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Editorial on the Research Topic 


Climate and ocean dynamics at the Brazilian margin - Past and present


Continental margins account for only about one-third of the surface covered by the oceans, but are responsible for more than 80% of the carbon sequestration in marine sediments. Tropical continental margins receive some of the largest terrestrial organic and inorganic fluxes to the marine realm. In particular, the Brazilian continental margin is located in a crucial region of the global oceanic conveyor belt and is central to the interaction between climate and ocean dynamics in low latitudes. Despite decades of research, it is not yet clear whether and how the highly vulnerable marine and terrestrial ecosystems in that region will respond to climate change. To better understand potential future climate scenarios and how they will alter the Brazilian margin, an important strategy is to reconstruct past climate and ocean dynamics. This research theme brings together synergistic research efforts from different Earth system disciplines to improve our understanding of the Brazilian margin as a key compartment of the (sub)tropical climate system and South Atlantic Ocean dynamics.

This Research Topic includes studies from the Brazilian margin that reconstruct past tropical climate and associated changes in precipitation patterns, land-sea interaction, changes in river discharge, changes in sea surface productivity, water mass properties, sediment diagenesis and geochemistry, and micropaleontological methods using foraminifera and coccolithophores.

In a very detailed investigation of marine isotope stage (MIS) 5, the study by Venancio et al. shows that foraminiferal Ba/Ca ratios can be used to to detect changes in fluvial discharge, which in turn can be linked to movements of the Intertropical Convergence Zone (ITCZ). Furthermore, the study shows that these precipitation changes were related to rapid Dansgaard/Oeschger (D/O) stadials.

Fluvial discharge from MIS 5 (and also MIS 6) is also reconstructed by Arndt et al. In this study, clay mineral compositions of deep-sea sediments are used to identify changes in the drainage basin of the Doce River caused by changes in the South Atlantic Convergence Zone (SACZ). The dominant temporal control on clay mineral composition (kaolinite and gibbsite versus illite, quartz, and albite) here appears not to be the short-term D/O cycles, but changes in Earth’s orbit, particularly the precession cycle (21 ka), which causes variations in tropical seasonality.

The coupling of the terrestrial and marine domains during the late Pleistocene and Holocene is studied by Dauner et al. They show that organic matter (OM) composition (terrestrial versus marine) exhibited increased marine productivity between 50 and 39 ka BP and shifted to a more terrestrially dominated OM regime between 30 and 20 ka BP. Such changes may be associated with variations in upwelling and fluvial nutrient supply, as well as changes in surface water masses.

Sea surface paleoproductivity off the Brazilian margin is also reconstructed by Pedrão et al. They use a combination of coccolithopore assemblages and bulk sediment geochemistry showing that marine productivity was higher during the LGM and lower during the Holocene. The authors conclude that this was due to changes in sea level that under glacial conditions resulted in an exposed shelf and increased continental nutrient input to the ocean.

Interestingly, the feedback mechanism described above can also be observed during periods of Northern Hemisphere cooling, such as Heinrich Stadial 1 (HS1) (~18.5-15 ka). Meier et al. have collected several data sets based on biomarkers, foraminifer and sedimentary geochemistry. This very comprehensive approach clearly shows that HS1 can be considered an exceptional period during the last deglaciation. During HS1, they described pronounced hydroclimatic gradients leading to an extreme climate characterized by oceanic warming, extreme precipitation, and subsequent nutrient input.

The relation between terrestrial input and deep ocean properties during the last glacial on the Brazilian margin is shown by Suarez-Ibarra et al. They combined micropaleontological (benthic and planktonic foraminifera, ostracods), geochemical (stable carbon isotopes on benthic foraminifera), and sedimentological (carbonate and bulk sand content) data in order to link insolation to sea surface productivity and how the subsequent marine snow effects deep-sea carbonate dissolution. This study nicely shows that our knowledge in benthic-pelagic coupling is still somewhat limited.

The origin of deep-sea sediments on continental slopes is an important topic for the reconstruction of past climates. In their study, Sousa et al. use rare earth elements (REE) to identify the sources of deep-sea sediments. Their data clearly show that rivers can be the main source of REE in sediments of the western South Atlantic and that Fe minerals produced by continental weathering can be the major carriers of REE.

Deep-sea sediments on continental margins not only contain detrital material, but also calcareous organisms such as benthic foraminifera that have been investigated by Saupe et al. Along three subtropical transects the authors show that benthic foraminiferal assemblages are controlled by hydrodynamic conditions opening the opportunity to reconstruct current regimes with benthic foraminifera. In addition, benthic foraminifera are also influenced by the quantity and quality of organic matter flux as well as substrate properties.

Between the deep-sea and the surface, strong currents often prevent a continuous sedimentation and therefore paleoceanographic reconstructions are limited or even lacking. One possibility to circumvent this problem is to use cold-water corals (CWC). Endress et al. studies the scleractinian CWC Solenosmilia variabilis from the Bowie Mound as an archive for temperature reconstructions using Li/Mg ratios. They show that, especially during periods of Northern Hemisphere cooling such as HS4 and HS6, the intervening water masses warmed significantly, which may provide evidence for bipolar seesaw dynamics.

