological aspects, the N ratio (Flores et al., 2000) is not the best proxy to estimate paleoproductivity in this region. Therefore, the leading proxy used in this study to infer changes in primary productivity in surface water was the contrast between eutrophic Gephyrocapsa spp. and F. profunda, which represents low nutrients in surface water.
Variations in the relative abundances of F. profunda and Gephyrocapsa spp., particularly in GL-1109, were very similar to TOC content and G. bulloides relative abundance (Figures 5A–H), showing higher nutrients/productivity during the glacial period and lower nutrients/productivity during the Holocene, with a transition period of ∼19 kyrs BP to ∼14 kyrs BP. These observed variations likely reflect the opposite trend in the relative abundances of F. profunda and Gephyrocapsa spp., which reveals a change in the upper water column during these periods, with the LGM period characterized by a shallower nutricline and high productivity and the interglacial period characterized by a deeper nutricline and lower productivity. This is also supported by the UPZ species in the subtropical group, an indicator of oligotrophic surface environments, being more abundant in the Holocene than in the LGM, suggesting a warmer and poor-nutrient surface ocean during the Holocene. Nagai et al. (2010), mainly applying benthic foraminifera, and Mahiques et al. (2007), using sedimentary data, also inferred high productivity during the LGM on the southeastern Brazilian upper slope. Toledo et al. (2008) reported evidence of decreased productivity over the Holocene compared to the LGM along the Brazilian continental margin, which is consistent with our observations.
The terrigenous supply and FF content oscillated similarly to the Gephyrocapsa spp. record, in contrast to the subtropical group (Tables 3, 4). Three processes could lead to this configuration, or a combination of all of them: 1) there was high availability of nutrients in the UPZ during the low stands of sea level, caused by a higher riverine input transporting more nutrients along with terrigenous material. 2) Higher influence of coastal nutrient-rich water due to the offshore displacement of the BC during low stands of sea level, leading to withdrawal of the surface warm oligotrophic TW (Figure 7). 3) High turbidity in the UPZ due to higher FF content and terrigenous sediments in the water column decreasing the light availability to the LPZ, limiting the growth of F. profunda.
5.2.2 Productivity Driving Factors in the Southwestern Atlantic
Gephyrocapsa spp. and EPP indicators reflect the same three distinct periods noted in the geochemical and sedimentary record. This suggests that a more substantial continental influence or the BC offshore displacement during the glacial period would have enhanced nutrient availability in surface water. In the same way, during the LGM, a weaker BC would have had more eddies and meanders because stronger currents were closer to linear fluxes. These meanders could have transported more nutrients to the photic zone from greater depths if they were anticyclones or by mixing ocean water with shelf water, which contains higher nutrient concentrations. The Plata River plume could also have reached the study area more frequently during winter-like conditions, promoting higher nutrients and terrigenous input.
Guerreiro et al. (2013) observed a more significant presence of G. oceanica in the water column associated with higher productivity related to fluvial discharge on the central Portuguese margin. Mahiques et al. (2007) and Nagai et al. (2010) suggested an increase in water column temperature and more intense action of the BC during periods of higher sea level, indicating a displacement of the warm water of the Brazil Current toward the coast, which would have prevented any increase in water productivity or the deposition of organic matter.
The correlation between the terrigenous supply, productivity, and nutrient content in surface water, represented by Gephyrocapsa spp. (Table 2), can be explained by two factors: 1) there was probably high nutrient content in the water column transported by enhanced continental runoff during lowstands of sea level and more winter-like conditions increasing the influence of the Plata River plume (Portilho-Ramos et al., 2019); and 2) the displacement of the BC toward the coast during higher sea level enhanced the influence of the TW, transporting more oligotrophic water, deepening the nutricline and preventing any increase in nutrient content (Figure 7). This shows that in the study region, Gephyrocapsa spp. is a more opportunistic species than E. huxleyi, especially when there is a more substantial influence of coastal water because G. oceanica tends to dominate such regions (Guerreiro et al., 2013; Ausín et al., 2018). Furthermore, all processes could act simultaneously, increasing continental runoff related to enhanced rainfall (Wang et al., 2007) and favorable conditions for the northward penetration of the Plata River plume, as also suggested by Portilho-Ramos et al. (2019).