Overall, this set of studies improves our understanding on the interrelations between the terrestrial and marine realms on the Brazilian continental margin. They especially stress the importance of ITCZ and SACZ dynamics during Heinrich Stadials fostering new conceptual models while strengthening research synergies across various disciplines.
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Tropical precipitation patterns will most likely be altered by future climate change, with major socioeconomic consequences for human populations that are highly reliant on water availability for subsistence like populations in northeastern (NE) Brazil. Socioeconomic consequences may be particularly disruptive in the occurrence of abrupt climate change. Understanding the response of tropical precipitation to abrupt climate change is a crucial task for improving future projections and devising adaptation policies. Past abrupt climate change events such as the Dansgaard-Oeschger (DO) cycles may provide relevant insights regarding the dynamics of the climate system under this type of climate change. Here we present a paleoceanographic reconstruction off NE Brazil based on geochemical analyses (stable oxygen isotopes, Mg/Ca and Ba/Ca) performed in planktonic foraminifera, that focus on DO stadials of Marine Isotope Stage 5 (MIS5, 130–71 ka). Our new Ba/Ca record shows increases in fluvial discharge linked to enhanced continental precipitation over NE Brazil during DO stadials of MIS5. Tropical precipitation patterns were altered with enhanced rainfall in NE Brazil during DO stadials as a consequence of a southward displacement of the Intertropical Convergence Zone, which, in turn, was likely a response to changes in ocean heat transport and sea ice cover, as highlighted by recent climate model simulations. The results presented here provide useful information on how abrupt climate change can impact tropical rainfall, which is crucial for tropical societies in order to delineate strategies to cope with future climate change.
Keywords: intertropical convergence zone, last interglacial, Dansgaard-Oeschger cycles, northeastern Brazil, sea surface temperature
INTRODUCTION
In the tropics, human populations are highly reliant on rainfall for socioeconomic development. Thus, appropriately projecting the response of tropical precipitation to future climate is crucial since it can have widespread socioeconomic impacts, especially in semiarid regions where water resources are scarce. The semiarid region of northeastern (NE) Brazil is one of the most vulnerable regions to climate change, and global and regional climate simulations suggest that this region will be impacted by rainfall deficit by the end of the century (Marengo et al., 2017). Despite the importance of this topic, the projection of future tropical rainfall by numerical models is still challenging and requires improvement (Long et al., 2016). Tropical rainfall is mainly localized in a narrow band of deep convective clouds around the Equator known as the Intertropical Convergence Zone (ITCZ). It is paramount for model projections that the dynamics of ITCZ and its response to climate change is better constrained, since tropical rainfall is strongly controlled by its latitudinal migrations (Li and Xie, 2014). Thus, reconstructing precipitation changes during past abrupt climate events creates a deeper understanding on the response of the ITCZ to climate change, helping in the assessment of future impacts (McGee et al., 2014).
Dansgaard-Oeschger (DO) cycles can provide important insights regarding the response of the ITCZ to abrupt climate change (Zhang et al., 2017). DO cycles are characterized by an initial fast warming (interstadial) followed by a gradual cooling with an abrupt cooling at the end (stadial), as described by reconstructions from the high latitudes of the Northern Hemisphere (Wolff et al., 2010). Multiple triggers have been potentially linked to the occurrence of DO cycles such as changes in strength of the Atlantic meridional overturning circulation (AMOC) (Henry et al., 2016), sea ice dynamics (Li et al., 2010; Dokken et al., 2013), solar forcing (Braun et al., 2008), and even volcanism (Bay et al., 2004). Differences between DO cycles that occurred during Marine Isotope Stage 3 (MIS3) and Marine Isotope Stage 5 (MIS5) are also noteworthy. During MIS5, DO cycles lasted longer and the background climate conditions were different from MIS3, since global temperature was higher, the westerlies exhibited a more southerly position and AMOC was more stable (Buizert and Schmittner, 2015; Santos et al., 2020). These different climate backgrounds may have produced distinct responses in the tropics during MIS5, which still need to be more investigated in the literature, especially considering that abrupt events that occurred in past interglacials have the potential to occur in future warmer climates.
In the tropics, impacts of the DO cycles in rainfall patterns due to changes in the position of the ITCZ have been reported by several studies (Peterson et al., 2000; Itambi et al., 2009; Deplazes et al., 2013; Zhang et al., 2017). Weldeab et al. (2007) showed the impact of DO cycles in the West African Monsoon for the last 155 kyr, showing millennial-scale fluctuations in riverine freshwater input during the DO cycles of MIS5. However, the lack of appropriate records from the western margin of the equatorial Atlantic hinders the assessment of the hydrological impact of DO cycles of MIS5 to NE Brazilian precipitation.
In order to address this issue, we present new high-resolution stable oxygen isotopes (δ18O), Mg/Ca and Ba/Ca from planktonic foraminifera to reconstruct past changes in surface hydrography and in riverine discharge to the western equatorial Atlantic with focus on the DO cycles of MIS5. Our data show increases in fluvial discharge off NE Brazil linked to enhanced continental precipitation during DO stadials of MIS5. These results also allowed us to investigate the most probable factors responsible for such climate fluctuations.
REGIONAL SETTING
Marine sediment core GL-1248 (0°55.2′S, 43°24.1′W, 2264 m water depth) was collected in the western equatorial Atlantic (Figure 1). The upper ocean circulation in this region is mainly influenced by the northward-flowing North Brazil Current (NBC), which originates from the bifurcation of the South Equatorial Current (SEC) around 10°S (Peterson and Stramma, 1991; Stramma and England, 1999). In the upper-ocean (<100 m), the NBC transports Tropical Water (TW), which is a warm (>20°C) and saline (>36 psu) water mass (Stramma and England, 1999).
[image: Figure 1]FIGURE 1 | Location of sediment cores GL-1248 (black dot) and core MD03-2707 (Weldeab et al., 2007) (black dot). Color-scale exhibits the mean precipitation (mm/day) between March and May extracted from GPCP dataset stored at NOAA/ESRL PSD (Adler et al., 2003) version 2.3. The Parnaíba River Basin and Sanaga/Niger River Basin (black contours) are displayed in the map.
Seasonal changes in the trade wind system drive the variability of the NBC transport (Stramma et al., 1995). During austral summer and fall the ITCZ relocates southward, and the northeast (NE) trade winds strengthen (Hastenrath and Merle, 1987). This shifts the SEC bifurcation northward and weakens the NBC (Rodrigues et al., 2007). At the same time rainfall over northeastern Brazil increases, peaking from March to April. During austral winter and spring, the southeast (SE) trade winds strengthen and the ITCZ mean position is displaced northward, consequently decreasing precipitation over NE Brazil (Hastenrath and Merle, 1987).
The Parnaíba River is the main river discharging nearby our core site, and consequently the dominant source of fluvial waters and sediments to our study area under modern and past conditions (Figure 1) (e.g., Zhang et al., 2015; Sousa et al., 2021). Its main course has a length of approximately 1,400 km (Ramos et al., 2014), while the modern Parnaíba drainage basin area is approximately 344,000 km2 (Marques et al., 2004), the latitudinal range covered by the Parnaíba basin is approximately 2–10°S.
MATERIALS AND METHODS
The age model of core GL-1248 is based on 12 AMS radiocarbon ages and the alignment of the Ti/Ca record of core GL-1248 to the ice δ18O record of the North Greenland Ice Core Project (NGRIP) using the extended Greenland Ice Core Chronology (GICC05modelext) (Andersen et al., 2004; Wolff et al., 2010). Between 6.30 and 16.66 m core depth, the chronology of core GL-1248 was derived from the alignment of the Ti/Ca record of the core with NGRIP δ18O (Supplementary Figure S1). Ti/Ca fluctuations of core GL-1248 were matched with the major changes in δ18O from the NGRIP record, with tie-points being mostly located at the midpoint of abrupt excursions on both records. In addition, the onset of the Last Interglacial was defined by aligning the Ti/Ca record of core GL-1248 with the Antarctic methane record from EPICA Dome C (Loulergue et al., 2008) at approximately 129 ka on the AICC2012 time scale (Veres et al., 2013), similarly to previous studies (e.g., Govin et al., 2015). The complete age model was constructed using linear interpolation with the software clam 2.2 (Blaauw, 2010), where we used the median values of the calibrated age distributions (Supplementary Figure S2). The age model was supported by the U/Th-dated growth intervals of Brazilian speleothems during stadials (Wang et al., 2004). Since these growth intervals correspond to wet periods in northeastern Brazil, they should be coeval to the Ti/Ca peaks in our record. Radiocarbon ages and tie-points for core GL-1248 with their respective errors are summarized in Supplementary Table S1. Further details of the age model of core GL-1248 are described in Venancio et al. (2018).
Ten tests of Globigerinoides ruber (white) (250–355 μm) from core GL-1248 were analyzed for δ18O. All tests were handpicked under a binocular microscope. Oxygen isotope analyses were performed with a Finnigan MAT 252 mass spectrometer equipped with an automated carbonate preparation device Kiel III at MARUM, University of Bremen (Germany). Isotopic results were calibrated relative to the Vienna Pee Dee Belemnite (VPDB) using the NBS19. The standard deviation of the laboratory standard was lower than 0.07‰ for the measuring period. These results were previously reported in Venancio et al. (2018).
Mg/Ca and Ba/Ca were also analyzed in planktonic foraminifera G. ruber (white). For core GL-1248, Mg/Ca and Ba/Ca analyses were performed on samples comprising 30 shells of G. ruber (white, 250–300 μm). Samples were gently crushed and cleaned following the procedure described by Barker et al. (2003). Before dilution, samples were centrifuged for 10 min to exclude any remaining insoluble particles from the analyses (Groeneveld and Chiessi, 2011). The diluted solutions were analyzed with an ICP-OES Agilent Technologies 700 Series with an autosampler (ASX-520 Cetac) and a micro-nebulizer at MARUM. Each Mg/Ca and Ba/Ca value is averaged from three replicate runs. After every five samples one of two laboratory standards was measured to estimate the external reproducibility. Elements were measured at the following spectral lines: Mg (279.553 nm), Ca (315.887 nm), Ba (455.403 nm), Al (167.019 nm) and Fe (238.204 nm). The calibration series concentration for Ca ranged from 5 to 80 ppm. Each set of samples comprised four or five different dilutions, plus one blank. Only samples with Al/Ca <0.5 mmol/mol were used. Contamination was also monitored by analyzing the Fe/Ca ratios. The Fe/Ca ratio was higher than the cut off value (0.1 mmol/mol) proposed by Barker et al. (2003). However, no correlation was found between Ba/Ca and Mg/Ca on the one hand with Fe/Ca and Al/Ca (R2 < 0.1) on the other hand (Supplementary Figure S3), providing no evidence for a link between the concentration of potential contamination-indicator elements (Fe and Al) and paleoenvironmental-indicator ratios (Mg/Ca and Ba/Ca). The Mg/Ca results were converted to temperatures using the Mg/Ca temperature equation of Gray and Evans (2019) for G. ruber (white). This equation iteratively corrects for seawater salinity and carbonate chemistry effects and we followed the method that uses pCO2 to estimate seawater pH (Gray and Evans, 2019). Results of the Mg/Ca ratios and the SST estimations with their standard deviations are provided in the supplementary material.
The δ18O of seawater (δ18Osw) was estimated using Mg/Ca-SST and δ18O from G. ruber (white) and by applying the paleotemperature equation of Mulitza et al. (2003). A conversion constant of 0.27‰ was applied to convert the values from VPDB to Vienna Standard Mean Ocean Water (VSMOW) (Hut, 1987). The effect of changes in global sea level was subtracted from the δ18Osw by considering the sea level reconstruction of Grant et al. (2012) and a glacial δ18O increase of 0.008‰ m−1 sea level lowering (Schrag et al., 2002) to estimate an ice-volume corrected δ18Osw (δ18Osw-ivc). δ18Osw estimation takes into account an uncertainty of 1.34°C for the Mg/Ca-SST estimations using the equation of Gray and Evans (2019), which is equivalent to 0.30‰ δ18O change (Mulitza et al., 2003) and an analytical error for δ18O of 0.07‰. Hence, the propagated error estimated for the δ18Osw is ±0.32‰. The δ18Osw results are provided in the supplementary material.
RESULTS
The δ18O of G. ruber (white) ranged between −1.71 and −0.13‰ during MIS5 (Figure 2B). G. ruber (white) δ18O values show marked millennial-scale increases (up to 0.6‰), which can be linked to the main DO stadials of MIS5 (Figures 2A,B). G. ruber (white) Mg/Ca values ranged from 3.36 to 4.77 mmol/mol, which is equivalent to SST estimates of 22.48–27.79°C (Figure 2C). In contrast with the δ18O values, the Mg/Ca of G. ruber (white) do not exhibit a well-marked millennial-scale pattern during MIS5. The Ba/Ca values ranged from 1.25 to 4.86 μmol/mol (Figure 2D). Despite the more scattered data, Ba/Ca of G. ruber (white) values show millennial-scale increases (up to 3.3 μmol/mol) during most of the DO stadials of MIS5 (Figure 2D). The δ18Osw-ivc exhibited values ranging from 0.78 to 2.06‰ and similarly to the δ18O values showed a well-marked millennial-scale pattern during MIS5 (Figure 2E), with increases in δ18Osw-ivc values (up to 1.2‰) during DO stadials. Besides the millennial-scale variations across MIS5, our results show a marked increase (decrease) in mean values of δ18O (Mg/Ca-SST) of G. ruber (white) at 76 ka. Mean values of δ18O and Mg/Ca-SST of G. ruber (white) subsequent to 76 ka were -0.51‰ and 23.66°C, respectively. Prior to 76 ka the δ18O and Mg/Ca-SST of G. ruber (white) were −1.15‰ and 25.86°C, respectively.
[image: Figure 2]FIGURE 2 | Geochemical results from core GL-1248 compared to North Greenland Ice Core Project (NGRIP) ice stable oxygen isotope record (δ18Oice). (A) δ18Oice from NGRIP on the GICC05modelext time scale (Andersen e al., 2004; Wolff et al., 2010; black line). (B) δ18O of Globigerinoides ruber (white) from core GL-1248 (blue line). (C) Sea surface temperature (SST) derived from Mg/Ca of Globigerinoides ruber (white) from core GL-1248 (red line). (D) ice volume corrected δ18O of seawater (δ18Osw-ivc) of Globigerinoides ruber (white) from core GL-1248 (light blue line). (E) Ba/Ca ratios of Globigerinoides ruber (white) from core GL-1248 (orange line). Ba/Ca results are shown as 5-point running-average of the data points. Dansgaard-Oeschger (DO) stadials are marked by the grey bars, and the number of the DO cycles is exhibited in panel a.
DISCUSSION
Tropical MIS5 millennial-scale changes in sea surface salinity (SSS) linked to variations in riverine runoff were previously reported for the Gulf of Guinea (Weldeab et al., 2007). The authors showed well-marked decreases in Ba/Ca and increases in δ18Osw records from core MD03-2707 during DO stadials of MIS5, both proxies suggesting increase in SSS (Figures 3D,E). Their results indicate a reduction in precipitation over the catchments of the Niger and Sanaga rivers (3–25°N) during the DO stadials of MIS5, which was linked to reduced West African monsoonal rainfall (Weldeab et al., 2007). A comparison between our Ba/Ca record from GL-1248 with the Ba/Ca from core MD03-2707 (Figure 3) shows an opposite pattern of both records during DO stadials of MIS5, with core GL-1248 showing increases in Ba/Ca while core MD03-2707 shows decrease in Ba/Ca values. However, the δ18Osw record from core GL-1248 (Figure 3) shows increased values during DO stadials, similarly to the record of core MD03-2707.
[image: Figure 3]FIGURE 3 | Comparison of hydrological changes between eastern and western equatorial Atlantic. (A) Growth intervals of speleothem and travertine from northeastern Brazil with their respective dating errors (Wang et al., 2004, blue squares). (B) δ18Osw-ivc of Globigerinoides ruber (white) from core GL-1248 (light blue line). (C) δ18Osw of Globigerinoides ruber (pink) from core MD03-2707 (dark blue line, Weldeab et al., 2007). (D) Ba/Ca ratios of Globigerinoides ruber (pink) from core MD03-2707 (green line, Weldeab et al., 2007). (E) Ba/Ca ratios of Globigerinoides ruber (white) from core GL-1248 (orange line). Ba/Ca results are shown as 5-point running-average of the data points. Dansgaard-Oeschger stadials are marked by the grey bars.
The increases in Ba/Ca in core GL-1248 indicate enhanced riverine runoff during DO stadials of MIS5 (Figure 3). This suggestion agrees with data from Wang et al. (2004), which shows speleothem growth phases linked to high rainfall periods over northeastern Brazil (Figure 3). Thus, the enhanced runoff during DO stadials was probably due to enhanced continental precipitation over the Parnaiba catchment area. Fe/K and Fe/Ca ratios records from core GL-1248, as well as from a nearby core (CDH-86; Nace et al., 2014), confirm the occurrence of intense chemical weathering and terrestrial input, respectively (Fadina et al., 2019; Sousa et al., 2021; Piacsek et al., 2021) (Supplementary Figure S4). Concomitantly, Ti/Ca values from core MD99-2198 (Tobago Basin), as molybdenum (Mo) values from core MD03-2622 (Cariaco Basin), decrease during DO stadials, indicating a reduction in terrigenous contribution at those locations (Zhuravleva et al., 2021; Gibson and Peterson, 2014). The observed increases in δ18Osw in GL-1248 (Figure 3) were probably caused by distinct ocean-atmosphere processes that influenced the δ18Osw signal, but not the Ba/Ca values. Bahr et al. (2013) explained this divergence between the Ba/Ca and δ18Osw by showing that these proxies have different mixing behaviors, it is conservative for δ18Osw and non-linear for Ba/Ca. This means that the signal of δ18Osw is more affected by the conservative mixing of different water end-members (e.g. freshwater or ocean water masses), while Ba can be removed or added into water by geochemical processes during mixing. For example, removal of adsorbed Ba by ion exchange during mixing of river and marine waters can introduce dissolved Ba into seawater (Hanor and Chan, 1977). Using core-top samples from the western tropical Atlantic, Bahr et al. (2013) showed that high Ba/Ca ratios in foraminiferal calcite can be recorded without any change in the δ18Osw.
The intriguing divergence between Ba/Ca and δ18Osw signals in the western tropical Atlantic during MIS5 was also observed for the last termination. Venancio et al. (2020) showed that Ba/Ca of core GL-1248 increased during the Younger Dryas (YD), while several δ18Osw records for the western tropical Atlantic showed increases or no clear changes in the values, with the exception of the record from core CDH-86 (Nace et al., 2014) that showed a decrease in δ18Osw during the YD. The increases in δ18Osw in the western tropical Atlantic were attributed to a reduction of the cross-equatorial transport of saline waters due to a weakening of the NBC linked to slowdowns of the AMOC during the YD (Weldeab et al., 2006; Venancio et al., 2020). The results from our study and previous published works (Bahr et al., 2013; Venancio et al., 2020) show that Ba/Ca is a reliable proxy to track past changes fluvial discharge. δ18Osw gives a signal that is the result of freshwater discharge and ocean-atmosphere processes. The enhanced freshwater discharge during DO stadials of MIS5, as revealed by the Ba/Ca record, should have been translated into a decrease in δ18Osw at our site. However, we observe increases in δ18Osw, which is probably due to oceanic processes that are driving the signal in an opposite direction. The most plausible explanation is that salinity increased off northeastern Brazil during DO stadials of MIS5 as a result of salt accumulation due to the weakening of the NBC, which is a coherent scenario considering slowdowns of the AMOC during these stadials (Böhm et al., 2015) and the coupling between AMOC and NBC dynamics (Weldeab et al., 2006). This explains the increases in δ18Osw in core GL-1248 during DO stadials of MIS5, and shows that freshwater discharge influence was surpassed by oceanic processes, which were recorded in the δ18Osw record at our site.
The antiphase rainfall responses to DO stadials of MIS5 between West Africa and northeastern Brazil suggests a common climatic mechanism. Since precipitation in both regions are influenced by the dynamics of the ITCZ, it is plausible that changes in ITCZ position caused changes in continental precipitation over the Parnaiba and Sanaga/Niger basins. Southward shifts of the ITCZ have been reported to occur during DO stadials, impacting rainfall patterns over the Cariaco Basin (Peterson et al., 2000; Deplazes et al., 2013; Gibson and Peterson, 2014), Tobago Basin (Zhuravleva et al., 2021), northeastern Brazil (Jaeschke et al., 2007; Zhang et al., 2017) and West Africa (Tjallingii et al., 2008; Itambi et al., 2009). Regarding the DO stadials of MIS5, the regional picture that emerges for tropical South America is a reduction in precipitation and runoff in Cariaco and Tobago Basins (Gibson and Peterson, 2014; Zhuravleva et al., 2021), with a concomitantly enhanced rainfall and fluvial discharge off northeastern Brazil, as shown by this study. Moreover, particularly in these regions located in South America, as in West Africa, local rainfall correlates with zonal mean ITCZ changes (Roberts et al., 2017) and might be used to evaluate large scale patterns of tropical rainfall. However, the main climatic forcing driving tropical rainfall changes linked to ITCZ shifts during DO cycles, especially during MIS5, remains elusive.
Wang et al. (2004) observed a strong correlation between speleothem growth phases and high austral autumn insolation at 10°S. This led the authors to conclude that additionally to the response of the ITCZ to the thermal bipolar seesaw (Crowley, 1992; Stocker and Johnsen, 2003), enhanced rainfall over northeastern Brazil was related to southward shifts of the ITCZ due to increased land/sea thermal contrast modulated by precessional forcing. However, although the precessional mechanism explains the enhanced rainfall during DO stadials 25 and 22, it does not explain DO stadials 21 and 20. During DO stadials 21 and 20, high Ba/Ca values off northeastern Brazil and low Ba/Ca off West Africa are observed (Figures 3, 4). Thus, although precessional forcing may have modulated tropical rainfall related to the ITCZ dynamics during the past (e.g., Nascimento et al., 2021), it cannot be the sole factor that explains these proxy records during DO stadials of MIS5.
Utida et al. (2019) suggested that past ITCZ shifts were modulated by tropical South Atlantic (TSA) SST, where positive TSA-SST anomalies led to southward displacements of the annual-mean position of the ITCZ and enhanced precipitation over northeastern Brazil. This is consistent with previous interpretations which suggested a major role of the tropical forcing over ITCZ excursions (e.g., Xie and Carton, 2004). However, TSA-SST records from cores GL-1248 and MD03-2707 do not show well-marked increases during DO stadials (Figure 4). This indicates that TSA-SST probably played a secondary role regarding southward displacements of the annual-mean position of the ITCZ during DO stadials of MIS5. Thus, it is plausible to assume that extratropical forcing might be the dominant factor linked to ITCZ shifts, in line with recent studies (Schneider et al., 2014; Seo et al., 2014; Mulitza et al., 2017; Kang et al., 2018; Kang, 2020).
[image: Figure 4]FIGURE 4 | Climatic forcings related to the tropical climate response to Dansgaard-Oeschger stadials. (A) Austral autumn insolation at 10°S (grey line, Berger and Loutre, 1991). (B) Sea surface temperature (SST) derived from Mg/Ca of Globigerinoides ruber (white) from core GL-1248 (red line) and from Mg/Ca of Globigerinoides ruber (pink) from core MD03-2707 (pink line). (C) δ18O of Globorotalia inflata from core GL-1090 (light green line, Santos et al., 2020). (D) Ba/Ca ratios of Globigerinoides ruber (white) from core GL-1248 (orange line). Ba/Ca results are shown as running-average of the data points. Dansgaard-Oeschger stadials are marked by the grey bars.
Recently, the study of Santos et al. (2020) suggested that the subtropical South Atlantic acted as a heat reservoir in periods of weakened AMOC during DO stadials of MIS 5. By using geochemical analyses performed in foraminifera recording the permanent thermocline from the western South Atlantic, the authors showed subsurface temperature and salinity increases during these events, which may also hold for the sea surface but can be hampered by local ocean-atmosphere feedbacks (Venancio et al., 2020). Such heat accumulation in the subtropics due to a weakened AMOC probably influenced the Hadley cell circulation and contributed to a southward ITCZ displacement (Frierson et al., 2013; Mulitza et al., 2017). Warming of one hemisphere leads to an ITCZ shift in order to balance the oceanic heating via cross-equatorial atmospheric energy transport (Donohoe et al., 2013; Marshall et al., 2014). Such ITCZ responses to cross-equatorial energy transport linked to AMOC changes were highlighted as the main factor that determines the magnitude of ITCZ shifts, especially if hemispherically asymmetric solar forcing is concentrated at higher latitudes (Yu and Pritchard, 2019). Except for DO stadial 25, periods with high Ba/Ca in core GL-1248 seem to coincide with the observed changes in South Atlantic subtropical heat content, exemplified by permanent thermocline δ18O from core GL-1090 (Figure 4) (Santos et al., 2020). This indicates that such atmospheric adjustments due to variations in ocean heat transport contributes to the understanding of past changes in tropical precipitation.
Climate model simulations show that sea ice cover may also influence the position of the ITCZ (Chiang and Bitz, 2005). Advances in Northern Hemisphere sea ice cause cooling in high northern latitudes, which propagates towards the equator via ocean-atmosphere feedbacks and results in a southward shift of the ITCZ (Chiang and Bitz, 2005). Changes in Northern Hemisphere sea ice are also viewed as one of the main mechanisms linked to DO cycles (Li et al., 2010; Dokken et al., 2013). Thus, the southward displacements of ITCZ during DO stadials of MIS5 revealed by our proxy records may be caused by southward expansion of sea ice in high northern latitudes. Indeed, Rama-Corredor et al. (2015) show abrupt decreases in tropical North Atlantic SST during DO stadials of MIS5 as a consequence of rapid transmission of climate signals from high to low latitudes. This is also corroborated by the results from Deplazes et al. (2013), which show that the ITCZ system responds primarily to changes in Northern Hemisphere temperatures.
The SST reconstruction from core GL-1248, together with other tropical SST records, discarded a major role of TSA-SST as a trigger of rainfall changes during DO stadials of MIS5. Also, autumn insolation cannot be the sole factor controlling ITCZ displacements during MIS5, since our Ba/Ca record and XRF data for core GL-1248 do not display a precessional pace, and autumn insolation was low during DO stadials 21 and 20, while Ba/Ca exhibited high values. Therefore, our results indicate that extratropical forcing related mainly to interhemispheric ocean heat transport and sea ice cover is probably the key factor influencing tropical rainfall changes due to ITCZ shifts during DO cycles of MIS5. Both processes impact ocean thermal gradients, which may be the main cause of the ITCZ displacements. This is in line with climate model simulations showing that tropical rainfall cannot be explained only by ocean heat transport or changes in sea ice extent (Roberts and Hopcroft, 2020). It is most probable that a combination of both factors is important in order to promote North Atlantic SST changes and consequently influence ITCZ position (Roberts and Hopcroft, 2020). Thus, tropical rainfall changes during DO stadials of MIS5 were mainly the result of meridional displacements of the ITCZ position due to extratropical perturbations. This might have been caused by ocean-atmosphere feedbacks (Chiang and Bitz, 2005) and/or changes in the energy budget (Marshall et al., 2014).
CONCLUSION
We reconstructed ocean surface conditions of the western equatorial Atlantic based on the δ18O, Mg/Ca and Ba/Ca ratios of planktonic foraminifera G. ruber (white) in order to investigate ocean-atmosphere changes during the DO stadials of MIS5. Our Ba/Ca record shows higher fluvial discharge during DO stadials, indicating enhanced rainfall over northeastern Brazil. The comparison with a Ba/Ca record from the eastern tropical Atlantic revealed opposite trends in rainfall between the West African monsoon domain and northern northeastern Brazil during DO stadials of MIS5. These opposite trends were probably caused by fluctuations in the latitudinal position of the ITCZ. We suggest that the main causes for these ITCZ displacements are changes in ocean heat transport and Northern Hemisphere sea ice cover. Our interpretations are in line with recent climate model simulations, which suggest that both factors influence the position of the ITCZ and tropical rainfall during abrupt climate events. In this sense, future changes in the meridional overturning circulation and sea ice cover, which are likely to occur under global warming, will probably alter tropical rainfall patterns, with major consequences to tropical societies. Our results provide an in-depth understanding of the dynamics of the climate system during abrupt climate change events, and highlight the need to improve strategies for mitigation and adaptation to future climate change, especially in semiarid regions which present high vulnerability to changes in the hydrological cycle.
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Studies reconstructing surface paleoproductivity and benthic environmental conditions allow us to measure the effectiveness of the biological pump, an important mechanism in the global climate system. In order to assess surface productivity changes and their effect on the seafloor, we studied the sediment core SAT-048A, spanning 43–5 ka, recovered from the continental slope (1,542 m water depth) of the southernmost Brazilian continental margin, deep western South Atlantic. We assessed the sea surface productivity, the organic matter flux to the seafloor, and calcite dissolution effects, based on micropaleontological (benthic and planktonic foraminifers, ostracods), geochemical (benthic δ13C isotopes), and sedimentological data (carbonate and bulk sand content). Superimposed on the induced changes related to the last glacial–interglacial transition, the reconstruction indicates a significant and positive correlation between the paleoproductivity proxies and the summer insolation. From the reconstructed data, it was possible to identify high (low) surface productivity, high (low) organic matter flux to the seafloor, and high (low) dissolution rates of planktonic Foraminifera tests during the glacial (postglacial). Furthermore, within the glacial, enhanced productivity was associated with higher insolation values, explained by increased northeasterly summer winds that promoted meandering and upwelling of the nutrient-rich South Atlantic Central Water. Statistical analyses support the idea that productivity is the main cause for seafloor calcium carbonate dissolution, as opposed to changes in the Atlantic Meridional Overturning Circulation (at least for the 25–4 ka period). Further efforts must be invested in the comprehension and quantification of the total organic matter and biogenic carbonate burial during time intervals with an enhanced biological pump, aiming to better understand their individual roles.
Keywords: planktonic Foraminifera, stable isotopes, Atlantic meridional overturning circulation, upper circumpolar deep water, North Atlantic deep water
INTRODUCTION
The oceanic biological pump is a primary mechanism to exchange CO2 between the atmosphere and the oceans, and is therefore critically important for the acidity of the sea water and associated carbonate dissolution (Riebesell, 2004). An intensified biological pump in the oceans leads to an increase of exported biogenic carbon and carbonate burial in the sediments (Brummer and van Eijden, 1992). Since planktonic Foraminifera are important contributors to the pelagic calcium carbonate flux (Milliman et al., 1999; Schiebel, 2002; Kučera, 2007) they represent an important component of the global climate system through their role in the oceanic carbon and carbonate pump. The connection between strong changes in the oceanic biological pump and calcite dissolution is difficult to study in modern oceans, as sample areas with sufficient differences in bioproductivity also differ in several other environmental factors, thus confounding the results. In contrast, Pleistocene climate scenarios offer the possibility to investigate a relatively stable ecosystem under intensely changing bioproductivity scenarios.
The Late Quaternary climate is characterized by orbit-related glacial–interglacial fluctuations (EPICA Community Members, 2004; Jouzel et al., 2007) associated with CO2 variations (Petit et al., 1999; Shakun et al., 2012). Nevertheless, the orbital forcing alone is not strong enough to induce the observed temperature changes and, thus, feedback mechanisms in the Earth’s climate system are expected to have amplified (or reduced) the primary signal (Lorius et al., 1990; Shackleton, 2000). The oceanic carbonate pump system is critically influenced by changes in bioproductivity. High biological surface productivity can boost population densities and biomass of benthic communities, increasing the respiration processes and leading to the remineralization of higher percentages of organic matter (OM), resulting in the release of CO2 and a reduction of the biologic carbon burial (Cronin et al., 1999; Hales, 2003). Besides, higher CO2 release at the seafloor can lead to increased dissolution of biogenic carbonate, (e.g., planktonic Foraminifera tests; Schiebel, 2002). Therefore, an enhanced biological pump can have an unexpected effect, both decreasing the OM burial and dissolving biogenic carbonates, inhibiting higher quantities of C to be stored in the seafloor sediments (e.g., Zamelczyk et al., 2012; Naik et al., 2014).
Supra-lysoclinal pelagic carbonate dissolution has been described from the western South Atlantic in the past, being related to changes in bottom water masses (Petró et al., 2018a; Petró and Burone, 2018; Petró et al., 2021). Nevertheless, the relation between calcium carbonate dissolution and sea surface productivity has not yet been approached in the studied area. In this paper, we 1) reconstruct past changes in primary and export productivity during the last glacial–interglacial interval, 2) determine mechanisms that triggered calcium carbonate dissolution, and 3) investigate the role of productivity changes on carbonate corrosion from a core retrieved above the lysocline.
Oceanographic Setting
The studied sediment core was recovered off Santa Marta Cape in the western South Atlantic (Figure 1A,B). The proximal portion of the continental shelf of the Pelotas Basin represents a submerged coastal plain (Martins, 1984) that was exposed during the last Pleistocene regression (Marine Isotope Stage 2) and dissected by drainage networks from fluvial systems (Weschenfelder et al., 2014), which contributed to larger nutrient inputs from continental outflows compared to the Holocene.
[image: Figure 1]FIGURE 1 | Location of sediment core SAT-048A and other mentioned cores (GeoB2107-3, Gu et al., 2017, Pereira et al., 2018; GeoB2104-3, Howe J. N. W. et al., 2016) in the studied area, in map view (A,B) and as latitudinal cross section (C). Seasonal variation of average sea surface salinity (measured on the psu scale) for the months of (a) January–March (austral summer) and (b) July–September (winter) are based on data from the World Ocean Atlas 2013 (WOA13, Zweng et al., 2013). The isohalines 32, 34, and 36 (dashed lines) highlight the northward intrusion of less saline water from the south during winter (b) when compared to summer (a) conditions. This is related to seasonally predominating wind regimes, indicated as white arrows. The present Río de la Plata Estuary (RdlPE) and Patos-Mirim Lagoon System (PMLS) represent important continental nutrient sources in the study area. Dissolved oxygen concentrations (c; µmol/kg) in a transect along the South American continental margin show the South Atlantic water masses that circulate in the region: Tropical Water (TW), South Atlantic Central Water (SACW), Antarctic Intermediate Water (AAIW), Upper Circumpolar Deep Water (UCDW), North Atlantic Deep Water (NADW), and Antarctic Bottom Water (AABW).
Surface circulation in the shelf portion of the study area is dominated by the northward flowing Brazil Coastal Current, which carries the Coastal Water (CW), a mixture of oceanic and continental drainage waters. Offshore, the Brazil Current (BC) transports the warm (temperature, T > 20°C) and salty (salinity, S > 36) Tropical Water (TW) southwards within the surface layer. The BC flows along the South American margin slope until it converges with the Malvinas Current (MC), a northward flowing surface current carrying the cold (T < 15°C) and fresher (S < 34.2) Subantarctic Water, forming the Brazil/Malvinas Confluence (BMC) close to 38°S (Gordon and Greengrove, 1986). The BMC forms a large meander, which separates southward of the continental margin (Peterson and Stramma, 1991; Piola and Matano, 2017), and varies seasonally and interannually, moving to the north in austral autumn and winter, and to the south in spring and summer. This variation influences the nutrient distribution along the continental shelf of the Argentinian, Uruguayan, and south Brazilian coasts (Gonzalez-Silvera et al., 2006). Presently, two main continental sources of nutrients and freshwater for the area are the Río de la Plata Estuary (RdlPE) and the Patos-Mirim Lagoon System (PMLS). Although the configuration of continental drainage certainly changed under the varying sea-level conditions of the late Quaternary, they both represent sources of continental drainage and, thus, nutrients to the study area.
The water masses that circulate in the subsurface (Figure 1C) immediately below the TW are: the South Atlantic Central Water (SACW), the Antarctic Intermediate Water (AAIW), the Upper Circumpolar Deep Water (UCDW), the North Atlantic Deep Water (NADW), and the Antarctic Bottom Water (AABW) (Reid et al., 1976; Campos et al., 1995; Hogg et al., 1996; Stramma and England, 1999). The NADW promotes the preservation of carbonate, due to its oversaturation with carbonate ion (CO32−) when compared to the overlying UCDW and the underlying AABW. Both, the UCDW and AABW, are undersaturated in CO32− and, therefore, may lead to the dissolution of carbonate (Frenz et al., 2003). Indeed, Frenz and Henrich (2007) have shown that the depth of the interface between the NADW and the AABW defines the lysocline, below which carbonate dissolution occurs.
MATERIALS AND METHODS
The piston core SAT-048A was collected by FUGRO Brasil–Serviços Submarinos e Levantamentos Ltda for the Agência Nacional do Petróleo (ANP, Brazilian National Agency of Petroleum, Natural Gas and Biofuels) at 29°11′ S and 47°15′ W at 1,542 m water depth (Figure 1). The core, with a total recovery of 315 cm, was sampled at intervals of about 6 cm, for a total of 54 samples. The core was missing the top 20 cm and the 196–217 cm interval. Each sample was washed over a 63 µm sieve and oven dried at temperatures below 60°C. The taxonomical identification of the planktonic Foraminifera species, from subsamples of at least 300 specimens larger than 150 µm split with a microsplitter, followed Bé (1967), Bé et al. (1977), Bolli and Saunders (1989), Hemleben et al. (1989), Kemle-von Mücke and Hemleben (1999), Schiebel and Hemleben (2017), and Morard et al. (2019).
We used a revised version of the Frozza et al. (2020) age model, based on the rbacon package (Blaauw and Christen, 2011; version 2.4.2) for the R software (R Core Team, 2019). The age model (Supplementary Material) used the ten AMS radiocarbon dates presented by Frozza et al. (2020), carried out on monospecific samples of planktonic Foraminifera, and the Laschamp geomagnetic excursion (J. Savian, personal communication, June 5, 2020) as an additional control point.
Past sea surface temperatures (SST) at 100 m water depth (SST100m) were estimated using the modern analogue technique (MAT; Hutson, 1980) in the software PAST (version 4.05; Hammer et al., 2001). The paleo-SST100m were calibrated with a dataset composed of: 1) relative abundances of planktonic Foraminifera of surface sediments from the South Atlantic Ocean extracted from the ForCenS database (Siccha and Kučera, 2017) as training data and 2) modern mean annual temperature estimates for 100 m below sea level, obtained from the World Ocean Atlas 2013 (Locarnini et al., 2013) and extracted with the software Ocean Data View (Schlitzer, 2020). For the weighting parameter, we used the inverse dissimilarity based on the squared Chord dissimilarity index with a threshold of 0.28 and five analogues.
Sea surface paleo-productivity was assessed from the relative abundances of the species Globigerinita glutinata (Conan and Brummer, 2000; Souto et al., 2011) and the ratio between Globigerina bulloides and Globigerinoides ruber (albus and ruber) (G.bull:G.rub; Conan et al., 2002; Toledo et al., 2008). The OM flux to the seafloor, as a response to sea surface productivity, was estimated based on the benthic:planktonic Foraminifera ratio (B:P; Berger and Diester-Haass, 1988; Loubere, 1991; Gooday, 2002). While this parameter was applied on different size fractions in the past, with no clearly defined standard, it was shown that small size fraction differences do not impact analyses considerably (Schönfeld 2012; Weinkauf. 2018). As long as data for benthic and planktonic communities, as in our case, were extracted from the same sieve size fraction. The resulting B:P ratios will be comparable, indeed, being used in the literature (e.g., de Almeida et al., 2022). The ostracod valves abundances (number of valves in the >150 µm fraction per gram of sediment), and the δ13C record of Uvigerina spp. (δ13CUvi; Mackensen, 2008) were also used to infer the OM flux to the seafloor. Part of these data (relative abundances of G. bulloides and G. ruber, δ13CUvi) were previously published by Frozza et al. (2020). For the δ13CUvi measurements, approximately seven specimens of the benthic foraminiferal genus Uvigerina were selected from the 250 µm sediment fraction from each sample. The geochemical analyses were performed with a Thermo Scientific MAT-253 mass spectrometer, coupled to a Kiel IV carbonate device, by the Laboratory of Stable Isotopes of the University of California–Santa Cruz (SIL-UCSC). All results are expressed in δ-notation relative to the Vienna Pee-Dee Belemnite (VPDB) standard.
Dissolution effect proxies for this core were published by Suárez-Ibarra et al. (2021) and were based on the 1) the planktonic Foraminifera fragmentation intensity, which follows Berger (1970)’s fragments and broken shells counting, 2) the bulk sand fraction (%; Berger et al., 1982; Gonzales et al., 2017), 3) the number of whole planktonic Foraminifera tests per Gram of sediment (PF/g, Le and Shackleton, 1992), and 4) the relative CaCO3 content of the sediment. Bulk sand contents were determined using a laser diffraction particle size analyzer Horiba Partica-LA-950 at the Climate Studies Center Centro de Estudo de Geologia Costeira e Oceânica (CECO) of the Universidade Federal do Rio Grande do Sul (UFRGS). The calcium carbonate content for the samples was determined by weight loss after reaction with 10% hydrochloric acid (HCl) at the Calcareous Microfossils Laboratory of the UFRGS.
All statistical analyses were conducted in the software PAST (version 4.05; Hammer et al., 2001). An overall relation between productivity and dissolution proxies was quantified using Spearman rank-order correlation. To objectively define phases of changing conditions through the analyzed time interval, a principal component analysis (PCA) on the correlation matrix including all the correlatable paleo-productivity proxies (PCAP) and all dissolution proxies (PCAD), respectively, was carried out. Using the first principal component of PCAP (PC1P), we objectively defined the borders between the three phases using a piecewise ordinary least-squares regression (OLS; Weinkauf et al., 2013): 1) We subdivided the PC1P vs age date into three subsets. The age-borders for each subset varied over a range of reasonable values (25.11–31.46 ka for the phase 1–Phase 2 border, 18.274–15.515 ka for the phase 2–Phase 3 border); 2) for each possible combination of phase borders, we calculated three independent OLS regression lines and their associated R2-value; 3) we calculated the overall fit of the solution as the product of the three individual R2-values; 4) the best phase border solution was the one that showed the highest overall R2-value. The relationship between summer insolation and paleo-productivity, represented by the score of PC1P, was analyzed using a reduced major axis regression. To study the interaction between productivity (PC1P), bottom water intensity (reconstructed by the 231Pa/230Th ratio; McManus et al., 2004; Böhm et al., 2015), and dissolution (PC1D), a multiple linear regression was carried out.
RESULTS
Sediments from core SAT-048A represent hemipelagic muds rich in carbonate. The average grain size of the samples is slightly sandy mud, and in general, ranges from slightly clayey mud to muddy sand in some cases. The recovered sediments correspond to the latest Pleistocene and early/middle Holocene muds of the Imbé formation. The age model (Supplementary Material) indicates sample ages ranging from 43 to 5 ka.
Planktonic Foraminifera species indicate two contrasting temporal distribution patterns: 1) species with higher abundances during the Late Pleistocene that decreased in abundance towards the Holocene, Globigerinita glutinata (Figure 2C), Globigerina bulloides, Globoconella inflata, and Neogloboquadrina incompta (Supplementary Material); 2) species with lower abundance values during the Late Pleistocene and higher abundances in the Holocene, Globigerinoides ruber albus and G. ruber ruber, Trilobatus sacculifer, Globorotalia menardii, Globigerinella calida, Orbulina universa, Globorotalia tumida, and Globigerinoides conglobatus (Supplementary Material).
[image: Figure 2]FIGURE 2 | Fluctuations in summer insolation, paleoenvironmental proxies for surface productivity, organic matter (OM) flux to the seafloor, CaCO3 dissolution, Atlantic Meridional Overturning Circulation (AMOC) speed, and relative sea level. (A) Austral summer (February) insolation at 31° S (Laskar et al., 2004) (B–C) relative abundance of G. glutinata in cores GeoB2107-3 (b; Pereira et al., 2018) and SAT-048A (c; this study); (D) G. bulloides/G. ruber ratio (G.bull:G.rub); (E) SST100m (°C) (F–G) relative abundance of T. quinqueloba (f) and G. falconensis (g); (H) δ13CUvi (‰); (I) Benthic/Planktonic Foraminifera ratio (B:P) (J) CaCO3 content of the sediment (K) number of planktonic Foraminifera tests per gram of sediment (PF/g) (L) sand bulk content (%) (M) fragmentation intensity (N) 231Pa/230Th values from McManus et al. (2004; squares), Lippold et al. (2009; circles), and Böhm et al. (2015; triangles) (O) Ostracods per gram of sediment (valves/g) (P) relative sea level (RSL; Waelbroeck et al., 2002). Note the inverted y-axes in (f), (g), and (i–k) to aid visualization. Proxies printed in black belong to sediment core SAT-048A. The three phases indicated in the plot are based on a principal component analysis of all productivity values, as shown in Figure 3.
The performance of the MAT (shown in the Supplementary Material) was generally very good, with an R2 of 0.993. The annual mean paleo-SST100m estimates for core SAT-048A are shown in Figure 2E (residuals shown in Supplementary Material). The annual mean reconstructions show lower values from the bottom of the core until 37 ka (on average 16°C), although the lowest value occurred at 25 ka (15.2°C). For the 37–15 ka period, the observed temperature variation was larger and fluctuated faster than during the rest of the record, spanning from 15 to 19°C. A warming trend is indicated to have occurred before the Last Glacial Maximum (LGM) at 25 ka, with values between 19 and 23°C and the warmest SST100m value (22.5°C) observed at 7 ka.
All reconstructed paleoenvironmental proxies are shown in Figure 2. Paleo-productivity shows highest values in the 43–32/34 ka interval (superimposed on a decreasing trend), when reconstructed from G. glutinata abundances (Figure 2C) and the G. bull:G.rub ratios (Figure 2D), respectively. A relative plateau is witnessed for both proxies from 32/34 to 25 ka. The following time interval (25–17 ka) is characterized by an increasing trend. From 17 to 5 ka, G. glutinata and the G. bull:G.rub ratio show a decreasing trend with some of the lowest values of the entire record. The abundance of ostracods valves (Figure 2) is low during the 43–27 ka interval, then increases until 10 ka, and decreases afterward.
We ran a Spearman rank-order correlation to test the relationship between different productivity and dissolution proxies (Table 1). When the correlation was significant at the α = 0.05-level, the correlation coefficients ρ were categorized as either weak (|ρ| = 0–0.33), medium (|ρ| = 0.34–0.66), or strong (|ρ| = 0.67–1). The paleo-productivity proxies G. bull/G.rub and G. glutinata (%) are not significantly correlated (p = 0.556), nevertheless, the correlations between productivity and OM flux proxies are all significant, ranging from medium to strong correlations. All the dissolution proxies are significantly correlated, also ranging from medium to strong. The correlation between productivity, OM flux and dissolution proxies are all significant, ranging from weak to strong relations, except for the FI vs G. glutinata (%) and the bulk sand (%) vs G. glutinata (%) proxies. The OM flux proxy Ostracod valves only showed a medium correlation with the G. bull/G.rub proxy and was also weakly–moderately correlated to three dissolution proxies.
TABLE 1 | Correlation coefficient (ρ) and statistical significance (p) for productivity and dissolution indices in sediment core SAT-048A from the western South Atlantic. G. glutinata (%): Relative abundance of Globigerinita glutinata; δ13CUvi: VPDB δ13C-values of shells of the benthic foraminifer genus Uvigerina; B:P: Ratio between benthic and planktonic Foraminifera; CaCO3 (%): Relative CaCO3 content of the sediment; FI: Planktonic foraminifera fragmentation intensity; PF/g: Number of Planktonic foraminiferal tests per gram of sediment; bulk sand (%): Relative sand content of the sediment; Ostracod valves: Number of Ostracod valves per Gram of sediment. Significant p-values (at α = 0.05) are highlighted in bold; for these, the correlation coefficient was marked as weak (italics), medium (bold), or strong (bold-italics).
[image: Table 1]These results indicate that all these proxies are also influenced by other environmental parameters, not just productivity and dissolution, respectively. Therefore, not any single proxy is suitable to provide an unbiased picture of the past environment. We, thus, aimed to develop synthetic productivity and dissolution proxies by combining all information in a PCA, which on its first axis amplifies the direction of largest variation in both parameters. PCAs were run both for productivity/OM flux (G.bull/G.rub, G. glutinata (%), δ13CUvi, and B:P; PCAP) and dissolution proxies (CaCO3, FI, PF/g, and bulk sand (%), PCAD) on the data centered at zero and scaled to unit variance (Supplementary Material). The first principal component of the productivity/OM flux analysis (PC1P) explains 62.14% of the variance in the data, while the first principal component for the dissolution proxies (PC1D) captures 74.88% of data variance. The trends of PC1P and PC1D are shown in Figure 3, where the borders between three phases are based on the best solution of a set of piecewise OLS regressions with combinations of 70 feasible phase border scenarios. The loadings of the components on the principal component axes and the individual R2-values from the piecewise regressions on which the phase borders are based are shown in the Supplementary Material. The optimal phase borders were determined by the R2-product of 0.251 as follows: phase 1 (42.32–29.12 ka), where PC1p values decreased, indicating a reduction in productivity; phase 2 (28.56–16.15 ka), with stable to slightly increasing paleo-productivities; and phase 3 (15.51–5.77 ka), where productivity decreased again during the Holocene.
[image: Figure 3]FIGURE 3 | Mean average for the first principal components of principal component analyses on all productivity proxies (PC1P, black line) and all dissolution proxies (PC1D, red line) in samples from sediment core SAT-048A in the South Atlantic. The purple line represents the Austral summer (February) insolation at 31° S (Laskar et al., 2004). The three phases defined by productivity trends (decreasing in phases 1 and 3, increasing in phase 2) are indicated. Dominant species of planktonic Foraminifera (Globigerina bulloides in phase 1, Globigerinoides ruber in phase 3) are indicated.
A reduced major axis regression between summer insolation and PC1P (Supplementary Material) yielded a significant (p < 0.001) correlation value of 0.476. A multiple linear regression between the independent variable PC1P and bottom water velocity (231Pa/230Th) and PC1D as dependent variable was carried out and results are shown in Table 2. Only PC1P is significantly influencing dissolution, and explains around 51% of the observed dissolution signal.
TABLE 2 | Results from a multiple linear regression between summarized paleo-productivity (PC1P; first axis of a principal component analysis including all correlatable productivity proxies) and bottom water velocity231Pa/230Th and summarized dissolution (first axis of a principal component analysis including all dissolution proxies) as dependent variable for sediment core SAT-048A from the South Atlantic. p-values significant at α = 0.05 are indicated in bold.
[image: Table 2]DISCUSSION
Radiocarbon Reversals
The occurrence of reversals in planktonic Foraminifera radiocarbon dates are not rare in the studies of the south Brazilian continental margin (SBCM, e.g., Sortor and Lund, 2011; Hoffman and Lund, 2012; Portilho-Ramos et al., 2019), being related either to: 1) morphological features of the sea bottom that remobilize sediments (such as turbidity or contour currents), or to 2) post-depositional chemical processes that affect the 14C concentrations. The age model of core SAT-048A here presented (Supplementary Figure S3) indicates three intervals where samples yielded mean older ages (Supplementary Table S3). Nevertheless, the only significant difference is shown in the sample at 183.5 cm depth (31.1 ka before calibration), between 217 and 149 cm (27.8–22.7 ka), an interval constituted by hemipelagic mud rich in carbonate. According to Kowsmann et al. (2014), features of geological instability for the SBCM usually occurred between 28 and 15 ka, during relative low sea levels. Nevertheless, reversals of AMS 14C planktonic Foraminifera dates from core SAT-048A are not associated to abrupt changes on the grain size record (Supplementary Figure S4). Moreover, the action of contour currents in the proximities of the study area (Viana, 2001; Duarte and Viana, 2007; Hernández-Molina et al., 2016) could, have gradually remobilized older particles (such as planktonic Foraminifera shells), masking the 14C ages and increasing the temporal mixing.
Regarding the chemical processes, Rodrigues et al. (2020) reported older radiocarbon dates likely due to the upward migration of 14C-depleted methane fluids from gas chimneys, as already reported for the south portion of the SBCM (Portilho-Ramos et al., 2018; Ketzer et al., 2020), which can precipitate in shell interstitial pores (Wycech et al., 2016), producing an alteration in the radiocarbon dates. Given the above, we tried to diminish the impact of radiocarbon reversals by using 1) a high number of correlation points (10 radiocarbon dates and one geomagnetic correlation point) and, 2) the rbacon package for software R, which implements Bayesian statistics that calculate mean ages for age model constructions, and has the capacity to deal with 14C reversals.
Sea Surface Productivity
Three phases were defined from the PC1P trends (Figure 3). Phases 3 and 1 fall into time intervals with decreasing summer insolation values, while phase 2 is characterized by increasing summer insolation. The correlation between PC1P and summer insolation values is supported by the significant (p < 0.001) values of a reduced major axis regression (r = 0.476). This is supported by mechanisms, reported in the literature, that drove the paleo-productivity changes in the western South Atlantic. Portilho-Ramos et al. (2019) explained the high glacial productivity by a combination of short – but highly productive – austral summer upwelling periods and prolonged winter conditions favorable to the intrusion of RdlPE.
The short summer upwelling periods resulted from the enhanced northeasterly (NE) winds blowing along the shore during intervals with high summer insolation, both directly, by pushing surface waters offshore due to the Ekman transport (Chen et al., 2019), and indirectly by strengthening the BC meandering and, therefore, enhancing shelf break upwelling (Portilho-Ramos et al., 2015; Pereira et al., 2018). This interpretation is supported by the observed changes in the relative abundances of: 1) Globigerinita glutinata (Conan and Brummer, 2000; Souto et al., 2011), a species that feeds on diatoms (Schiebel and Hemleben, 2017) and therefore benefits from the glacial silicic acid-rich SACW intrusions in the area (Portilho-Ramos et al., 2019) (Figure 2B,C); 2) Turborotalita quinqueloba, which is associated with stronger intrusions of cooler SACW into the photic zone (Souto, et al., 2011; Lessa et al., 2014, 2016) (Figure 2F); and 3) Globigerina falconensis, which is associated with eutrophic conditions (Sousa et al., 2014) (Figure 2G). Additionally, a reconstructed SST100m cooler than 20°C (Campos et al., 2000; Silveira et al., 2000; Castelão et al., 2004) along with a G. bull:G.rub ratio higher than 0.25 (Lessa et al., 2014) for the Pleistocene portion of the record indicates a constant presence of the SACW in the subsurface during the short austral upwelling of the late glacial.
Prolonged winter conditions involved prevalent southwesterly (SW) winds year-round which carried outflows from the Río de La Plata (RdlPE) (Pimenta et al., 2005; Piola et al., 2005) and other continental sources (Camaquã, Jaguarão, and Jacuí rivers)—presently converging in the PMLS–closer to the study area (Piola et al., 2000; Nagai et al., 2014). Strengthened SW winds would also displace the BMC to a location closer to the area (Gonzalez-Silvera et al., 2006), which is supported by the higher relative abundances of Globoconella inflata and Neogloboquadrina incompta (Supplementary Material). The abundances of these two species can be interpreted as an indicator for a BMC closer to the study area (Boltovskoy et al., 1996), induced by the enhanced SW winds during the late last glacial.
Several authors suggest that during low relative sea levels (glacial times), periods of higher nutrient availability and increased terrigenous sediment input were favored due to the more offshore position of the BC and the exposure of the continental shelf (Mahiques et al., 2007; Gu et al., 2017; Pereira et al., 2018, Portilho-Ramos et al., 2019). Moreover, the Río de la Plata (Lantzsch et al., 2014) and Jacuí and Camaquã river paleo-drainages (Weschenfelder et al., 2014) were closer to the study area during this interval (higher influence of the PMLS). Higher Fe/Ca values (Heil, 2006), higher relative abundances of eutrophile dinoflagellate cysts species (Gu et al., 2017), and high terrestrial palynomorph proportions (Bottezini et al., 2022), are all evidence of the greater influence of continental outflow in the study area under lower relative sea levels during the late last glacial (which approximately corresponds to our phases 1 and 2). Medium paleo-productivity estimates during the LGM (relative sea level approximately 120 m lower; Figure 3) stand in contrast to the higher sea levels during phase 1 (relative sea level approximately 75 m below, Waelbroeck et al., 2002), where higher (terrigenous-related) fertilization was expected due the lower eustatic sea level. This suggests a different influence for the continental terrigenous fertilization for mid-depth cores retrieved from the continental slope. In contrast, for the Holocene, the higher relative sea level and onshore displacement of the BC, as well as the absence of the SACW, inhibited the photic zone fertilization, leading to oligotrophic conditions (Mahiques et al., 2007), witnessed in the phase 3.
Organic Matter Flux to the Seafloor and Carbonate Dissolution
Orbital to suborbital climate cycles can influence the abundance of deep-sea benthic communities (Cronin et al., 1999). Since abundance fluctuations of benthic Foraminifera and ostracods are related to variations in particulate organic carbon fluxes to the seafloor (Smith et al., 1997; Rex et al., 2006; Rex and Etter, 2010), their use as surface paleo-productivity indicators is widespread (Nees et al., 1999; Herguera, 2000; Rasmussen et al., 2002; Gooday, 2003; Yasuhara et al., 2012). The surface productivity fluctuations, indicated by the G. glutinata abundance and G. bull:G.rub, are significantly correlated to those of the OM flux recorded by the B:P ratio and the δ13CUvi (Table 1). This effective OM export from the surface to the seafloor revealed a high benthic–pelagic coupling (Toledo et al., 2007). The B:P changes are accompanied by a similar trend in inverse δ13CUvi (Figure 2H,I), which are expected to decrease when higher OM fluxes, rich in 12C due to the preferential incorporation of the light isotope during photosynthesis (Wefer et al., 1999), reach the seabed (Ravello and Hillaire-Marcel, 2007). Nevertheless, the abundance of ostracod valves (Figure 2) was only significantly correlated with G. bull:G. rub ratio values. Intriguingly, ostracod valves showed a hump-shaped relation with productivity (Yasuhara et al., 2012), where values increased under moderate OM supply and declined under very low and very high productive conditions. This is because under high-productivity scenarios, oxygen levels at the sea floor tend to decrease and deep-sea ostracods, which are mostly epifaunal (Jöst et al., 2017), would not respond well to such an environment. On the other hand, ostracods valves had a significant (p > 0.001) strong correlation (ρ = −0.701) with paleo-bathymetric variations, where abundances decreased exponentially with water depth increase (Rex et al., 2006; Rex and Etter, 2010).
Dissolution indicators suggest higher calcium carbonate dissolution during the beginning of Phases 1 and the transition of phases 2 and 3 (Figure 2, 3), related to the OM flux. Enhanced dissolution could theoretically be triggered by two different processes: 1) increase in CO2 concentrations (decreasing the water pH) due to the remineralization of OM at the seafloor (Jahnke et al., 1997; Schiebel, 2002) or 2) changes in the bottom water mass configuration related to AMOC dynamics (speed or geometry). Although the B:P ratios are also used as a dissolution indicator (Berger and Diester-Haass, 1988; Conan et al., 2002), Kučera (2007) states that this is only applicable for abyssal depths. We also have evidence from regional studies (Petró et al., 2018b) that benthic foraminifera are more prone to dissolution in this setting than planktonic foraminifers. This means that our observed B:P ratios are, in the worst case, an underestimate of the real situation because dissolution would attenuate it.
In the SBCM basins, the δ13CUvi values have been used to infer oscillations of OM input (Toledo et al., 2007; Dias et al., 2018; Rodrigues et al., 2018; Frozza et al., 2020). Nevertheless, δ13CUvi values are influenced by several factors, such as accumulation rates of organic carbon, regional changes of water masses, the global carbon cycle, photosynthesis respiration processes, temperature, and pH (Ravelo and Hillaire-Marcel, 2007; Hesse et al., 2014). Calcite dissolution has, in contrast, no influence on the foraminiferal δ13C (Petró et al., 2018b). Lund et al. (2015) suggested that lower values of benthic δ13C during glacial times are associated with a weak AMOC. Nevertheless, the fluctuations of δ13CUvi and the carbonate preservation could be the result of the interplay between the OM flux and water masses changes.
Based on εNd in planktonic Foraminifera at mid-depths in the western South Atlantic, Howe et al. (2016, 2018) showed variations of water masses at intermediate depths of 1,000–1,200 m (cores GeoB2107-3 and KNR159-3-36GGC) during the Holocene, and at 2,200 m (core GL-1090) since Heinrich Stadial 1. After the Heinrich Stadial 1, core GL-1090s εNd values decreased, becoming less radiogenic and more related to modern upper NADW values, while cores GeoB2107-3’s and KNR159-3-36GGC’s εNd values increased after about 10 ka, becoming more radiogenic and showing more affinity with modern AAIW. Sediment core GeoB2104-3 (1,500 m) is located between these aforementioned cores, at the same depth as sediment core SAT-048A on which the present study is based, at its εNd values remained stable during the 25–4 ka interval (Howe J. N. W. et al., 2016). This indicates that SAT048A’s δ13CUvi fluctuations were produced by the OM bottom flux rather than water masses reconfigurations–at least throughout the studied time interval.
In addition, the 231Pa/230Th ratio (Figure 2N) has been used to track the intensity of the AMOC (McManus et al., 2004; Lippold et al., 2009; Böhm et al., 2015), where lower values indicate a strengthened AMOC. During periods of high 231Pa/230Th values and indicating AMOC slowdown (like Heinrich Stadials), a higher concentration of respired CO2 is accumulated in seafloor water masses. As proposed by Howe JN. et al. (2016), this is a possible explanation for the intervals of increased calcium carbonate dissolution. Nevertheless, the results from the multiple linear regression (Table 2) point to paleo-productivity as the main factor to influence dissolution. The multiple linear regression designates the sea surface productivity and OM flux to the seafloor as the principal agents of the calcium carbonate dissolution (Figure 4), at least for the 25–4 ka interval, which is related to changes in the summer insolation. This is true, even including the decoupling between productivity and dissolution visible in our data during the last ca. 5 kyrs (Figure 3). We hypothesize that the increasing dissolution at constantly low productivity, high AMOC rates (Figure 2N) and stable water mass configuration during this last segment of the record is related to the rising temperatures in this period, which increased the Mg/Ca values of the biogenic carbonate. Since higher Mg content facilitates dissolution of calcite, shells produced during this time would be more prone to dissolution, so that other environmental parameters were no longer the major factors that affected calcite dissolution. Future studies should investigate possible changes in bottom water mass configuration through εNd isotopes for the entire studied section to 1) increase our understanding of productivity-related carbon dissolution at the sea floor and 2) quantify the impact of changes of the biological pump on the total organic carbon and biogenic carbonates burial. This will considerably aid the understanding of the glacial inorganic carbon sequestration.
[image: Figure 4]FIGURE 4 | Schematic representation of two possible end-member scenarios affecting carbonate dissolution on deep-water assemblages of sediment core SAT-048A (South Atlantic). The paleoceanographic changes could be triggered by: (A) Low organic matter (OM) inputs to the seafloor, which results in lower benthic abundances and better preservation of CaCO3, or (B) high OM input that increases benthic abundances and CO2 concentrations, decreases the seawater pH, and dissolves the planktonic Foraminifera tests (fragmentation on benthic Foraminifera was not assessed).
CONCLUSION
Planktonic Foraminifera assemblages from sediment core SAT-048A, along with geochemical analyses and sedimentological data, enabled us to reconstruct the surface and bottom water conditions that occurred during the last 43 kyrs in the western South Atlantic, and to contextualize the related production-dissolution processes in the area. The Pleistocene–Holocene transition was characterized by a shift from a glacial eutrophic environment to more oligotrophic post-glacial conditions, as suggested by the G. bull:G.rub ratio and the SST100m, where intrusions of the nutrient-rich SACW were inhibited and the RdlPE and local river discharges (nowadays PMLS) were placed further away from the core site. The orbital-scale fluctuations of the upwelling dynamics (indicated by the relative abundances of G. glutinata and T. quinqueloba), modulated by insolation and NE wind changes, directly influenced the surface productivity and the OM fluxes to the seafloor (as shown by the B:P ratio and δ13CUvi). Imposed on the mechanisms behind the glacial–interglacial changes, stronger NE winds, generated by higher summer insolation, fertilized the photic zone, strengthened the BC, increased meandering, and enhanced intrusion of cooler and nutrient-richer waters into the subsurface layers. The enhanced upwelling conditions were also registered at the sea floor, where the bacterial decomposition of OM and the respiration of higher abundances of benthic communities increased the CO2 concentration, which created more acidic conditions that caused different levels of carbonate dissolution, evidenced in the fragmentation of the planktonic Foraminifera tests. While changes in the bottom water masses could hypothetically cause the calcium carbonate dissolution, εNd analyses in a nearby sediment core at the same depth suggest no changes in the bottom water mass influence for the 25–4 ka interval, pointing to sea surface productivity and the intensity of the AMOC as possible causes of the carbonate dissolution. A multiple linear regression between summarized productivity and 231Pa/230Th (proxy for AMOC intensity), indicates that productivity is the main controlling factor of calcium carbonate dissolution. The continental influence (i.e., terrigenous input) must be better assessed in future studies, since, in contrast to expectations, no increased productivity was registered during the lowest relative sea level (LGM), when terrestrial input should have been highest. The dissolution of planktonic Foraminifera tests, induced by an enhanced biological pump (evidenced in the high glacial surface productivity and the high OM fluxes to the sea floor), must call the attention to future research, since a strong biological pump influences biogenic carbonate burial and CO2 sequestration and burial at the seafloor.
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We reconstruct paleoredox conditions in the Western Equatorial Atlantic (WEA) over the glacial-interglacial cycle (~130 ka) by using new high-resolution REEs data and their anomalies from a marine sediment core (GL-1248) collected from the equatorial margin off the continental shelf of NE Brazil. This approach aims to improve the understanding of the dynamics of paleoclimatic and sedimentary inputs on the coast of northeastern Brazil. Marine sediments were analyzed via Mass Spectrometry (ICP-MS) after total digestion with HF/HNO3. REEs proxies are a useful tool in understanding the transport and origin of sediments due to their physicochemical properties. Our data showed the Parnaíba River was the main source of REEs content in the western South Atlantic. Fe minerals (Fe-oxyhydroxides) produced via weathering of continental and tropical soils were the principal REE-carrier phase during transportation and ultimate deposition at core site GL-1248. Several regional climatic factors mainly rainfall changes contributed significantly to continental-REEs erosion of sedimentary layers of the Parnaíba Basin, and transport and deposition of the mobilized REEs from the continent to the study site. Furthermore, changes in the negative Ce-anomaly showed low variation along the core indicating a reduction in deep ocean oxygenation during the interglacial relative to the last glacial period. That variation, probably, was associated with glacial-interglacial variations in sea level with the exposure of the continental shelf. The origin of positive Eu anomalies in siliciclastic sediment, also observed in the core, was explained by preferential retention by feldspars such as plagioclases and potassium feldspars mostly from the assimilation of felspar during fractionation crystallization of felsic magma in the Parnaíba basin since the Last Interglacial.