During periods of lower sea level, the input of nutrients and terrigenous materials favored the productivity and deposition of organic carbon (Figures 6A–I), which was observed by Lourenço et al. (2016). Lower CaCO3 content corresponded to the period of higher SSTs, productivity, and terrigenous supply (Figures 3G,H and Figures 6A–H), which demonstrates an inverse correlation between the productivity record and carbonate content (Tables 3, 4), suggesting a possible dilution effect of the carbonate content by terrigenous input. Along with this dilution during periods of higher terrigenous input, there was an increase in FF content, increasing turbidity and lowering light penetration in the LPZ, limiting the growth of F. profunda and enhancing the relative abundance of the UPZ dweller Gephyrocapsa spp.
The deglacial transitional period was characterized by a decrease in paleoproductivity and terrigenous supply (Figures 6C–H). This was probably related to the processes discussed above (i.e., sea level rise and diminished precipitation), both limiting the nutrient input to the study area from both sources: continental input (regional input or lower Plata River plume influence) and the closer BC system increasing the oligotrophic TW influence. In addition, sea level rise may have modified the region’s geomorphology, limiting shelf-break upwelling to areas closer to the coast.
As stated before, the Holocene was a period with the lowest productivity. However, the transition between the Middle to Late Holocene had low percentages of F. profunda (EPP, Supplementary Material) in the GL-1109 core (Figure 6H). This was not related to precipitation or sea-level oscillation because these parameters were relatively stable during this period. The low F. profunda relative abundance was caused by the higher relative abundances of E. huxleyi, representing approximately 70% of the assemblage during this period (Figure 5D). Most likely, related to changes in sea surface nutrients, also in the same interval, we observed high percentages of the eutrophic indicator Helicosphaera spp. (Boeckel et al., 2006) and lower rates of oligotrophic Umbellosphaera spp. (Boeckel et al., 2006; Saavedra-Pelitero et al., 2011) and subtropical groups (Supplementary Figure S2). Austral summer-like conditions observed in the Middle-Late Holocene could have promoted increased shelf-break upwelling, which would have been enhanced due to higher BC meander-driven upwelling, causing higher rates of primary productivity in more offshore positions affecting the GL-1109 region, but not the shallower GL-824 core, which would have been influenced by colder coastal water and did not show such peaks in E. huxleyi relative abundance.
6 CONCLUSION
The distribution of terrigenous proxies, together with the fine fraction and carbonate contents, represented good indicators of the transport of sediments to the upper continental slope.
The terrigenous supply varied between the LGM and the Holocene, with the relative sea-level being the central controller and precipitation possibly enhancing this supply. Sea-level fluctuations were responsible for determining the distance between the sediment source and the core area and modulating how the BC displacement influenced sediment deposition. Therefore, the terrigenous supply was higher during the LGM, when sea level was lower and precipitation rates were higher. The BC dislocated offshore also led to a less energetic environment promoting the deposition of the fine fraction and terrigenous sediments.
The paleoproductivity of the upper slope was controlled mainly by the position of the BC main flow, which was associated with relative sea level. In the Holocene, a period of high sea level, the BC transports warm water of the TW to the upper slope, preventing any nutrient arrival, which was opposite to that during the LGM, an interval with lower sea level in which offshore displacement of the BC allowed the transport of more nutrients, enhancing primary productivity. Similar associations of this process have been made based on different proxies (Mahiques et al., 2007; Nagai et al., 2010; Lourenço et al., 2016), but this is the first study based on coccolithophores from the LGM-Holocene transition in the southwestern Atlantic.
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