Keywords: Rare Earth Elements, glacial-interglacial, weathering, Parnaíba Basin, sea level, Northeast Brazil



Introduction

The pattern of abundance in rare earth elements (REEs) has been applied as a reliable geochemical tool in paleoenvironmental and paleoclimatic studies to trace weathering, provenance, and climate changes that have occurred on the continent during the past (Taylor and McLennan, 1985). This is possible due to the physical and chemical characteristics of the REEs due to their electron configuration (+3), poor solubility, and the low concentrations in the waters of rivers and oceans. The REEs utility is further enhanced by its strong binding capability with sediments, low natural background levels, chemical stability, and low mobility (Antonina et al., 2013). Furthermore, REEs has a specific chemical behavior along the sedimentary column and differences in atomic weight strongly allows fractionation during geochemical processes that can be observed via normalization (Yusof et al., 2001). The exception to this rule is Ce and Eu, which, unlike the other REEs, can be subjected to the effects of redox processes, alternating their trivalent valences to Ce4+ and Eu2+ (De Baar et al., 1983; German and Elderfield, 1990).

Over the last few decades, much attention has been given to the application of Ce anomalies in paleoceanographic studies examining bottom water redox conditions (Wright-Clark and Holser, 1981; Elderfield and Pagett, 1986; Wang et al., 1986; Liu et al., 1988; Liu and Schmitt, 1990; Pattan et al., 2005; Tostevin et al., 2016), tectonic and stratigraphic reconstruction (Murray et al., 1990a; Murray et al., 1990b), diagenetic process (German and Elderfield, 1990; Murray et al., 1991) and as a potential indicator of eustatic sea-level changes (Wilde et al., 1996). Moreover, Ce-anomalies may help identify systematic variations in the sedimentary column, and the evolution of the environment by natural processes of continental erosion and autochthonous supply by continental shelf environments (Tostevin et al., 2016). Thus, it is also possible to investigate past climatic events and their consequences for the sedimentary dynamics (Xu et al., 2011). However, studies focusing on using REEs proxies for understanding paleoredox conditions in the western equatorial Atlantic (WEA) are still scarce. A wide approach on the topic is limited by the fact that in tropical/equatorial regions, the chemical and mineralogical composition of the sediment transported by rivers is strongly dependent on parent rock in the drainage basin, the intensity of weathering, and various grain sizes effects (Bouchez et al., 2011; Rousseau et al., 2019).

A recent study by Bohm et al. (2015) indicated a strong rate of ventilation in the deep Atlantic during interglacial periods. In the middle to deep Atlantic, a higher oxygenation rate was observed during the same period concerning glacial periods (Jaccard and Galbraith, 2012; Hoogakker et al., 2015). Moreover, millennial variations in redox conditions in the deep Atlantic are widely observed during the last glacial period (Hoogakker et al., 2015; Gottschalk et al., 2016). The reduction in glacial ocean oxygenation was possibly caused by increases in the biological pump, due to the remineralization of organic matter, and by the decrease in the rate of deep ocean ventilation associated with the reorganization of ocean circulation. Meanwhile, the Atlantic meridional overturning circulation (AMOC) in its warm mode during interglacial periods ventilates the mid-to-deep Atlantic Ocean (Rahmstorf, 2002). Many studies support the accumulation of remineralized carbon in the deep ocean during glacial periods (Curry and Oppo, 2005; Chalk et al., 2019). Given the depth of the GL-1248 sediment core (2264 m), it is expected to record changes in mid-depth Atlantic redox conditions over the last glacial-interglacial variation cycle.

Here, we present high-resolution data for the reconstruction of paleoredox conditions in the WEA over the glacial-interglacial cycle using REEs content and their anomalies from marine sediment core (GL-1248) collected along the equatorial Brazil margin off the continental shelf of NE Brazil. In addition, we compare our data with other relevant geochemical proxies and mineralogical information, to better constrain the causes behind the observed paleoredox changes, related to both drivers on the continent and Brazilian equatorial margin.



Materials and Methods


Location, Lithology, and Sampling

A 19.29-m long marine sediment core (GL-1248) was collected at a water depth of 2264-m by Petróleo Brasileiro S.A. (Petrobrás) on the continental slope off the coast of northeastern Brazil (0°55.2’S; 43°24.1’W). The core location was 170 km off the coastline and 280 km to the north of the mouth of the Parnaiba River (Figure 1).




Figure 1 | The regional map shows the location of marine core GL-1248 from the western equatorial Atlantic (WEA) with the southmost position of the Intertropical Convergence Zone (ITCZ) during the end of austral summer (March-April). The core is represented by the red dot in geographic coordinates 0°55.2’S, 43°24.1’W; 2.264 m. The map also shows relevant surface currents such as the South Equatorial Current (SEC), North Equatorial Countercurrent (NECC), Brazilian Current (BC), and the North Brazil Current (NBC) in black arrows. The dashed blue line displays the approximate southern position of the Intertropical Convergence Zone (ITCZ) during austral summer (December–March). Source: References of Paleorecords according to Wang et al. (2004); Nace et al. (2014), Dupont et al. (2010), Zhang et al. (2015), figure adapted by Piacsek, 2020.



Venancio et al. (2018) previously described the lithological composition of GL-1248. It consists of greenish to olive sediments rich in silty clay between 1.00-12.99 m and 16.60-19.29 m. The sedimentary interval between 0-1.00 m and 12.99 to 16.60 m contains carbonate-rich sediments represented by more reddish and whitish clays.

The sub-sampling from core GL-1248 was conducted at the Operational Oceanography Laboratory (LOOP- UFF) by slicing at a resolution of 1 sample for every 4 centimeters. These samples were identified with core ID (GL-1248) followed by layer number, packed in an ultra-freezer, and subsequently freeze-dried. The lyophilized samples were ground using an agate mortar to homogenize particle size. The dry powder was weighed on a high precision analytical balance with 150 mg per sample and posteriorly inserted into porcelain crucibles. After that, the vessel was left in a muffle oven heated to 500°C for about 4 hours to eliminate the organic matter.



Sediment Core Chronology

The depth-age model of GL-1248 indicated the core covers the last 130 thousand years (details of the depth-age model can be seen at Venancio et al., 2018). The age model is based on 12 Accelerator Mass Spectrometry (AMS) radiocarbon ages for the upper 6.30-m core depth (~ 43.670 ka). For the lower part of core GL-1248 (6.30 to 16.66 m core depth; ~ 44-128 ka), ages were obtained through the alignment of the Ti/Ca ratio to the ice δ18O record of the North Greenland Ice Core Project (Members, 2004; Wolff et al., 2010). They were established as MIS 1 (starts at 14 ka before present), MIS 3 (29–57 ka), MIS 4 (57–71 ka), MIS 5a (peak at 82 ka), MIS 5b (peak at 87 ka), MIS 5c (peak at 96 ka), MIS 5d (peak at 109 ka), MIS 5e (peak at 123 ka).



Geochemical Analysis

As described by Fadina et al. (2019), core GL-1248 was sampled every 4 cm (323 total samples) for bulk analyses, as Total Organic Carbon (TOC, in %) and stable isotopes (δ13C and δ15N) analyses. Each sample was encapsulated in a tin (Sn) capsule after carbonate removal via acidification with 1 M HCl, 60 mg of dried and pulverized sediment. The bulk analysis was performed using a PDZ Europa ANCA-GSL elemental analyzer at the Stable Isotope Facility of the University of California, Davis (USA) with an analytical precision of ± 0.09%.

Elemental intensities of core GL-1248 (Fe, Ti, Ca, K, Al, and Mn) were obtained by scanning the split core surfaces of the archive halves with X-ray fluorescence Core Scanner II (AVAATECH Serial number 2), which is a semi-quantitative method for stepwise geochemical characterization of sediment cores at MARUM, University of Bremen (Germany). The XRF measurements were made downcore every 0.5 cm by irradiating 10 mm to 12 mm of the surface for the 20s at 10 kV. For a detailed description of the method, see Venancio et al. (2018).



REE Preparation

The approximately 0.150 g of the marine sediments samples (a total of 310) were roasted in muffle furnace for 2 hours at 450°C. After roasting time was achieved, samples were unloaded immediately from muffle furnace and were kept in desiccator to cool down. Each roasted samples were reweighed on a high precision analytical balance (± 0.0001g precision) to a total weight of about 0.1 g and added in the vessel to be digested in a Microwave (Speedwave®four - Berghof) with 4.0 mL mono-distilled nitric acid (HNO3 65%) and 1.0 mL hydrofluoric acid (HF 70%) using the established US EPA method (Environmental Protection Agency 3052 Method). The goal of this method is total samples decomposition with judicious choice of acid combinations to give the highest recoveries for the target analytes. The mono-distilled nitric acid (HNO3 65%) was used to effect sample digestion in microwave, while hydrofluoric acid (HF 70%) is capable of dissolving silicates contained in the sample. At the end of the process, the resulting solution was filtered with chemical analysis qualitative filter paper into a second acid-cleaned container and added the volume up to 15 mL with dilute solutions of boric acid (H3BO3) to avoid problems with HF permitting the complexation of fluoride to protect the quartz plasma torch. REEs and some trace elements (U and Th) of core GL-1248 were measured by ICP-MS (NexION 300D, Perkin Elmer, USA) at the LEA (Atomic Spectrometry Laboratory) at the Federal University of Espirito Santo (UFES). De Sousa et al. (2021) described the analytical standard procedures in detail. REEs patterns for selected samples from the core were normalized according to Post-Archean Australian Shale (PAAS) (Taylor and McLennan, 1985; Pourmand et al., 2012). The analytical precision and accuracy were better than ± 8% for the investigated elements. This was assessed with reference material (PACS-2 - Marine Sediment Reference Materials for Trace Metals and other Constituents) and by the results of the duplicate measurements of eight sediment samples, as well as duplicate measurements of reference material samples. Rare earth elements were divided into light REEs (LREEs, from La to Nd), middle REEs (MREEs, from Sm to Ho), and heavy REEs (HREEs, from Er to Lu) according to Henderson (1984) and their ratios were calculated.



Cerium Anomaly

The extent of the Cerium anomaly is defined by the δCe [Ce]/[Ce*] ratio, where [Ce] is the cerium concentration and [Ce*] is the theoretical non-anomalous value interpolated from La and Nd values, according to the following equation below:



Where “N” refers to REEs normalized by Post Archean Average Australian Shale (PAAS; (Taylor and McLennan, 1985).

When Ce is relatively depleted compared to other REEs (Ce/Ce* < 1) a negative Ce-anomaly is observed suggesting an oxic environment condition (German and Elderfield, 1990; Pattan et al., 2005). Conversely, a positive Ce-anomaly results when Ce is enriched relative to its neighbors (Ce/Ce* > 1), suggesting anoxic/suboxic environment condition (German and Elderfield, 1990; Pattan et al., 2005).



Europium Anomaly

Another similar REEs anomaly that is occasionally recorded by Europium, represented by the δEu [Eu/Eu*] ratio, where [Eu] is the europium concentration and [Eu*] is the value obtained at the europium position by straight-line interpolation between the plotted points for Sm and Gd, according to the following equation below:



where N refers to PAAS-normalized values developed by Pourmand et al. (2012).

Where “N” refers to REEs normalized by Post Archean Average Australian Shale (PAAS; (Taylor and McLennan, 1985).

When Eu is relatively enriched compared to other REEs (Eu/Eu* > 1) a positive Eu-anomaly suggests sediments and some sedimentary rocks containing a high amount of feldspar minerals, while negative Eu-anomaly indicate depletion or fractionation of the same mineral (Absar and Sreenivas, 2015; Liu et al., 2015).



Mineralogical Analysis

Mineralogical characterization was performed on 40 pulverized representative samples distributed within each marine oxygen isotope stage (MIS) of core GL-1248, using an X´PERT PRO MPD (PW 3040/60) X-ray powder diffractometer (XRD) with CuKα1 radiation (λ = 1,5406 Å) at the Mineral Analysis Laboratory (LAMIN), Mineral Resources Research Company (CPRM), Manaus, Amazonas, Brazil. Diffractograms were collected using Voltage 40kv, Current 40A, 2⊖ between 5° to 70° with a step size of 0.02° and 50s scanning time. For mineral identification, generated patterns were compared with a database from the International Center for Diffraction Data – Powder Diffraction File (ICDD-PDF). The patterns are specific to each mineral (i.e. quartz, 46-1045), and there may be different patterns for the same mineral, especially when there are variations in the chemical composition, solid solutions, etc.




Results


Age Model and Sedimentation Rates

The depth-age model of core GL-1248 based on the AMS radiocarbon ages for the upper 6.3-m depth yielded an age of 44.0 ± 0.7 ka. For the lower part of the core (6.30 to 16.66 m core depth) ages were obtained through the alignment of the Ti/Ca ratio and the δ18O record from the North Greenland Ice Core Project (Members, 2004; Wolff et al., 2010) with ages ranging from 44.0-129.0 ka. The sedimentary record includes a sedimentary hiatus between 2.18 m and 1.70 m (29.1 and 14.8 ka, respectively).

The sedimentary core profile comprises 4 marine isotope stages (MIS 1 to 5, excluding 2) according to changes in temperature derived from deep-sea core sample data (Lisiecki and Raymo, 2005). Diverse sedimentation rates (SR) are observed over MIS indicating a large fluctuation within the record (Figure 2). During MIS 5 (from ~ 128.0 ka to 71.0 ka), SR varies with the highest occurring within the MIS 5a (25.7 cm/kyr), whereas rates during MIS 5e are relatively constant at 6.93 cm/kyr. The glacial period MIS 4 (from ~ 71.0 ka to 57.0 ka) started with low SR (an average value of 13.0 cm/kyr) and increased notably during MIS 3 (from ~ 57.0 ka to 29.0 ka) reaching an average value of 32.1 cm/kyr.




Figure 2 | Core GL-1248 profiles of (A) Sedimentation rate (cm/kyr) (Venancio et al., 2018), (B) ΣREE (µg/g), (C) (La/Yb)N, (D) (La/Sm)N, (E) (Gd/Yb)N, (F) δCe (Ce-anomaly), and (G) δEu (Eu-anomaly). The dashed light red line marks a hiatus between 14.7 and 29.1 ka. “N” is representing the chondrite-normalization by PAAS (Post Archean Australian Shale) (Taylor and McLennan, 1985). Marine isotope stages (MIS) boundaries in this studied time interval are numbered from 1 to 5 (MIS 1, 3, and 5).



An unusually low SR (3 cm/kyr) between 2.18 and 1.70-m core depth (from ~ 14.0 and 29.0 ka) is due to the hiatus, as reported for the region and period, although no significant lithological changes were observed. The hiatus covers every Henrich Stadials 1 (HS 1), where is characterized by abrupt records, on a millennial-scale, of precipitation in northeastern Brazil (Arz et al., 1998; Cruz et al., 2006; Zhang et al., 2015). This increase in the frequency of rainfall intensity also occurred within the Parnaíba River Basin and increased the discharge of terrestrial material to the ocean. Continuously, the entry of more continental debris favored greater kinetic and drag energy to the mouth of the Parnaíba River and the steep continental slope. The core GL-1248 was collected in a region with a high slope and under the influence of these phenomena on a millennial-scale. The origin of the hiatus comes from the high-energy input of the detrital material and the steep angle of the continental slope, which caused a collapse in the sedimentary record during sedimentation. Finally, the SR values during MIS 1 (starts at 14 ka before present) are irregular. Variations between 5.42 and 24.23 cm/kyr, with the highest values, reached within the interval of occurrence of abrupt events on a millennial-scale recorded (i.e. Younger Dryas) in the intervals 1.26 and 0.69 cm in the depth of core GL-1248.



Total REE and Trace Elements Distribution

The REE concentration vertical distributions of core GL-1248 are plotted in (Figure 2). The total REE concentrations (sum of La to Yb, excluding Tb, Ho, Tm, and Lu) of the sediment samples varied between 42.93 and 231.06 µg/g (with an average value of 152.44 µg/g). The highest ΣREE concentration values (231.06 µg/g) were recorded at 78 ka (1258-cm depth) within MIS 5. ΣREE concentrations were particularly high in glacial phases (MIS 4 and MIS 3), as well as in MIS 5a (MIS 5 interglacial sub-stage). In comparison, the lowest ΣREE concentration values (42.93 and 55.84 µg/g) were recorded on top-core (0.49 and 1.22 ka, respectively) within the MIS 1. ΣLREE (sum from La to Nd) varied between 30.12 and 198.92 µg/g (with an average of 127.00 µg/g), while ΣMREE and ΣHREE varied between 9.08 and 28.37 µg/g (with an average of 19.57 µg/g), and between 3.73 and 8.46 µg/g (with an average of 5.86 µg/g), respectively. Hence, ΣLREE is more abundant in nature than ΣMREE and ΣHREE. Both the ΣLREE/HREE ratios (8.08-21.84) and the ΣLREE/MREE ratios (3.32-7.97) are lower values than PAAS (28.31 and 10.05, respectively) (Table S1) (Taylor and McLennan, 1985). (La/Yb)N ratios PAAS-normalized varied between 0.30 and 1.42 µg/g (with average of 0.82 µg/g). The (La/Gd)N and (Gd/Yb)N PAAS-normalized ratios varied between 0.37 and 0.68 µg/g (with an average of 0.57 µg/g), and between 0.82 and 2.15 µg/g (with an average of 1.43 µg/g), respectively. The REEs profile distributions for their normalized ratios [(La/Yb)N, (La/Sm)N, and (Gd/Yb)N] show a similar value with a marked increase of about 80 ka and a strong decrease of about 14 ka in core GL-1248. This maximum value obtained for REEs profile distribution coincides with the highest SR occurring within MIS 5a (25.7 cm/kyr), as well as a strong decrease in the SR right after abrupt Younger Dryas events (from 16.28 cm/kyr to 8.13 cm/kyr).



Anomalies in δCe and δEu

The negative δCe (Ce/Ce* < 1) values varied from 0.79 to 0.99 (with a mean value of 0.94) over the last 128 ka with a clear abrupt drop from the glacial period (near to 13 ka) to the top core (Interglacial period) (Table S2). The highest negative δCe of 0.99 occurs at the bottom core (near to 84 ka; 1341-cm depth), while the lowest negative δCe of 0.79 occur in modern conditions over the interglacial period (0.49 ka near to the top of core). The Interglacial periods (MIS 1 and MIS 5e), and the warm sub-stage of MIS 5 (MIS 5c) with opposing climatic conditions show a relatively large variability with minimum values of 0.79 (top core), 0.86 (~106 ka), 0.871 (~122 ka), respectively. The negative δCe during MIS 4 and MIS 3 has a relatively low variability with mean values ranging between 0.95 and 0.96, respectively.

The positive δEu (Eu/Eu* > 1) values varied from 1.28 to 3.22 (with a mean value of 1.68) with a strong decrease from the top core towards glacial periods (Table S2). Hence, the highest positive δEu of 3.22 occurs in the bottom core (near the top core of 0.49 ka), while the lowest positive δEu of 1.28 occurs proximate in the glacial condition around 38.59 ka (523-cm depth). Both modern condition and bottom core with interglacial period show variability with mean values ranging between 2.09 and 1.71, respectively, followed by MIS 3 mean values of 1.59. The highest δEu values coincide with the increase in RSL (relative sea level), and vice-versa (Figure 2).



Mineralogy

The mineralogical spectrum obtained through XRD of core GL-1248 revealed a moderate range array of minerals assembly over the last 130 ka. Forty samples were identified in the marine sediment predominantly quartz, calcite, and kaolinite. Other secondary minerals include biotite, feldspars potassium, smectite, calcite magnesium, and halite. The occurrence of iron oxide minerals as goethite was described by Fadina et al. (2019) of core GL-1248. In general, continent-sourced minerals such as quartz and kaolinite were observed during the interglacial and glacial periods (both cold and warm substages). Marine sourced minerals such as calcite were observed also over the core. Smectite clay mineral was identified in small proportions during MIS 4 and MIS 5. (See more in Table S3).




Discussion


Glacial-Interglacial Controls on REE-Carrier Phases

Along with geochemical processes, the terrigenous material is transferred to the oceans as suspended sediments in rivers (Milliman and Maede et al., 1983) carrying information about the characteristics of the source areas and past climate changes over the continent (Bentahila et al., 2008; Revel et al., 2010; Revel et al., 2014; Revel et al., 2015; Walter et al., 2000). Weathering, erosion, transport, deposition, and burial processes control the final composition of the deep-sea sediments (Johnsson et al., 1991; Johnsson, 1993; Morton and Hallsworth, 1999). The geological substrate under the action of weathering and climatic agents reflects a signature characteristic of the adjacent continent to the drainage basins (Depetris et al., 2003). Marine sediment cores have a high capacity to preserve valuable information about changes in sedimentary provenance and continental climate changes (De Sousa et al., 2021). Specifically, REEs are useful, as they do not fractionate during sedimentary processes, which widely distributed in continental rocks. As shown in Figure 2, high ∑REE records during glacial periods are coincident with elevated terrigenous depositions recorded in core GL-1248 (Venancio et al., 2018) linked to low relative sea level (Waelbroeck et al., 2002) during glacial periods and millennial-scale changes recorded in Ti/Ca ratios from sediment cores in the WEA (Arz et al., 1998; Wang et al., 2004; Jaeschke et al., 2007; Govin et al., 2012; Nace et al., 2014). These terrigenous loads are characteristic of glacial periods linked to low relative sea levels (Arz et al., 1999; Jaeschke et al., 2007). A combination of regional climatic factors, such as amplified wet deposition with enhanced precipitation and erosion, might be responsible for an increase of REEsconcentration reported in core GL-1248. Overall, REE concentration reported in core GL-1248 mixed in response to glacial-interglacial changes by, providing a high material transport combined with a low sea level. In opposite climatic conditions to glacial periods, as MIS 1 and 5e, beyond the warm sub-stage, MIS 5c exhibited less REE concentration and high sea-level recorded in core GL-1248, because of low regional precipitation and erosion, featuring the warm periods. Hence, REEs peaks that occurred at the end of MIS 5a (230.88 µg/g; ~74 ka) are incompatible with these trends observed in our data over interglacial periods. However, these peaks are coincident with Ti/Ca and Ti/Ca peaks and may be linked to Dansgaard-Oeschger (DO) stadials (Figure 2). In opposite, the average REE concentrations were appreciably low over both MIS 1 (125.78 µg/g) and 5e (109.15 µg/g) interglacial periods, when the RSL reached –17.46 m and –13.85 m, respectively. According to Rama-Corredor et al. (2015), over the MIS 5e (SST = 28.9°C) interglacial experienced higher temperatures than MIS 1 (SST = 28.3°C), which are attributed to processional modulation (Martrat et al., 2014). Higher SST observed in interglacial periods are reported in numerous studies as ice sheet reduction and consequently sea level increased by up to 5 m more than modern sea level (Hodgson et al., 2006; Rohling et al., 2007). The increase in sea level has most likely repositioned the mouth of the Parnaiba River farther from the core, reducing the supply of continental material. Therefore, the lower REEs average concentrations displayed in MIS 5e concerning MIS 1 justify the retention of a supply of continental material in the area site of core GL-1248.

Iron oxyhydroxides have an important role in controlling the REEs profile in core GL-1248 and from the correlation between ΣREE composition and Fe(XRF), there were three potential reservoirs (lithogenic, carbonates, and Fe-Mn oxides). A positive correlation with Fe(XRF) can be explained by tropical soil characteristics in the study region (Figure 3). In a recent study using the same core, Fadina et al. (2019) observed the presence of iron oxides (and oxyhydroxides) minerals, such as goethite in all samples. In addition, geochemical analysis in the δ13Corg and δ15Norg variations in GL-1248 support the earlier hypothesis that higher amounts of continent-derived materials were deposited on the continental slope of NE Brazil in the glacial periods as opposed to interglacial periods. Thus, these results are consistent with our XRD mineralogy results which follow the same glacial-interglacial alteration in the origin marine sediment GL-1248. In tropical Fe-rich oxide soils, as occur in northeastern Brazil, Fe-oxyhydroxides are important cementing agents and as such play an important role in the metal adsorption processes in this region (Seaman, 2013). According to Bigham et al. (2002) the tropical soil profile of northeastern Brazil was described as having a notable high content of iron oxides mainly goethite and ferrihydrite; an amorphous Fe-oxyhydroxide precursor of hematite formation (Bigham et al., 2002). Hence, REEs content bearing Fe particles derived from the weathering and erosion from the Parnaíba Basin increased in the supply of magnetic material (i.e. magnetite and/or hematite), that was transported by Parnaíba River until they are immobilized on the continental slope. These correlations coincide with an increase in precipitation on the continent in NE Brazil during the wetter conditions related to MIS 4 (De Sousa et al., 2021). Therefore, our results suggests that Fe-oxides may be a principal REE-carrier phase from a marine sediment core GL-1248.




Figure 3 | Fe and Mn-REE relationship across the marine sediment studied with; (A) Plot of ΣREE concentration (red line) in GL-1248; (B) Plot of Fe total counts (orange line) in GL-1248; (C) Plot of Mn total counts (dark blue line) in GL-1248; (D) positive linear regression between Fe total counts (XRF) and ΣREE indicated by trendline (black line), equation correlation coefficient (R² = 0.514); and (E) weakly linear regression between Mn total counts (XRF) and ΣREE indicated by trendline (red line), equation correlation coefficient (R² = 0.002). ΣREE is shown in µg/g.





Origin of the Negative Ce-Anomaly in WEA

Studies suggest that the Ce anomaly can be used as a proxy for oxygenation conditions in paleoceanography (German et al., 1990; Schijf et al., 1994; Tostevin et al., 2016). In this study, we presented a sub-millennial resolution record of Ce anomaly since the Last Interglacial. Given the water depth of the sediment core GL-1248 (2.264 m), we expect to observe changes in redox conditions of the mid-depth Atlantic over the last glacial-interglacial cycle. Indeed, our results show a remarkable glacial-interglacial variation (Figure 4). A negative Ce anomaly is observed during warm interglacial periods. Conversely, during the end of MIS 5 and over the glacial period, Ce presents no depletion relative to compared to other REEs (Ce anomaly = ~1). Meanwhile, no outstanding millennial variations in the Ce anomaly were observed through the record.




Figure 4 | Glacial-Interglacial variability as shown by the comparison between periods of high and low terrigenous sediment delivery to the study site with: (A) Ti/Ca ratio from GL-1248 (Venancio et al., 2018) (black line); (B) Relative sea level (m) from GL-1248 (Waelbroeck et al., 2002) (dark blue line); (C) ∑REE concentration (this study) from GL-1248 (dark green line); (D) Ce-anomaly (this study) from GL-1248 (red line); and (E) Ca total counts (XRF). MIS boundaries in the studied time interval are numbered from 1 to 5, as well as in the cold substages of MIS 5 (5d and 5b). These cold periods are highlighted in blue bars.



Curiously, our results indicate a reduction in deep ocean oxygenation during the interglacial relative to the last glacial period. These results contradict the well-known notion of a strong deep Atlantic ventilation rate during warm interglacial periods (Böhm et al., 2014). Indeed, previous studies show a higher mid to deep Atlantic oxygenation during interglacial relative to glacial periods (Jaccard and Galbraith, 2012; Hoogakker et al., 2015). Besides, millennial variations in deep Atlantic oxygenation conditions are widely observed during the last glacial period (Hoogakker et al., 2015; Gottschalk et al., 2016), which, despite the sub-millennial resolution, was not found in our Ce anomaly record. The reduced glacial deep ocean oxygenation was caused by an increase in the biological pump, due to the organic matter remineralization, and the decreasing of deep ocean ventilation rate associated with the reorganization of ocean circulation (Hoogakker et al., 2015; Jaccard et al., 2016). Meanwhile, the AMOC in its ‘warm’ mode during interglacial periods ventilates the mid to deep Atlantic Ocean (Rahmstorf, 2002). Many studies support the accumulation of remineralized carbon in the deep ocean during glacial periods (Curry and Oppo, 2005; Chalk et al., 2019). Together, these results indicate that the Ce anomaly in sediment core GL-1248 was not recording changes in paleoredox conditions of the mid-depth Atlantic in the Brazilian equatorial margin region. This poses the question; what does control the observed glacial-interglacial variation in Ce anomaly? Here we suggest that changes in Ce anomaly were caused by glacial-interglacial variations in sea level through its control on the exposure of the continental shelf. Given its flat morphology, eustatic changes in sea level during glacial-interglacial cycles may result in rapid exposure or drowning of the continental shelf in the Brazilian equatorial margin. Sediment core GL-1248 shows a higher sedimentation rate during the glacial relative to interglacial MIS 5 and MIS 1 (Venancio et al., 2018). This was caused by the lower sea level during glacial periods, allowing terrigenous material, with no Ce anomaly to be discharged directly onto the continental slope, near-site GL-1248. Conversely, during high sea-level periods, the terrigenous input was reduced due to the drowning of the continental shelf, which increased the percentage of biogenic CaCO3 in bulk sediment. Studies indicate that biogenic CaCO3 shows Ce depletion relative to the other REEs, resulting in a negative Ce anomaly in CaCO3-rich sediments (Pattan et al., 2005). Therefore, we argue that a higher proportion of CaCO3 relative to continental material caused the negative Ce anomaly during interglacial periods in GL-1248. Indeed, the reduction in terrigenous input to site GL-1248, as can be exemplified by reduced ΣREE, and enhanced accumulation of biogenic CaCO3 during warm periods in the western equatorial Atlantic (Rühlemann et al., 1996) corroborate our hypothesis.

Given that the continental shelf break starts at about 40 m water depth in the Brazilian equatorial margin, our Ce anomaly only responded to changes in sea level above this isobath. This explains fast changes in Ce anomaly late during termination 1 (~10.5 ka) and no changes during the end of MIS 5 and the over the glacial period when the sea level was near or below the continental shelf break. Furthermore, the similar geochemical behavior of sensitive redox elements such as the Uranium element along the curve of cerium anomalies reinforces the argument that what modulates the conditions discussed within the sediment is not the presence of oxygen in the water column, but the depth of oxygen penetration (Figure 5). Additionally, the sedimentation rate can play a key role as they allow more time for the diffusion of uranyl ions from the water column into the sediment (Crusius and Thomson, 2000; Tribovillard et al., 2006).




Figure 5 | Glacial-Interglacial variability as shown by the comparison between periods of high and low terrigenous sediment delivery to the study site with: (A) Ti/Ca ratio from GL-1248 (Venancio et al., 2018) (black line); (B) Relative sea level (m) from GL-1248 (Waelbroeck et al., 2002) (dark blue line); (C) ΣREE concentration (this study) from GL-1248 (dark green line); and (D) Ce-anomaly (this study) from GL-1248 (red line). MIS boundaries in the studied time interval are numbered from 1 to 5, as well as in the cold substages of MIS 5 (5d and 5b). These cold periods are highlighted in blue bars.





The Continental Response of Europium Anomalies to Paleoclimate Changes in NE Brazil

Several studies in marine sediments suggest that the positive Eu anomaly is inherited from the content of feldspar in the source bedrock. This is possible due to the easy incorporation of Eu in the structure of felspar during the petrogenetic process. Hence, Eu content in the marine sediments is higher than other REEs breaking the straight-line shape of the REEs pattern curve (Henderson, 1984; Liu et al., 2015). Positive Eu anomalies and abundances of REEs were reported in sediments and some sedimentary rocks containing feldspar, whereas Eu-depleted felsic igneous rocks and high LREE/HREE ratios, and most basalt does not present Eu anomalies and low LREE/HREE ratios (Absar and Sreenivas, 2015; Liu et al., 2015). The distribution of positive Eu anomaly values observed of core GL-1248 was more expressive up to 3.21 and 1.27, respectively (Figure 6). This suggests that parental rock from the sediments belongs to the felsic rock, or that there is a lack of deep-sourced mafic and ultramafic components (Liu et al., 2015). Thus, the Eu anomaly can be used to study the sources of sedimentary rocks (Taylor and McLennan, 1985; Liu et al., 2015).




Figure 6 | Diagrams of the classification of the sediments by McLennan et al. (1993). Red symbols indicate samples of core GL-1248; Black symbols indicates quaternary terrace samples from the Amazon basin (Horbe et al., 2014); Brown symbols indicates modern deposits samples from the Amazon basin (Horbe et al., 2014); and grey symbols indicate samples of the Parana River basin (Campodonico et al., 2016).



As mentioned in the previous topic, the detritic end-members are an effective REE-carrier phase in the sediments of core GL-1248. In the detritic phase carrying REEs, the most common was occurrence was no anomaly unless it is inherited from the continental source (some minerals may have an anomaly). In this work, strong positive Eu anomalies are observed in modern values during the interglacial period, following a sharp decline towards the glacial period registered in the core GL-1248 (Figure 2). During the process of partial intracrustal fusion, Eu+3 reduces to Eu+2 and replaces with Ca+2-bearing minerals, as of feldspar. Hence, the lower crustal has a feldspar-rich, and upper crustal rocks depleted of Eu relative to other REEs. This anomaly is usually propagated into the oceans by weathering and river transported delivery of continental rocks (Abdalla, 2012). Therefore, positive Eu anomalies are usually a particular factor inherited from specific source rocks since this signal is recorded from the magmatic process until its deposition. The slight positive Eu anomalies were observed in the Amazon basin, where the Amazon River at Óbidos varied between 1.16 and 1.39 (Rousseau et al., 2019), Solimões River varied between 0.98 and 1.36, and Madeira River varied between 1.01 and 1.31 (values calculated by Viers et al. (2008). As well as for fluvial sediment from the Orinoco basin and Maroni Basin that varied between 1.08 and 1.23, and 1.40 and 1.64, respectively (Rousseau et al., 2019). Marine sediments located in Santos Basin (southern Atlantic) had a slightly positive Eu anomaly varied between 0.978 and 1.33 (this study). Picouet et al. (2002) observed strong Eu anomalies in the Niger River (Africa) associated with granitic rocks present in the drainage basin that had this characteristic.

In the igneous systems, positive Eu anomalies found in siliciclastic sediment are also explained by preferential retention by feldspars such as plagioclases and potassium feldspars, particularly in felsic melts (Terekhov and Shcherbakova, 2006; Campodonico et al., 2016). This can be observed in Figure 6 showing the origin of sediment source according to Taylor and McLennan (1985), which indicates that core GL-1248 derived from a more felsic and/or recycled sedimentary source, as described by others (Absar and Sreenivas, 2015; Liu et al., 2015; Campodonico et al., 2016). In addition, our Sm/Nd data compared with data from the Eu/Eu* (this study) and Sr isotopes (Sousa et al., 2021), illustrated in Figure 7, also suggest more felsic end members, as the more differentiated the igneous rock, that is, the more felsic it is, the lower the Sm/Nd ratio will be. It is 0.325 in the chondritic mantle and 0.173 in the PAAS, which represents the upper continental crust. The 87Sr/86Sr can be interpreted as the lower, the more basic end member, the higher, and the more felsic. Therefore in this case, when the Sr isotope ratio goes up and Sm/Nd goes down (coinciding peaks in the diagram), they indicate felsic sources entering. This indicates the origin of positive Eu anomalies in marine sediment was from a felsic magma in the Parnaíba basin with assimilation of feldspar during fractionation crystallization over the Last Interglacial.




Figure 7 | Glacial-Interglacial variability as shown by the comparison diagram between felsic sources in core GL-1248: (A) 87Sr/86Sr isotopes ratios (Sousa et al., 2021) (black line); (B) Sm/Nd ratios normalized by PAAS (this study) (dark green line); (C) Eu/Eu* anomalies (this study) (dark red line); and (D) Relative sea-level from (Waelbroeck et al., 2002) (blue line). MIS boundaries in the studied time interval are numbered from 1 to 5, except 2 (hiatus), as well as in the cold substages of MIS 5 (5d and 5b). These cold periods are highlighted in blue bars.






Conclusion

Rare Earth Elements concentration records in core GL-1248 collected from the continental slope off northeastern Brazil had a wide range over the Last Interglacial. The Parnaíba River was the main source of REEs content to the western South Atlantic. Fe elements (Fe-oxyhydroxides) produced via weathering of continental and tropical soils were the principal REE-carrier phase in the soils, during transportation until immobilization at core site GL-1248. Regional factors, such as climate, rainfall regime, runoff events, and relative sea-level changes contributed significantly to continental-REEs erosion of sedimentary layers of the Parnaíba Basin, and transport and deposition of mobilized REE from the continent to the study site.

Peaks in REEs were correlated with peaks of Ti/Ca ratios from NE Brazil verifying that REEs content delivered at our site was transported with fluvial materials during continental runoff events corresponding to millennial-scale variability. Furthermore, variation in sea-level changes and precipitation patterns influence its deposition as well as transportation.

Changes in the negative Ce-anomaly obtained in sediment showed not behave as a proxy for changes in deep ocean oxygenation during the interglacial relative to the last glacial period. Here, we observed that variation was caused by glacial-interglacial variations in sea level through its control over the exposure of the continental shelf. Given its flat morphology, eustatic changes in sea level during glacial-interglacial cycles can result in rapid exposure or drowning of the continental shelf on the Brazilian equatorial margin.

The origin of positive Eu anomalies in siliciclastic sediment was explained by preferential retention by feldspars such as plagioclases and potassium feldspars, particularly in felsic melts. In core GL-1248, this anomaly was caused by a felsic magma from the Parnaíba Basin with assimilation of felspar during fractionation crystallization since the Last Interglacial.
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The modern precipitation balance in southeastern (SE) Brazil is regulated by the South American summer Monsoon and threatened by global climate change. On glacial-interglacial timescales, monsoon intensity was strongly controlled by precession-forced changes in insolation. To date, relatively little is known about the spatiotemporal distribution of tropical precipitation in SE Brazil and the resulting variability of fluvial discharge on glacial-interglacial timescales. Here, we present X-ray diffraction-derived mineralogical data for the 150–70 ka period (marine isotope stage (MIS) 6 to MIS 5) from the Doce River basin. This area was sensitive to changes in monsoonal precipitation intensity due to its proximity to the South Atlantic Convergence Zone. The data, obtained from a marine sediment core (M125-55–7) close to the Doce river mouth (20°S), show pronounced changes in the Doce River suspension load’s mineralogical composition on glacial-interglacial and precessional timescales. While the ratio of silicates to carbonates displays precession-paced changes, the mineralogical composition of the carbonate-free fraction discriminates between two assemblages which strongly vary between glacial and interglacial time scales, with precession-forced variability only visible in MIS 5. The first assemblage, dominated by high contents of kaolinite and gibbsite, indicates intensified lowland erosion of mature tropical soils. The second one, characterized by higher contents of the well-ordered illite, quartz and albite, points to intensified erosion of immature soils in the upper Doce Basin. High kaolinite contents in the silicate fraction prevailed in late MIS 6 and indicate pronounced lowland soil erosion along a steepened topographic gradient. The illite-rich mineral assemblage was more abundant in MIS 5, particularly during times of high austral summer insolation, indicating strong monsoonal rainfall and intense physical erosion in the upper catchment. When the summer monsoon weakened in times of lower insolation, the mineral assemblage was dominated by kaolinite again, indicative of lower precipitation and runoff in the upper catchment and dominant lowland erosion.
Keywords: fluvial discharge, summer monsoon, Marine Isotope Stage 6 (MIS 6), Marine Isotope Stage 5 (MIS 5), X-ray diffractometry (XRD), southeastern Brazil, western tropical Atlantic
INTRODUCTION
The Doce River watershed, situated in southeastern Brazil, is considered a region strongly sensitive to climate variability and especially vulnerable to the socio-economic and environmental impacts of climate change (May et al., 2020). This region is expected to suffer from long-term droughts, flooding through heavy rainfalls, coastal erosion, which will lead to a decline in silviculture viability, reduced croplands, a loss of biodiversity, a decrease in hydroelectric generating capacity and accompanying risks to human health (May et al., 2020). Dry winters and rainy summers in the region are caused by the South American Summer Monsoon (SASM) (Carvalho, 2020; Figure 1). Future climate models indicate that this pattern will strengthen over eastern Brazil, leading to a further decrease in precipitation during the dry season (June, July and August) and an increase in precipitation during the rainy season (December, January and February) (FEAM, 2011; IPCC, 2021). Models for different future climate scenarios display complex, at times contradictory, spatial patterns of summer precipitation increases and decreases for the Doce Basin (FEAM, 2011). While climate model projections are constantly improving, they are still subject to uncertainties, of which some are being narrowed down and others are irreducible (Knutti & Sedláček, 2013). Uncertainties regarding regional precipitation development make regional and seasonal paleoclimate data highly valuable for estimating future precipitation patterns (Tierney et al., 2020), which is particularly important for vulnerable regions like the Doce watershed.
[image: Figure 1]FIGURE 1 | (A) Distribution of austral summer and winter rain belts related to the position of the Intertropical Convergence Zone (ITCZ) and the South Atlantic Convergence Zone (SACZ) over a topographic and bathymetric Ocean Data View map of South America and surrounding oceans (Schlitzer, 2021), adapted from Flantua et al. (2016) and Vuille and Garreaud (2011). The location of Core M125-55-7 (this study) is marked with a red dot and is situated at the northern margin of the SACZ. The continental area in proximity to the core location is influenced by the South American Summer Monsoon (SASM). The overlain color schemes show how much of the annual precipitation occurs during the austral summer months (orange to blue) and winter months (green scale) in percent. The blue star marks the location of the Botuverá Cave, situated at the southern margin of the SACZ, from where MIS five δ18O stalagmite data are available (Cruz et al., 2005). (B) Close up of the study area showing the location of Core M125-55-7 (red dot) close to the Doce river mouth at 20°S. The colored dashed lines indicate the percentages of summer precipitation in the total annual precipitation. For reference the City of Vitória is indicated (V), as well as the Vitória-Trinidade-Rise (V-T-R) and the Abrolhos Shelf (AS).
Paleoclimate studies from the last glacial period and the Holocene indicate that solar irradiation and high latitude temperature changes affect South American monsoonal precipitation patterns by impacting atmospheric as well as ocean circulation and SST distribution in the tropical South Atlantic (e.g., Bahr et al., 2021; Cruz et al., 2009, 2005; Jaeschke et al., 2007; Kanner et al., 2012; Stríkis et al., 2018, 2015). In eastern Brazil, monsoon intensity over the past 300 ka was primarily controlled by precession-forced changes in insolation but also indirectly affected by changing atmospheric greenhouse gas concentrations, which can modify both the inter- and intrahemispheric temperature gradients (Rind, 1998; Hou et al., 2020a) and thereby intensity of the Hadley circulation and southeast trade winds (Seo et al., 2014). The magnitude of interhemispheric SST gradients can also play a role in determining the strength and position of the South Atlantic Convergence Zone (SACZ) (Stríkis et al., 2015), a convective band which spans from the Amazon Basin to the western South Atlantic releasing moisture provided by low level winds (Kodama, 1992). The convective activity in the SACZ and the Amazon Basin are the main components regulating the SASM (Jones & Carvalho, 2002). Therefore, changes in the strength and/or position of the SACZ impact SASM related precipitation distribution. The pattern is complicated by an additional insolation-driven east-west antiphased precipitation dipole occurring over tropical South America, which weakened during glacial phases (Cruz et al., 2009).
To assess the complex paleoprecipitation patterns, regional paleoclimate records are needed. Here, we provide a record of the past spatiotemporal precipitation variability in the Doce Basin, based on changes in the mineral composition of the discharged sediment analyzed via X-ray diffraction (XRD). The Doce Basin encompasses both the SACZ domain as well as the (south)eastern coastal lowlands of Brazil and thus is ideally suited to track past spatial precipitation variability. We investigated an 80 kyr time interval from late Marine Isotope Stage (MIS) 6 to the end of MIS 5, which spans over glacial, transitional and interglacial climate phases, covers a large range of CO2 conditions (185–290 ppm V (Petit et al., 1999)) and includes several precession cycles.
CLIMATE AND GEOLOGICAL SETTING
The Doce watershed covers an area of 86,715 km2. Fluvial discharge flows from elevations of over 1,500 m for roughly 850 km until reaching the Doce delta at around 19.7°S (May et al., 2020). The Caparaó mountains confine the basin to the south and the Espinhaço mountains to the west and northwest. The westernmost portion of the Doce Basin is part of the Archaean São-Francisco craton, whereas most of the basin is geologically assigned to the Proterozoic Araçuai orogen (de Almeida et al., 2000; Figure 2). Lithologically the basin consists predominantly of migmatites, granitoids, gneisses, schists and quartzites of Precambrian age with a few Late Proterozoic to Cambrian granitoid intrusion in the upper to middle catchment. Neogene sandstones, claystones and conglomerates cover the coastal area near the Doce river mouth (Schobbenhaus et al., 1981; Figure 2). In the middle to lower catchment, the rocks are overlain by thick soil layers, mainly latosols (= ferralsols, after Food and Agriculture Organization of the United Nations (FAO) classification) (Figure 2). In the upper mountainous regions, soils are thin and immature (FAO-UNESCO, 1971). The present-day climate in the basin is humid subtropical to tropical with dry winters and temperate to hot summers (Alvares et al., 2013), with maximum precipitation occurring in the austral summer months (December, January and February) due to the SASM. The seasonal precipitation variability leads to seasonal differences in the magnitude of water and suspended sediment discharge from the Doce River, which reach maximum values in January (Oliveira & Quaresma, 2017). Today, sediment discharge from the Doce River amounts to approximately 10 million tons per year (Lima et al., 2005; Souza & Knoppers, 2011).
[image: Figure 2]FIGURE 2 | Geologic (A) and soil (B) map of the Doce river discharge area. White stippled lines mark the boundaries of discharge areas. Geology is compiled from the tectonic map inset of the geological map of Brazil, 1:1.000.000, sheets Belo Horizonte, Rio Doce, Rio de Janeiro and Vitoria (CPRM–Serviço Geológico do Brasil, 2004). Soil data are digital versions of the Mapa de Solos do Brasil 1:5.000.000 (Embrapa-SNLCS, 1981; Bliss, 2013), and drainage and discharge data are from GRDC (2020).
While the large amounts of tropical soils in the source region make this area particularly suitable for palaeoclimate reconstructions via clay mineral analyses (Thiry, 2000), the position of the basin at the northeastern extension of the SACZ (Figure 1) makes its catchment sensitive to small changes in the positioning and strength of the SASM. Furthermore, the soil distribution in the Doce Basin allows for discrimination between head- and lowland-sourced sediments (Figure 2).
MATERIALS AND METHODS
The analyzed sediments are derived from piston gravity core M125-55–7, recovered during research cruise M125 with the German research vessel METEOR in March and April 2016. The core was taken at 20° 21.807′ S and 38° 37.387’ W, 165 km from the Brazilian coast, from a water depth of 1960 m (Bahr et al., 2016). The total length of the core is 11.75 m of which a section from 2.2 to 5.2 m was sampled in steps of 2.5 cm. 119 samples with 3–9 ml of sediment material were taken from the core with open syringes. The sediment consists of greyish, greenish silty clays which are partly bioturbated and contain bioclasts. No structures within the core sediments point towards a disturbance of sedimentation by contour currents or turbidites. Furthermore, the core location chosen is situated on a submarine hill structure identified via multibeam sounders. PARASOUND data from the uppermost 40 m of sediment show continuous parallel strata at the coring site, indicating undisturbed hemipelagic sedimentation (Hou et al., 2020a Supporting Information Figure 4S).
The age model for this core was developed by Hou et al. (2020b). The ages are based on tuning of the benthic δ18O record (Uvigerina spp.) to the LR04 benthic δ18O stack (Lisiecki & Raymo, 2005) and 14C dating in the upper 120 cm (Hou et al., 2020b). Based on this age model, our data set spans from roughly 70 to 150 ka, covering the late MIS 6, termination II (T II) and MIS 5.
Sample Preparation
Approximately 2 ml (∼3 g) of each sample were dried, ground by hand and filled into sample holders from the rear side to gain texture-free bulk sediment samples. The rest of each sample was dissolved in 20% formic acid and rinsed with deionized water after decarbonization. The clay-sized fraction, < 2 μm, was separated through the Atterberg method (4 cm settling height) with sodium phosphate to avoid flocculation. After retrieving the clay-sized fraction, 0.1 ml of magnesium chloride solution was added to each sample suspension. Texture-free clay samples were created by inserting the clay powder from the rear side into the sample holder. The texture-free sample XRD measurement provides data for semi-quantitative mineral phase analysis. Textured clay samples were obtained by dissolving 20 mg of the clay powder in 2 ml deionized water, pipetting the suspension on circular glass slides and letting them dry at room temperature. Data from textured samples indicate the variability in clay mineral quantity more precisely and are used for the structural analysis of illites. After being exposed to an ethylene glycol atmosphere, the textured clay samples were remeasured to expand clay minerals such as smectites. This procedure makes the illite and smectite peaks more easily distinguishable from mixed layer mineral peaks (Figure 3).
[image: Figure 3]FIGURE 3 | Diffractogram showing the result of the four different preparation methods at one sample (Nr. 480). The y scale is to be viewed relatively within each measurement and does not indicate absolute values or relative intensities between different measurement types. (A) The bulk texture-free samples indicate the carbonate peaks, some halite, as well as quartz and low albite content. (B) Peaks from other phases, such as goethite and clay minerals are more distinctly seen in the texture-free measurements conducted on the decarbonized clay fraction. In curve B several high peaks at 20–21.5° 2Θ are reflections from kaolinites with b-axis variabilities (Kb). (C) Due to the sheet like crystal habit of clay minerals, their diffraction peaks are most intense, and thus best measurable, in the textured preparation. At around 7° 2Θ reflections from mixed layer minerals (ML) are detectable between the smectite and illite peak. (D) To minimize the possible interference of these mixed layer minerals with the illite and smectite peaks and to reliably identify the expandable smectite phase, the textured clay fraction samples are remeasured after exposure to an ethylene glycol (EG) atmosphere.
Optical Analysis
We analyzed the sieving residuals of sizes greater than 250 µm under a stereo microscope, identifying the main calcifying organisms and their superficially visible preservation state. Additionally, we prepared smear slides of the bulk sediment from equivalent core depths. The smear slides were analyzed under a Zeiss Axio Imager A2 Microscope at up to 1,250 times magnification, to evaluate the microscopic content of the samples.
X-Ray Diffractometry (XRD)
All samples were measured with a PANalytical X’Pert PRO diffractometer, equipped with a copper X-ray tube, a Ni-filter, an automatic divergence aperture, a sample spinner, a sample changer with a capacity of 15 samples and a X’Celerator detector. The measuring voltage was 40 kV and the electric current was 30 mA. Measurements were performed in steps below 0.01° 2Θ with 30–50 s per step.
Four types of XRD measurements were performed. Firstly, the whole sediment was analyzed in a texture-free manner in the bulk sediment analysis. Secondly, the clay fraction only was analyzed in a texture-free manner. Thirdly, the clay fraction was analyzed with orientated particles in the textured analysis. And lastly, the textured clay samples were remeasured after exposure to an ethylene glycol atmosphere (Figure 3). The XRD datasets are available in the Supplementary Material.
XRD Data Evaluation
The XRD data is visualized in a diffractogram displaying the measured reflexes in relative counts per second (cps) over the measurement angle 2Θ for each sample (see Figure 3). The changes in abundance of a mineral phase were evaluated by measuring the peak intensity (texture-free samples) or the peak area (textured samples). The software used for data evaluation is MacDiff 4.2.6 (Petschick, 2010). Peak intensity measurements were applied to gain semi-quantitative sediment composition data from the texture-free samples. For the necessary peak intensity correction, we used Reference Intensity Ratios (RIRs) from Powder Diffraction File™ 4 (PDF-4). Peak area measurements were applied to determine the relative abundance of clay mineral phases within the textured samples. For the peak area correction, Biscaye factors were used (Biscaye, 1965).
The values of the peak heights or areas of all measured phases were summed for each sample and defined as 100% of the sediment (e.g., for the bulk sediment in Figure 4I). The relative percentages of the phases are calculated thereafter. Aragonite, Mg-calcite and calcite are additionally evaluated separately as percentages of the sum of all carbonate phases from the bulk sediment.
[image: Figure 4]FIGURE 4 | Bulk sediment and river derived fraction XRD data compared to (A) the summer insolation curve at 20°S (Laskar et al., 2004), (B) ln (Ti/Ca) ratios based on x-ray fluorescence scanning of Core M125-55-7 (Hou et al., 2020a). (C) The carbonate to silicate ratio is calculated from the bulk sediment measurements and indicates the relative discharge of terrestrial material through runoff. During high insolation phases, discharge is enhanced. (D) The (060) peak around 1.50 Å (texture free clay fraction) indicates the proportion of different elements occupying the octahedra cation position in illite, with Fe2+ and Mg2+ indicating wider spacing and Al3+ lower spacing. Values above 1.505 Å are shaded. Al-rich illites are more abundant in phases of high discharge in MIS 5. (E) The width of the of the 10 Å illite peak at half of its maximum height is expressed as the half height width (HHW) within the textured clay fractions. Values below 0.3 Δ° 2Θ are shaded. Brought 10 Å peaks indicate higher degradation or lower crystallinity, occurring predominantly in high insolation phases. (F) δ18O values from the Botuverá Cave (cave location see Figure 1) from Cruz et al. (2005). (G) The Illite to kaolinite ratio is calculated from the textured clay fraction measurements. It represents the discharge proportion from the mountainous region, with immature, illite rich soils to the mature kaolinite rich soils of the lowlands and coastal areas where soils are particularly low in illite. Erosion in mountainous areas seems to be enhanced during interglacial high insolation phases. (H) Quartz, albite and illite are mainly derived from disintegrated parent rock grains within immature soils while kaolinite and gibbsite are newly built in mature soils. Their ratio is calculated from texture-free clay fraction measurements and indicates the proportion of parent rock to soil sourced discharge. (I) Proportion of all mineral phases determined from the bulk sediment measurements.
RESULTS
The carbonate to silicate ratio indicates an insolation-paced relative increase in terrestrial material within the sediment (Figures 4A–C). The ratio of illite, quartz and albite to kaolinite and gibbsite within the bulk sediment was low during MIS six but increased during MIS 5 (Figure 4H). During MIS 6, illite to kaolinite is very low, while MIS 5 has a higher background illite to kaolinite ratio (Figure 4G). During MIS 5, the illite to kaolinite ratio increases and decreases in phase with insolation. Similarly, the mineral phases illite, quartz and albite are dominant in the bulk sediment during MIS 5 in times of high insolation, while kaolinite and gibbsite are relatively reduced. Furthermore, the illite to kaolinite ratio displays an asymmetric pattern with a gradual increase followed by a rather abrupt decline, as seen at 108 ka and 87 ka. A similar pattern is visible in the illite, albite and quartz to kaolinite and gibbsite ratio.
Further investigations on the half height width of the 10 Å illite peak of the textured clay fraction indicated that all illites are relatively well crystallized, with half height widths of below 0.4 Δ° 2Θ (Figure 4E). Using the illite polytype quantification approach after Grathoff and Moore (1996) on the texture-free clay samples, indicates that most illites (>90%) are of the 2M type, indicating growth as micas under high temperatures, whereas roughly 8% are 1M illites, typically formed in soils. The 5 Å to 10 Å illite ratios fluctuate around a value of 0.5, pointing to illites with mainly Al3+ as octahedral cation. Values greater than 0.4 indicate aluminum-rich illites while decreasing values signify an increasing magnesium and iron content (Esquevin, 1969). Similarly, the position of the (060) illite peak indicates the dominance of aluminum-rich illites, especially during high discharge phases (Figure 4D).
Aragonite, present at 35–63%, is the most abundant within the carbonate phases. Aragonite suppliers present in the samples are pteropod shells and a few other gastropod and bivalve shells. The shells are well preserved and did not show superficially visible signs of dissolution. Mg-calcite, mainly supplied by echinoderms and some miliolid foraminifera, makes up 5–28% of the carbonates. Calcite is delivered by benthic and planktonic foraminifera as well as coccolithophores and accounts for 22–58% of the carbonate fraction. In times of lower insolation, aragonite and Mg-calcite are the dominant carbonate phases, while in times of higher insolation, aragonite and Mg-calcite contents decrease, and calcite is relatively more abundant. This variability is well observed in the aragonite plus Mg-calcite to calcite ratio (Figure 5E). The sharp peak at 126 ka is especially rich in aragonite and is followed by a peak in calcite at around 123 ka (Figure 4I). This pattern is repeated less intensely during later intervals of carbonate phase development, wherein aragonite and Mg-calcite peaks at 106 and 88 ka are followed by calcite increases at 100 and 82 ka, respectively.
[image: Figure 5]FIGURE 5 | Proportion of calcite phases compared to environmental proxies. (A) Sea level curve relative to today from Spratt and Lisiecki (2016). (B) Austral summer insolation curve at 20°S (Laskar et al., 2004). (C) Ice‐volume‐free seawater δ18O curve from Core M125-55–7 (Hou et al., 2020a). (D) Globigerinoides ruber (pink) Mg/Ca SST from Core M125-55–7 (Hou et al., 2020b). (E) Relation of the carbonate phases aragonite and Mg-calcite to calcite. The ratio is intensifying the carbonate trends seen in the bulk sediment record (Figure 4I), with aragonite and Mg-calcite being decreased and calcite being increased in high insolation phases. (F) The carbonate to silicate ratio indicates the discharge intensity of the Doce River. The remarkable co-variability of carbonate phase proportions and discharge indicates that the riverine influx impacts the marine environmental conditions. High discharge seemed to be more profitable for calcitic organisms while in times of higher evaporation, indicated by high temperatures and salinities, aragonitic and Mg-calcitic organisms dominate the carbonate production.
DISCUSSION
Mineral Phase Origins
To determine the relationship between mineralogical changes in the sediments and precipitation changes in the hinterland, it is necessary to evaluate the main origins of the mineral phases. Possible mineral sources can be categorized into terrestrial sources and marine sources. Marine sources are mainly skeletal remains of marine organisms. Terrestrial sources are more diverse; they include terrestrial material delivered from distal sources via marine currents and material from the Doce watershed and adjacent regions. The majority of the Doce watershed area is covered by thick mature soils, mainly latosols and podzols (Figure 2). In these mature soils, weatherable parent rock minerals are dissolved, and kaolinite and gibbsite are built (WRB, 2015). The formation of illites within the soil could be a result of orthoclase weathering (Meunier and Velde, 2004). In the mountainous regions of the upper catchment, soils are less mature (FAO-UNESCO, 1971). Due to the less intense petrogenesis the present lithosols and cambisols contain a higher percentage of parent rock fragments. A large percentage of the Doce watersheds lithology are felsic rocks like granitoids and gneisses (Figure 2). Therefore, we consider muscovite, quartz and albite as likely parent rock fragments. Below we will discuss the main origins of the mineral phases measured in our samples and categorize them into four groups of origin: 1. marine built: aragonite, Mg-calcite and calcite; 2. distal sources: smectite and chlorite; 3. immature soil derived material: illite, albite and quartz; 4. mature soil derived material: kaolinite and gibbsite.
1. Marine built: The measured carbonate phases in the samples are aragonite, Mg-calcite and calcite. Noticeable terrestrial input is unlikely, as there are no significant amounts of limestone outcropping in the Doce watershed (Schobbenhaus et al., 1981). Moreover, the amount of visible clastic, non-biogenous carbonate grains in the samples was below 1%. The main mature soils present (ferralsol and acrisol) are acidic (WRB, 2015; FAO-UNESCO, 1971), prohibiting intense soil carbonate formation. Typical regional soils have low pH values of four–six and are often limed to make them suitable for agriculture (Abreu Jr et al., 2003; Santos et al., 2014). Thus, soil carbonates are not considered a significant contributor to carbonate preserved in the marine sediments. Bacterial carbonate precipitation is possible (e.g., Kranz et al., 2010) but scarce in Cenozoic open marine environments (Riding, 2000). We do not expect it to be a substantial carbonate contributor but cannot exclude a contribution to the micritic carbonate ooze. We analyzed the bulk sediment samples microscopically, and they consisted of both planktic (coccolithophores, foraminifera, gastropods) and benthic (foraminifera, echinoderms, gastropods, bivalves) calcifying organisms. Overall, the carbonate phases contained in the sediment seem to be mainly built by calcifying organisms.
2. Distal sources: Smectite and chlorite are detectable in the clay samples. They are, however, not present in the clay fraction transported by the Doce River (Tintelnot, 1995) nor are they typically built in tropical soils, but rather indicative for dryer and cooler climates (Velde, 1995). They likely originated from soils in south Brazil and Argentina (smectite) and the Patagonian region (chlorite) from where they were transported northward to the core site via marine currents (Jones, 1984; Petschick et al., 1996; Warratz et al., 2017). As they are not discharged from the Doce Basin and thus not indicative of regional climate variability, they are not further discussed.
3. Immature soil derived: Illite polytype quantification after Grathoff and Moore (1996) indicates that over 90% of the illites in the analyzed sediments originate from ground muscovite (M2 type), while only 8% are newly formed in soils (M1 type). The illite crystallinity, measured via the half-height widths of the 10 Å illite peak, provides another indicator for their origin. Low half height widths, below 0.4 Δ° 2Θ, point towards an illite development from fine-grained mica (Velde & Meunier, 2008). All samples have illite crystallinity values below 0.4 Δ° 2Θ and even decrease below 0.2 Δ° 2Θ during late MIS 6. High 5 Å to 10 Å illite peak ratios, around 0.5, indicate aluminum-rich illites (Esquevin, 1969), also pointing towards a muscovite origin. The mineralogical illite parameters suggest the parent rocks provided for most of the illite contained in the sediment, while soil-built illites were a minor contributor. Most mature soils in the Doce watershed contain only approximately 3% mica. The soils on the coastal, Neogene clastic sediments have even lower mica concentrations of around 0.1% (Melo et al., 2001). However, the percentage of illite relative to all clay minerals transported in the Doce River is approximately 20% (Tintelnot, 1995). The discrepancy between the illite content of the mature soil and the detrital river discharge underlines that another significant source of illite must be present, in this case, the thin and immature soils of the upper catchment. Quartz and albite, like illite, originate from weathered parent rock and are present in regional soils. Higher quartz and albite concentrations are however expected in the immature soils of the upper catchment, due to lower rates of chemical weathering. Weatherable minerals, like feldspars, are usually scarce or absent in the mature ferralsols, while quartz can sustain this intense weathering (WRB, 2015). The covarying behavior of quartz, illite and albite indicates that these phases are delivered via a similar process. It is expected that through enhanced erosivity during heavy precipitation events, more parent rock derived mineral phases from the immature soils of the mountainous hinterland are transported to the ocean. Overall, we assume that the major proportion of the parent rock derived grains (illite, quartz, and albite) are delivered from erosion in mountainous areas with shallow soils while only a small proportion comes from the mature soils in the lowlands, making these mineral phases indicative of input from immature soils.
4. Mature soil derived: Kaolinite is newly built during ferralsol formation (WRB, 2015), and ferralsols/latosols are the most abundant mature soils in the Doce Basin (FAO-UNESCO, 1971; Figure 2). Gibbsite is typically formed under high weathering regimes and is also a common phase in ferralsols (Mohr et al., 1972; Sanchez, 2019). The regional mature soils have kaolinite contents of 50–80% (Melfi et al., 1983; Cunha et al., 2019), while in the sediment load of the Doce River, close to the river mouth, kaolinites make up approximately 80% of the transported clay minerals (Tintelnot, 1995). Kaolinite and gibbsite are thus indicative of material derived from regional mature lowland soils.
On the eastern and southeastern Brazilian coast, the Doce River is associated with the highest suspended sediment discharge into the Atlantic Ocean (Lima et al., 2005; Souza & Knoppers, 2011) and is the river mouth closest to the core site. Additionally, the ratio of illite to kaolinite at the coring depth of ∼2,000 m, matches that of the shelf and the Doce River itself. The smaller São Mateus River, adjacent to the north (Figure 1), shares a similar illite to kaolinite ratio (Tintelnot, 1995). The nearest river with a similarly large catchment area and sediment discharge to the Doce River is the Jequitinhonha River mouthing into the South Atlantic at around 16°S (Souza and Knoppers, 2011). This river has an illite to kaolinite signature twice as high and the illite to kaolinite ratio of the even larger São Francisco River, mouthing at ∼ 10°S, is over four times higher than that of the Doce River (Tintelnot, 1995). At present, it appears that the Doce River is the main regional supplier of terrestrial sediment deposited at the continental slope at 20°S. The satellite analysis of regional riverine turbidity plumes underlines this assumption, as the suspended material of smaller rivers to the north of the Doce River is contained on the inner shelf while the Doce River delivers material to the offshore region (Oliveira et al., 2012). In times of low sea levels, however, more input from the coastal areas adjacent to the Doce watershed can be expected. A deposition of small amounts of sediment from smaller catchments with similar mineral compositions transported by the southward flowing Brazil Current cannot be ruled out. However, adjacent catchments are significantly smaller and supply less sediment. Therefore, we argue that the Doce catchment is the main supplier of regional terrestrial sediment to the coring site and changes in the terrestrial mineral assemblage of the core sediment are caused by changes in the Doce River discharge composition.
Within the Doce watershed, a regional distribution of different mineral sources allows for the discrimination between three areas: the mountainous regions with thin immature soils in the upper catchment as the source for most of the illite, quartz and albite; the mature, thick soil plains of the middle and lower catchment, being low in illite and rich in kaolinite; and the almost illite-free coastal lowland soils (Melo et al., 2001) supplying mainly kaolinite. A distinction between the two endmembers (i.e., mountainous vs. coastal erosion) can be seen in the illite to kaolinite ratio (Figure 4G).
Carbonate Variability
Within the carbonate phases, a distinct insolation-related pattern is visible (Figure 5). Aragonite and Mg-calcite proportions are higher in times of low summer insolation and low fluvial discharge. In contrast, calcite is increased in times of high summer insolation and higher fluvial discharge. The rise of aragonite and Mg-calcite productivity in MIS five corresponds to some degree with elevated SST and salinity (δ18O ice-free seawater) data from the same core (Hou et al., 2020a; Figures 5C–E).
At the core site, the lowest water mass is the Upper North Atlantic Deep Water (UNADW), which is present from the ocean floor (1,960 m) to depths of roughly 1,100 m (Bahr et al., 2016). The lower boarder of the UNADW lies around 2,500 m in this region (Henrich et al., 2003). Antarctic Intermediate Water (AAIW) flows at depths of 600–1,100 m (Bahr et al., 2016). Carbonate deposition at the core location occurred at a depth of ca. 2,000 m, which is well above both the tropical West Atlantic aragonite compensation depth (3,400 m) and the lower aragonite lysocline (2,500 m) (Gerhardt & Henrich, 2001). It has been reported that due to high fluvial nutrient input at around 19 to 23°S, primary productivity is elevated and metabolic CO2, formed by respiration of the organic matter, can acidify the already slightly carbonate undersaturated AAIW. Therefore, aragonite dissolution can occur at above 1,330 m water depth in that area (Gerhardt & Henrich, 2001). Presently, aragonite is well preserved at water depths around 2,000 m in the western South Atlantic. During the last glacial maximum, preservation at this depth was very good to moderate (Henrich et al., 2003). The shells we recovered through sieving appeared macroscopically well preserved and further dissolution analysis was not performed. At roughly 30°S, Petró et al. (2021) analyzed supra-lysoclinal carbonate dissolution from MIS 5 to MIS 1, by analyzing foraminifera fragmentation. They report good preservation at roughly 1,500–2,000 m water depths for MIS 5. Furthermore, (aragonitic) scleractinian cold water corals are presently growing at around 900 m water depth. These corals even profited from strong runoff and higher nutrient availability during glacial periods (Bahr et al., 2020; Raddatz et al., 2020). We therefore assume a low aragonite solubility at the deposition site during both glacial and interglacial periods as well as low dissolution in the water column. Although, it cannot be excluded that some aragonite dissolution took place as aragonitic shells sank through the carbonate under-saturated AAIW, we argue that dissolution is not the driver for changes in the carbonate composition nor the carbonate to silicate ratio.
Since aragonite dissolution at the deposition site was probably low to moderate, the aragonite and Mg-calcite to calcite ratio likely reflects the relative productivity changes of the different calcifiers. Aragonite and Mg-calcite calcifiers could have been better adapted to elevated temperatures and salinities and less tolerant to increased nutrient levels and turbidity induced by high fluvial discharge. By contrast, calcitic organisms could have thrived in times of high summer insolation and higher fluvial discharge. The calcareous nannofossil assemblage from a nearby core (KF-12, taken at ∼21°S) consists of over 60% opportunistic coccolithophores (Emiliania huxlei and Gephyrocapsa spp.) (Costa et al., 2016). In times of high fluvial discharge, Costa et al. (2016) saw an increase in these species, indicating higher surface water productivity due to a shallowing nutricline. The relatively high calcite proportion seen in our samples during enhanced fluvial discharge phases could similarly be caused by an increase in opportunistic coccolithophore species due to their ability to adapt better to nutrient enrichment in the surface water.
Monsoon Driven Discharge Variability During MIS 5
The carbonate to silicate ratio can be driven by carbonate productivity, carbonate dissolution, and terrestrial input variability. In times of high fluvial nutrient influx, an increase in primary productivity and respiration is expected, which could lead to acidification of the water masses and carbonate dissolution (Jahnke et al., 1994; Suárez-Ibarra et al., 2022). Runoff-dependent aragonite dissolution would drive the carbonate to silicate ratio in the same direction as increased fluvial sediment influx. Thus, carbonate dissolution, if present, enhances the relative silicate content. Runoff enhanced primary productivity could also increase the overall carbonate production and sedimentation rates. As such the impact of carbonate productivity could have a major impact on the carbonate to silicate ratio. Costa et al. (2016), however, observed a negative correlation between calcareous nannofossil productivity and the carbonate content in the fine fraction in their data, indicating dilution by terrestrial input in times of increased runoff. The core from Costa et al. (2016) was collected from less than 200 km south of M125-55-7 and includes sediments from 50 to 140 ka. Their core position is further from the Doce river mouth and closer to the mouth of the Paraiba do Sul, a river that nowadays has less than half of the Doce River’s yearly fluvial discharge (Lima et al., 2005). We assume that our core’s sediments are similarly or even more strongly controlled by fluvial sediment influx than the core studied by Costa et al. (2016). Therefore, we argue that the carbonate to silicate ratio can be used to indicate the fluvial discharge intensity of the Doce River.
The carbonate to silicate ratio indicates an increased overall fluvial discharge during intervals of high austral summer insolation and confirms the previously measured ln (Ti/Ca) (Hou et al., 2020a). Its insolation dependence appears to be more robust during MIS 5 (Figure 4). A strengthening of the monsoon system during high insolation periods of the MIS 5 interglacial would have caused heavy seasonal precipitation in the Doce watershed. Intense summer monsoon precipitation may have increased the erosivity of the Doce River, especially in the Espinaço and Caparaó mountains in the western and southern upper and middle catchment. Increased transport of disintegrated parent rock material from immature soils would be expected in this scenario and is confirmed by the mineral composition of the discharge in high insolation phases of MIS 5. While carbonate to silicate ratios decrease, the immature soil derived phases albite, quartz and illite are relatively increased (Figure 4H). The high illite to kaolinite ratio and illite mineral parameter development during high insolation intervals (Figures 4D,G) underline the notion that erosion in the mountainous hinterland is enhanced in MIS 5 high insolation periods.
The illite crystallinity, indicated by the half-height width of the 10 Å illite peak, refers to the amount of consecutively stacked illite crystal layers. Illite crystallinity is generally high in Core M125-55-7 sediments, indicating that illites are mostly crushed mica particles (Velde & Meunier, 2008). Still, a slight decrease can be seen during high insolation phases of MIS 5. A reduced crystallinity could indicate an increased supply of soil-built illites in times of high insolation or stronger weathering of the parent rock in immature soils, delivering more degraded illites. Illite polytype quantification indicates that only a low proportion of illites (8%) could be soil-built (1M type). Therefore, we assume that a decrease in crystallinity mainly indicates increased muscovite comminution due to intensified weathering in mountainous regions. High insolation phases in MIS 5 co-occur with an increase in aluminum at the octahedral cation position, as indicated by a lower illite (060) peak position (Figure 4D). This could be a sign of stronger illite degradation, promoting a reduction of Fe in illite through leaching in times of high insolation and increased monsoonal precipitation. High illite degradation, the increased proportion of aluminum-rich illites and the overall increase in illites in the discharged sediment indicate increased erosion from mountainous regions, suggesting an increase in heavy precipitation events in these regions. It is thus likely that a strong summer monsoon, similar to the present-day SASM, developed during the high insolation phases of MIS 5. As insolation maxima were higher during MIS 5 than they are nowadays in MIS 1 (Laskar et al., 2004), the summer monsoon during MIS 5 was likely more intense than the present-day SASM.
During the low austral summer insolation phases of MIS 5, discharge from the Doce River decreased as indicated by the carbonate to silicate ratio increase. High illite crystallinity also points to lower illite degradation in low insolation phases. Furthermore, there was a reduction in the proportion of parent rock derived fraction to soil-built fraction. A decrease in erosivity and weathering indicates reduced water availability, which we interpret as a weakening of the summer monsoon system during the low insolation phases of MIS 5. The low illite to kaolinite ratio supports our interpretation that, due to a weakened summer monsoon, erosion in the upper river course is reduced, making mature lowland soils the primary supplier for the fluvial sediment load. At the same time, SE trade winds and with them austral winter precipitation could have increased in MIS 5 low insolation phases similar to the situation in MIS 6 proposed by Hou et al. (2020b). An intensification in coastal precipitation would further support the erosion of illite depleted, kaolinite rich coastal soils.
The asymmetry of the illite to kaolinite curve indicates a slow increase in mountainous erosion, driven by a gradually intensifying monsoon, followed by a rapid decrease in the ratio of illite to kaolinite as monsoonal precipitation weakened. A similar pattern is visible in the ratio of parent rock derived minerals to soil-built minerals (Figure 3H). It is to be noted that a continuation of the heavy monsoon signal during already decreasing insolation takes place at the beginning of the cooler substages MIS 5d and MIS 5b. This could be an indicator of higher moisture availability in the Doce Basin during global cooling. The overall tendency of the system for a slow moisture increase followed by a rapid decrease in moisture availability, as shown in our data, highlights the region’s potential vulnerability to increasing droughts in a changing climate (May et al., 2020).
To assess the spatial variability in monsoonal rainfall intensity, we compared our data to a δ18O stalagmite record from the Botuverá Cave (Cruz et al., 2005), which is located around 28°S, near the coast of southern Brazil and at the south margin of the SACZ (see Figure 1). The effect of the insolation driven strength of monsoonal precipitation on the δ18O values from the Botuverá Cave and the illite to kaolinite ratio from the Doce watershed are in phase (Figures 4F,G). As these two sites are located on the opposite margins of the SACZ, we assume that the monsoonal system weakened and strengthened with insolation variability during MIS five rather than being displaced latitudinal.
Lowland Discharge During Late MIS 6
Like during MIS 5, an increase in sediment discharge during phases of high summer insolation is visible during MIS 6. However, the dominance of parent rock derived material from immature soils over mature soil-built mineral phases during the high insolation period is missing. Also, the illite to kaolinite ratios, which showed a clear covariation with insolation in MIS 5, stay continuously low throughout MIS 6 and are well below the values from low insolation phases during MIS 5. This could be an indicator of stronger erosion in the illite-depleted present-day coastal areas and the widely exposed Brazilian shelf area during MIS 6 (Maia et al., 2010; Bastos et al., 2016), due to sea levels of more than 100 m below present (Spratt & Lisiecki, 2016). At low sea levels the Doce catchment would expand to include more of the present coastal and shelf areas. During the period of reduced illite input in MIS 6, illites show more variable but overall higher iron and/or magnesium contents and higher crystallinities (Figures 4D,E). This indicates that the delivered illites derive mainly from crushed muscovite in lower soil layers close to the parent rock. A steeper topographic gradient at an exposed shelf could have induced erosion of low soil layers at times exhibiting some better-preserved parent rock derived material, like illites with higher crystallinities. The increased variability underlines a more diverse, lower soil origin of the few illites eroded during MIS 6, in contrast to the more stable and abundant supply of illites from the immature soils in the upper catchment in MIS 5. Overall, we assume that erosivity in the mountainous regions was reduced while coastal erosion was increased during MIS 6. Hou et al. (2020b) proposed that very strong trade winds caused prolonged SST warming in the western tropical South Atlantic during late MIS 6. The presence of strong trade winds and high SSTs, which increase coastal precipitation, could reinforce the enhanced mature lowland soil erosion indicated by the low parent rock derived to soil-built phase ratio, the illite to kaolinite ratio and the illite mineral parameters (Figure 4).
As the overall sediment discharge remained insolation dependent, it is likely that moisture availability was also increased in the Doce watershed during the high insolation phases of MIS 6. The lack of immature soil derived mineral phases during periods of high moisture availability indicates a difference in the distribution and short-term precipitation intensity between MIS 5 and MIS 6. Precipitation anomalies related to the modern SASM are more intense in the upper catchment of the Doce River (Figure 1). The sediment load discharged during December and January is roughly twice as much as the combined load during the rest of the year (Oliveira & Quaresma, 2017). Thus, monsoon-related heavy precipitation events in the upper catchment contribute largely to today’s sediment discharge. A similar discharge pattern can explain the mineral assemblage of the high insolation phases in MIS 5 but not in MIS 6. The insolation-dependent increase in sediment influx to the ocean during MIS 6 comprised mostly soil-built phases. This points towards low precipitation intensity and erosivity in the upper river course in favor of more evenly distributed precipitation over the kaolinite-rich, mature soil layers of the Doce Basin and increased lowland erosion. We propose that during MIS 6 precipitation in the mountainous areas was reduced and fewer heavy precipitation events occurred, compared to MIS 5. Therefore, it is likely that the summer monsoon system along the SACZ was poorly developed throughout MIS 6, even during periods of high insolation.
High Northern Latitude Temperatures and Local Precipitation
The difference in discharge composition between glacial (MIS 6) and interglacial (MIS 5) seen in our data agrees with previous studies indicating that the mainly insolation driven precipitation patterns over SE Brazil are affected by high northern latitude temperature changes and global pCO2 (Cruz et al., 2005, 2009; Hou et al., 2020a). We assume that during MIS 6, lowland winter precipitation in the Doce Basin was higher and the region experienced less intense but more frequent precipitation all year round, eroding more mature lowland soils and less immature mountainous soils. Moreover, our data show reduced summer monsoon precipitation during MIS 6. A driver of reduced summer precipitation in the Doce Basin could be a weakened SACZ caused by reduced AMOC during MIS 6, leading to higher temperatures at the SW Atlantic and shifting the sea-land interaction and thus the strength of the convection belts, as previously described for eastern Brazil during reduced AMOC phases of the Holocene (Bahr et al., 2021).
From our data, we can infer that the predominant rainfall regime in the Doce Basin shifted from well-developed lowland and coastal precipitation in MIS 6 to insolation-dependent heavy summer monsoon precipitation in the mountainous regions during MIS 5. Similarly, precipitation models propose that by 2080 global warming will have induced a slight increase in summer precipitation in the Doce watershed while winter precipitation will be decreased (FEAM, 2011; IPCC, 2021). Flooding associated with particularly heavy monsoonal summer precipitation and accurate flood forecasts are already a problem in the Doce watershed (Tomasella et al., 2019); an increase in heavy precipitation events would exacerbate this issue. Our data further indicate that riverine discharge was mostly insolation-dependent during interglacial periods. However, the observed shift in the precipitation pattern from glacial to interglacial conditions suggest that the likelihood of heavy precipitation events in the mountainous areas could increase and SE trade wind induced precipitation in the coastal areas could decrease with global warming. The trends seen in our paleoenvironmental data are in line with climate model precipitation predictions, underlining the need to prepare the region for increasing monsoonal heavy precipitation events and lowland droughts. We suggest further investigations on the spatial distribution of paleoprecipitation in the region, to test this hypothesis and to expand upon the understanding of climate-related precipitation changes in the Doce watershed area.
CONCLUSION
The availability in terrestrial sediment input from the Doce River to the marine sediment core M125-55-7 shows that insolation changes primarily paced fluvial discharge during the interval from 150 to 70 ka before present. Changes in the mineralogical composition of the discharge indicate that a strong summer monsoon system developed during the high austral summer insolation phases of the interglacial MIS 5, wherein heavy precipitation events increased erosion in the mountainous regions. During the low summer insolation phases of MIS 5, the monsoonal system was weakened, and lowland erosion became the main supplier of detrital fluvial discharge. During the glacial interval MIS 6, lowland and coastal erosion dominated the discharged sediment. A strong monsoonal precipitation pattern, increasing erosion in mountainous regions, was not developed. We propose that during MIS 5, the austral summer monsoon system strengthened and weakened in phase with insolation along a stationary SACZ. In contrast, the summer monsoon system throughout (late) MIS 6 was poorly developed, even in times of high insolation. Therefore, the impact of lowland precipitation on the riverine discharge was dominant throughout MIS 6. In this study, we interpret relative changes in riverine discharge. For a quantitative comparison with present and future climate scenarios, further research is needed. From the qualitative assessment of our paleoenvironmental data, we can infer that global warming may lead to more erosive SASM-related heavy precipitation events in summer and reduced mean annual precipitation in the lowland. This inference corresponds to recent climate models (IPCC, 2021), indicating that with ongoing anthropogenic global warming, the region of the Doce watershed will become more vulnerable to both flooding and droughts.
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Various mechanisms were proposed as substantial drivers of (sub)tropical South American hydroclimate changes during the last deglaciation. However, the interpretation of past precipitation records from the regions affected by the South American Summer Monsoon, the dominant hydroclimatic system in (sub)tropical South America, still insufficiently consider feedbacks between oceanic and atmospheric processes evident in modern observational data. Here, we evaluate ocean-atmosphere feedbacks active in the region from 19 to 4 ka based on a multi-proxy record comprising lipid biomarker, bulk sediment elemental composition and foraminiferal geochemistry from a sediment core retrieved from the tropical western South Atlantic offshore eastern Brazil at ~22°S. Our proxy data together with existing paleoclimate records show that the consideration of large scale synoptic climatic features across South America is crucial for understanding the past spatio-temporal rainfall variability, especially during the last deglaciation. While the paleohydrological data from our study site show relatively stable precipitation across the deglaciation in the core region of the South Atlantic Convergence Zone, distinct hydroclimatic gradients developed across the continent during Heinrich Stadial 1, which climaxed at ~16 ka. By then, the prevalent atmospheric and oceanic configuration caused more frequent extreme climatic events associated with positive rainfall in the northern portion of eastern South America and in the southeastern portion of the continent. These climatic extremes resulted from substantial warming of the sub(tropical) western South Atlantic sea surface that fostered oceanic moisture transport towards the continent and the reconfiguration of quasi-stationary atmospheric patterns. We further find that enhanced continental precipitation in combination with low glacial sea level strongly impacted marine ecosystems via enhanced terrigenous organic matter input in line with augmented nutrient release to the ocean. Extreme rainfall events similar to those that occurred during Heinrich Stadial 1 are likely to recur in South America as a consequence of global warming, because the projected reduction of the intra-hemispheric temperature gradient may lead to the development of atmospheric patterns similar to those in force during Heinrich Stadial 1.




Keywords: organic/inorganic geochemistry, South American Monsoon System, land-ocean teleconnection, South Atlantic Convergence Zone, last deglacial and holocene, South American Low Level Jet



Introduction

Past precipitation records from (sub)tropical South America highlighted that on orbital timescales, precipitation associated to the South American Monsoon System (SAMS) and South Atlantic Convergence Zone (SACZ), which is a particular feature of the SAMS, was mainly controlled by austral summer insolation. High (low) insolation lead to increased (decreased) moisture convection across the Amazon basin, which in turn increases (decreases) moisture export towards the southeast, seasonally feeding the SACZ and resulting in increased (decreased) SAMS rainfall over most parts of South America (Cruz et al., 2005; Hou et al., 2020). However, millennial-scale variations in South American precipitation during the last deglacial, such as Heinrich Stadial 1 (HS1) were driven by a different global climate forcing: induced by high-latitude forcing, the reorganization of cross-equatorial heat transport resulted from a marked slowdown of the AMOC leading to diminished oceanic heat export into the Northern Hemisphere. In turn, the distinct bi-polar distribution of heat in the Atlantic Ocean was expressed by simultaneous cooling of the northern and warming of the southern hemispheric sectors of the Atlantic Ocean. This global redistribution of heat had a determining influence on the latitudinal position and strength of atmospheric convection belts over the tropical Atlantic and affected the latitudinal position of the Intertropical Convergence Zone (ITZC). The southward shift of the ITCZ results from increased northward atmospheric heat transport into the colder hemisphere during phases of weak AMOC that is necessary to compensate the interhemispheric heat imbalance, and is in line with an intensification and a cross-equatorial extension of the Northern Hemisphere Hadley-Cell (Donohoe et al., 2012; McGee et al., 2014; Mulitza et al., 2017). Past studies indeed show a direct influence on moisture availability across South America by southward shifts of the ITCZ during periods of weak AMOC, which are, however, confined to the SAMS region in northern South America (Zhang and Delworth, 2005; Deplazes et al., 2013; Zhang et al., 2017; Bahr et al., 2018).

Southward shifts of the ITCZ and the associated adjustment of moisture flux pathways across tropical South America were further invoked to indirectly affect precipitation in the realm of the SACZ (Wang et al., 2007; Kanner et al., 2012; Stríkis et al., 2015; Stríkis et al., 2018). The latter studies implied that the deglacial high-latitude forced climatic perturbations and concomitant southward ITCZ shifts further boosted SACZ strength, thereby favoring moisture transport towards tropical and subtropical South America. However, Campos et al. (2019) revealed that precipitation anomalies in E and SE Brazil during phases of rapid climatic perturbations during the last deglaciation, i.e. HS1, were related to enhanced moisture flux from the tropical South Atlantic rather than SACZ intensification as suggested by prior studies. Further, variability in strength and extension of the SACZ, which determines precipitation in SE Brazil, is independent of a direct influence by the ITCZ. Instead, the SACZ strength appears to rather depend on synoptic climatic features across the Southern Hemisphere (Vera et al., 2002; Liebmann et al., 2004; Marengo et al., 2004; Silva and Berbery, 2006; Gelbrecht et al., 2018). Gelbrecht et al. (2018), for instance, found that eastward propagating atmospheric Rossby waves were the main driver of SACZ variability. The Rossby wave train determines the position of cyclonic and anticyclonic circulation across South America and the South Atlantic, which dominates the moisture flux towards the realm of the SACZ and subtropical South America. Yet, the ITCZ was found to play an indirect role in the synoptic atmospheric configuration in the Southern Hemisphere as southward shifts of the ITCZ weaken (invigorate) the strength of the subtropical (mid-latitude) jet, hence affecting the Southern Hemisphere Rossby wave train (Lee et al., 2011; Ceppi et al., 2013).

Since such synoptic climatic features were not considered in past paleo-precipitation studies from South America, the variability of SACZ-related precipitation and its controlling mechanisms during phases of rapid climatic perturbations during the last deglaciation such as during HS1 are not well constrained yet. Further, existing high-resolution SACZ reconstructions covering the last deglaciation are primarily based on terrestrial climate archives such as speleothems (Cruz et al., 2006; Cruz et al., 2007; Stríkis et al., 2015; Stríkis et al., 2018), while climate reconstructions from the core region of the SACZ based on marine sediment archives are still sparse (Campos et al., 2019).

Here we present a multiproxy record of marine sediment Core M125-35-3 collected off SE Brazil close to the Paraíba do Sul River mouth, whose catchment drains the core region of the modern SACZ (Figure 1). Thus, Core M125-35-3 is ideally located to reconstruct changes in the extension and intensity of the SACZ, its impact on the regional environment and the connectivity between SACZ and oceanographic changes during the last deglaciation. Our focus lies on the most intense phase of the interhemispheric seesaw during HS1 at ~16 ka which is captured by a high, sub-centennial-scale temporal resolution (in average ~57 yr). We first evaluate the capacity of the utilized inorganic and organic geochemical proxies to capture continental hydroclimate changes and their impact on terrestrial and marine environments. Then we discuss our findings in the context of large-scale atmospheric and oceanic fluctuations. We highlight that past precipitation variability and associated river run-off had a great influence on nutrient availability and marine productivity in the western tropical South Atlantic. Yet, the quantity of terrestrial influx to our study site is largely determined by the shelf extension and only subordinately controlled by precipitation intensity. Further we find that deglacial variability in the SAMS/SACZ system depends on a complex interplay of atmospheric and oceanographic processes on hemispheric scales. Unexpectedly, the spatial precipitation pattern reconstructed for glacial background conditions during HS 1 resembles modern observations and numerical model scenarios of future anthropogenic climate change under rising greenhouse gas concentrations (Gonzalez et al., 2013; Vera and Díaz, 2015; Saurral et al., 2017; Masson-Delmotte et al., 2021). Thus, improving our understanding of the response of the SAMS to climatic perturbations is instrumental in order to more reliably project how the spatial distribution and intensity of rainfall events might develop in response to global warming. This does not only relate to the socio-economic impacts of water shortage or flooding on the continent but must also consider the potential impact of marked changes in the hydrological cycle on coastal marine ecosystems.




Figure 1 | Map of monthly average austral summer precipitation (December-February) across (sub)tropical South America (Karger et al., 2021). The precipitation pattern illustrates a fully established South American Monsoonal System. Note enhanced precipitation along the South Atlantic Convergence Zone (SACZ) indicated by NW-SE oriented white dashed line. The yellow asterisk marks Core M125-35-3 (this study). White diamonds indicate marine sedimentary climate archives mentioned in the text. Red diamonds reflect terrestrial paleo-rainfall reconstructions mentioned in the text. Black arrows indicate the South American Low Level Jet (SALLJ) in two different modes: the southward oriented Chaco Jet Event (CJE) and the eastward oriented No Chaco Jet Event (NCJE). The red and orange outlines indicate the drainage basins of the Paraíba do Sul located in the core region of the SACZ and the La Plata River. Countries mentioned in the main text (i.e. Brazil, Bolivia and Argentina) were outlined. The thick orange arrows represent major oceanic surface currents in the western sub(tropical) South Atlantic, namely the southward flowing Brazil Current which is fed by the southern South Equatorial Current (SSEC). ITCZ, Intertropical Convergence Zone.





Oceanographic and Continental Setting

The Brazilian margin in the western tropical South Atlantic is dominated by the southward flowing Brazil Current (BC), which is the western boundary current of the South Atlantic subtropical gyre carrying warm tropical and oligotrophic waters of the Southern South Equatorial Current (SSEC) (Peterson and Stramma, 1991) (Figure 1). The BC flows southwards along the Brazilian margin from ~10°S as far as ~38°S where it converges with the northward-flowing cold Malvinas Current (MC) (Stramma and England, 1999) (Figure 1).

For the discussion of continental climate variability, we define the following geographic regions (Figure 1): (i) eastern South America (ESA) is defined as the region between ~10 and 20°S along the coastal realm of Brazil; (ii) southeastern South America (SESA) describes the region of Brazil south of 20°S including the Paraíba do Sul catchment; (iii) southern southeastern South America (SSESA), i.e. the region south of 30°S downstream the Paraná River and comprising the La Plata catchment (Figure 1).

Since we defined SESA as the region between ~20° and ~30°S it represents a transitional zone between tropical and subtropical climate features. During austral summer, modern precipitation over SESA is dominated by the seasonal expansion and intensification of the SAMS/SACZ, which influence is greatest in the northern part of SESA in the core region of the SACZ including the Paraíba do Sul catchment (Figure 1). During austral winter, rainfall is related to mid-latitude cyclonic activity over the South Atlantic (Vera et al., 2002), affecting the Paraíba do Sul catchment less intensively than the southern part of SESA. With the onset of SAMS activity during austral summer, increased summer insolation enhances convection over tropical South America which induces increased moisture flux towards the continent in line with prevailing NE trade winds. The moist air is transported southward resulting in strong precipitation in the SACZ (Gan et al., 2004). The SACZ is a convective belt that extends from the Amazon basin southeastward into the western South Atlantic (Marengo et al., 2004).

Precipitation across ESA gradually decreases northward. In the southern part of ESA, which is closer to the NW-SE axis of the SACZ, precipitation seasonally increases in line with SAMS activity. Although SE trade winds continuously bring moisture towards the eastern headlands of Brazil, the hinterland region is characterized by a marked dry season during austral winter (Rao et al., 1993; Garreaud et al., 2009). The dry season becomes more extreme towards the semi-arid northeastern Brazil where an intensification of the Hadley Cell and descending convective motion of the Walker circulation results in increased aridity (Moura and Shukla, 1981; Ambrizzi et al., 2004; Garreaud et al., 2009; Marengo et al., 2017).

Seasonal variability in rainfall amounts across SSESA is weak. During austral summer, the coastal realms of SSESA receive increased rainfall when the SACZ is connected with the area of convection over the Amazon basin (Liebmann et al., 1999). During the SAMS season, the La Plata basin (including the Paraná catchment) receives large amounts of tropical moisture, when a northerly low-level flow is channeled east of the Andes and feeds convective storms over the subtropical plains (Saulo et al., 2000; Saulo et al., 2004; Marengo et al., 2004; Garreaud et al., 2009). This flow is known as the South American Low Level Jet (SALLJ), which we describe in more detail in section 5.3 (Figure 1). During austral winter, the main source of precipitation is frontal rainfall caused by incursions of sub-Antarctic cold fronts meeting tropical air masses (Vera et al., 2002; Garreaud et al., 2009).

The above described average precipitation pattern across South America may be disrupted by annual to multi-decadal climate phenomena (for a recent summary cf. Zanin and Satyamurty (2020)). Most importantly, a consistently described climate phenomenon is the occurrence of a tropical to subtropical precipitation dipole between the SAMS region influenced by the SACZ comprising the Paraíba do Sul catchment in SESA on the one hand and SSESA in the exit region of the SALLJ on the other hand (Nogués-Paegle and Mo, 1997; Robertson and Mechoso, 2000; Doyle and Barros, 2002; Díaz and Aceituno, 2003; Liebmann et al., 2004; Grimm, 2011; Boers et al., 2014; Grimm and Saboia, 2015; Jones and Carvalho, 2018; Zanin and Satyamurty, 2020). It is noteworthy that the SALLJ appears in two different configurations (Figures 1, 2) (Salio and Nicolini, 2006): (i) the Chaco Jet Event (CJE); and (ii) the No Chaco Jet Event (NCJE). A main difference between those jet events is the meridional extension of the jet. Both jet events are channeled towards the southeastern portion of South America. The CJE, however, shows a maximum southward wind component above central Bolivia and continues northern Argentina. Instead, the NCJE protrudes eastward around 25°S, fostering moisture transport towards the SACZ at similar latitudes (Salio et al., 2002; Salio and Nicolini, 2006; Ramos et al., 2019) (Figure 2). This dipole pattern arises from the midlatitude Rossby wave train progressing eastward from the South Pacific Ocean and turns equatorward as it crosses the Andes Mountains. The prevalent mode of the SALLJ seems to be determined by the phase of the Rossby wave as it crosses the Andes Mountains and strongly modulates the upper and lower atmospheric circulation pattern across South America, in particular the circulation pattern and intensity of the SALLJ (Figures 1, 2) (Vera et al., 2002; Liebmann et al., 2004; Vera et al., 2006; Silva and Berbery, 2006). Accordingly, a dipole pattern is determined by moisture flux carried during CJE (NCJE), leading to enhanced (decreased) precipitation over SSESA and dryer (wetter) conditions in the core region of the SACZ in SESA. Further, the negative dipole pattern has been linked to teleconnections associated with cooling of the North Atlantic, which leads to a southward shift of the ITCZ and enhanced cross-equatorial moisture flux over northwestern South America, finally feeding the northerly SALLJ in its CJE configuration during a negative SACZ/SALLJ dipole mode (Jones and Carvalho, 2018; Zanin and Satyamurty, 2020) (Figure 2). A positive SACZ/SALLJ dipole configuration operates the opposite way. The SACZ/SALLJ dipole appears to evolve as a feedback to changes in the spatial configuration of sea-surface temperatures (SST) in the western South Atlantic: a negative (positive) SACZ/SALLJ dipole is associated with warming (cooling) north (south) of 30°S (Venegas et al., 1997; Robertson and Mechoso, 2000; Doyle and Barros, 2002; Chaves and Nobre, 2004; Marengo et al., 2004; Garreaud et al., 2009). The spatial SST pattern, in particular warming of the western (sub)tropical South Atlantic north of 30°S, is fostered by radiative forcing after strengthening of the South Atlantic subtropical high above SESA induced by a stationary Rossby wave (Figure 2) (Robertson and Mechoso, 2000; Grimm and Ambrizzi, 2009; Grimm, 2011; Zanin and Satyamurty, 2020). This atmospheric configuration determines the exit region of the SALLJ, which corresponds to the CJE configuration: Atmospheric blocking by the persistent anticyclone diminishes easterly moisture flux during NCJE and reinforces northerly moisture flux towards SSESA via the CJE (Figures 1, 2). This configuration could cause extreme weather events with marked droughts in the SACZ domain and floods in SSESA such as during the year 2014 as the SALLJ provides significant Amazon moisture export towards SSESA (Coelho et al., 2016) (Figure 2).




Figure 2 | Schematic representation of the mechanism active during the negative SALLJ/SACZ dipole phase in South America and the western South. Northern hemispheric cooling (in line with a southward shift of the ITCZ into the warmer Southern Hemisphere) triggers the adjustment of the Southern Hemisphere mid-latitude Rossby wave train (thick grey line). In turn, a persistent anticyclone (grey ellipse) establishes over eastern and southeastern Brazil. Increased radiative forcing (yellow arrow) leads to increased sea surface temperatures (SST) in the tropical western South Atlantic. The persistent anticyclone blocks the easterly flow of the SALLJ during its “non Chaco Jet Event” (NCJE) configuration (black dotted arrow) and prohibits tropical moisture flux towards southeastern South America (SESA). This results in dryer conditions across SESA. Tropical moisture is rather channeled by the SALLJ towards subtropical southern Southeastern South America during the “Chaco Jet Event” (CJE) (thick blue arrow), wich significantly increases rainfall in its exit region.





Materials and Methods

Gravity core M125-35-3 was retrieved from the upper continental slope (21°53.606’S, 040°00.279’W, 428.6 m water depth), ~100 km off the Paraíba do Sul River mouth in SE Brazil during R/V Meteor cruise M125 in 2016 (Bahr et al., 2016). A total of 4.25 m of sediment was recovered. For lipid biomarker and bulk sediment elemental composition analyses, 89 sediment samples were taken downcore along the study interval between 25 and 170 cm covering the interval between 4 and 19 ka. Sample spacing for lipid biomarker and elemental analyses was not equidistant (in average ~1.5 cm) and adjusted to changing sedimentation rates in Core M125-35-3 to generate a temporally evenly resolved record. For foraminiferal geochemical analyses, the core was sampled between 25 and 170 cm at 1 cm spacing. Sampling was performed on the split-core working half of Core M125-35-3 using 10 cm3 syringes at Universidade Federal Fluminense in Niterói, Brazil.


Lipid Biomarker Analysis

For biomarker analysis, sediment samples from Core M125-35-3 were freeze-dried and homogenized using an agate mortar. Samples (ca. 7 g) were ultrasonically extracted using a 2:1 mixture of dichloromethane (DCM) and methanol (MeOH), repeated 3 times. The extracts were combined and the solvent was subsequently removed by rotary evaporation under vacuum. The resulting total lipid extracts (TLE) were separated into polarity fractions using silica gel column chromatography. The apolar, ketone and polar fractions containing n-alkanes, alkenones, and glycerol dialkyl glycerol tetraethers (GDGTs) were eluted using n-hexane, DCM, and a 1:1 mixture of DCM and MeOH, respectively. After drying, the apolar and ketone fractions were dissolved in 50 µl n-hexane. The polar fractions were dissolved in n-hexane:isopropanol (95:5, v:v) and filtered through a 0.45 μm Polytetrafluoroethylene (PTFE) filter prior to analysis.

Alkenone and n-alkane measurements were carried out on an Agilent 7890 series II gas chromatograph equipped with an on-column injector and a Flame Ionization Detector (GC-FID) at the Institute of Geology and Mineralogy, University of Cologne. A fused silica capillary column (DB-5MS; 50 m x 0.2 mm, film thickness: 0.33 μm) was used with He as carrier gas. The samples were injected at 70°C, and the consecutive GC oven temperature was raised to 150°C at a rate of 20°C/min. By 150°C the temperature increase was reduced to 6°C/min to 320°C, which was held for 40 min. Both alkenones and n-alkanes were determined and quantified by authentic external standards. Analytical precision for alkenone and n-alkane measurements was < 5% based on replicate standard analyses.

GDGTs were analyzed using ultra-high performance liquid chromatography (UHPLC; Agilent 1290 Infinity II) coupled to an Agilent 6460 Triple Quadrupole Atmospheric Pressure Chemical Ionization Mass Spectrometer (QQQ APCI MS) after the method from (Hopmans et al., 2016) at the Institute of Geology and Mineralogy, University of Cologne. Improved separation of 5- and 6-methyl branched GDGTs (brGDGTs) was augmented by using two coupled UHPLC silica columns (BEH HILIC columns, 2.1 x 150 mm, 1.7 µm; Waters™) connected with a guard column maintained at 30°C at a flowrate of 0.2 ml/min. Determination of specific GDGTs was accomplished by single ion monitoring and quantified using an internal C46 standard (Huguet et al., 2006), presuming a congruent response between the standard and measured GDGTs. Reproducibility of GDGT concentrations was < 9 %.

Concentrations of alkenones, n-alkanes, brGDGTs and crenarchaeol were converted to Mass Accumulation Rates (MAR) to ensure their independency of other sedimentary components. MARs were calculated as follows:

	

where DBD is Dry Bulk Density calculated from sample volume and its dry weight, SR is the sedimentation rate and Cbio correspond to concentrations of alkenones, n-alkanes, brGDGTs or crenarchaeol (Supplementary Material Figure S2).

The Branched and Isoprenoid Tetraether (BIT) index was calculated as defined by (Hopmans et al., 2004):

	

where the roman numerals I, II and III refer to the non-isoprenoidal brGDGTs originating from terrestrial anaerobic soil bacteria. The group IV refers to the characteristic isoprenoidal GDGT “crenarchaeol” of aquatic Thaumarchaeota (formerly named Crenarchaeota) from marine environments. The BIT index is used to assess the relative fluvial input of terrestrial organic matter to marine environments and ranges from 0 (exclusively marine organic matter) and 1 (exclusively terrestrial organic matter) (Hopmans et al., 2004; Huguet et al., 2007).

Alkenones in marine sediments originate from haptophyte algae (i.e., coccolithophorides, dominated by Emiliania huxleyi) and high flux rates may therefore reflect higher surface oceanic productivity (Prahl et al., 1993; Rostek et al., 1997; Kirst et al., 1999; Herbert, 2014; Jaeschke et al., 2017). Long-chain n-alkanes are components of leaf-waxes from vascular plants and can be used as tracer for terrestrial input of organic matter to marine sediments (Freeman and Pancost, 2014; Jaeschke et al., 2017). Yet, n-alkanes may also source from bacterial degradation or matured contaminants. However, the calculated carbon preference index (CPI) from Core M125-35-3 is at average 3.2 (not shown), thus relatively high and comparable to modern soils, pointing to a predominance of well preserved terrestrial n-alkanes (Freeman and Pancost, 2014). GDGTs are membrane lipids synthesized by both aquatic archaea and terrestrial bacteria. We present MARs of crenarchaeol, a unique isoprenoidal GDGT, which is assumed to be specific to nitrifying marine mesophilic Thaumarchaeota, which are the most abundant single group of prokaryotes in the oceans, thus reflecting secondary production in the upper ocean (Karner et al., 2001; Sinninghe Damsté et al., 2002b; Sinninghe Damsté et al., 2002a). Mass accumulation rates of crenarchaeol are assigned to reflect secondary production by nitrifying Thaumarchaeota in the upper ocean. Further, we focus on accumulation rates of brGDGTs, which were attributed to terrestrial soil bacteria (Schouten et al., 2000; Weijers et al., 2006) and indicate changes in surface erosion and discharge towards our core location.



Bulk Sediment Elemental Analysis

X-Ray Fluorescence (XRF) analysis was performed on an ITRAX XRF Core Scanner (Cox Analytical Systems, Sweden) at the Institute of Geology and Mineralogy, University of Cologne. The freeze dried and homogenized aliquots of Core M125-35-3 were pressed into sample cups and covered with Ultralene® foil. The samples were placed into the core scanner in series enabling continuous measurement sequences. The XRF Scanner was equipped with a chromium (Cr) X-ray tube set to a voltage of 30 kV and a current of 55 mA. All 89 measurements were carried out at 1 mm resolution along the sample cup surface and a counting time of 60 s per sample. The multiple measurements per sample were averaged to determine most representative elemental quantities. The measured XRF spectra were quantified by external in-house standard measurements. Samples of Core M125-35-3 were quantified by using a set of 30 in-house standards from DSDP Site 511. For each element presented in this study, the standard calibration curves reveal a strong correlation (r2 > 0.8).

XRF-derived geochemical data from Core M125-35-3 were grouped into elements which were associated with terrigenous run-off (i.e. Al, Si, K, Fe, Ti) and Ca, reflecting marine biogenic carbonate. In addition, we utilize ln(K/Al) and ln(Al/Si) ratios, which have been used to infer changes in continental moisture availability favoring chemical weathering in monsoonal dominated realms (Chiessi et al., 2010; Govin et al., 2012; Clift et al., 2014; Croudace and Rothwell, 2015; Bahr et al., 2021). Here, ln(K/Al) represents a measure of the intensification of chemical weathering as K is indicative for minerals (i.e. illite, potassium feldspar) which are predominant in dry regions with increased rates of mechanical over chemical weathering (Yarincik et al., 2000; Zabel et al., 2001; Burnett et al., 2011). Al is associated in products of intensive chemical weathering, being especially enriched in kaolinite, which is characteristic for tropical humid conditions (Bonatti and Gartner, 1973; Govin et al., 2012). Modern clay mineral compositions along the eastern and southeastern South American continental shelf clearly reflect the weathering regime of the hinterland as kaolinite is predominant in the southeast and illite increase northward as more arid conditions prevail in ESA (Tintelnot, 1995). Thus, downcore ln(K/Al) of Core M125-35-2 is a pertinent proxy reflecting changes in the clay mineral composition which is strongly dependent on hinterland chemical weathering intensity and hence, moisture availability (Bahr et al., 2021). As related to past hydroclimate, low (high) ln(K/Al) reflect wetter (drier) conditions within the catchment area. We further compare the ln(K/Al) record with the ln(Al/Si) ratio, which has previously been used as proxy for chemical weathering intensity in South America (Chiessi et al., 2010). Decreased ln(Al/Si) are due to increased fluvial input of fine-grained quartz-rich material caused by higher rates of physical erosion in line with less humid conditions, while higher Al indicates stronger chemical weathering during wetter conditions (Biscaye, 1965; Govin et al., 2012).



Foraminiferal Geochemistry

For stable carbon isotope (δ13C) analysis, all samples were wet-sieved over a 63 µm mesh and oven-dried at 40°C. To avoid size-related ontogenetic effects (Elderfield et al., 2002), foraminiferal tests were sampled from the 355-400 µm size fraction (Friedrich et al., 2012) of the dried sediment. At minimum 50-60 individual foraminiferal tests of the surface-dwelling foraminifera Globigerinoides ruber (pink variety) (Chiessi et al., 2007) were handpicked under a stereo microscope. Subsequently, foraminiferal tests were gently crushed between two glass plates and residual detrital sediments from the exposed test chambers was removed. The crushed foraminiferal tests were rinsed three times with ultrapure methanol and ultrasonicated between each rinsing step. Stable isotope measurements were carried out on a Thermo Fisher MAT 253plus mass spectrometer equipped with an automatic Kiel IV carbonate preparation system at the Institute for Earth Sciences, Heidelberg University (Germany). Isotope values were calibrated to an in-house carbonate standard (Solnhofen limestone) and are reported in per mil (‰) relative to Vienna Peedee belemnite [VPDB]. Analytic precision based on repeated measurements of the in-house standard is < 0.03 ‰ for δ13C.

Venancio et al. (2017) inferred from sediment-trap studies located off SE Brazil at 23.6°S, that G. ruber (p) is the best-suited planktonic foraminiferal species to reconstruct surface-ocean conditions in the western South Atlantic. The sediment trap study revealed no significant seasonal changes in the occurrence of G. ruber (p), thus likely reflecting annual mean conditions. The calcification depth of G. ruber (p) at this study site was determined by (Venancio et al., 2017) as the mixed layer between 30 and 40 m water depth, which is comparable to the estimated calcification depth of G. ruber in the Pacific Ocean (Rippert et al., 2016).

The δ13C of planktonic foraminifera shells are used to reconstruct the carbon isotopic composition of dissolved inorganic carbon (DIC) in seawater during calcification. The ambient seawater δ13CDIC during foraminiferal calcification is influenced by numerous processes, which may be distinguished into biotic and non-biotic processes. With respect to biotic effects, δ13CDIC of seawater reflects local changes in the balance between photosynthesis (increasing in δ13C) and respiration (decreasing δ13C). In the surface ocean (i.e. habitat of G. ruber (p)), however, photosynthesis dominates over respiration (Ravelo and Hillaire-Marcel, 2007). Thus, δ13Cplank of Core M125-35-3 likely reflects the rate of photosynthesis and amount of exported 12C enriched particulate organic matter from the reservoir. Non-biotic effects may comprise advection or upwelling of water masses with different δ13CDIC signatures. Since G. ruber (p) occurs throughout the entire record of Core M125-35-3 and this species is associated to the oligotrophic waters carried by the Brazil Current one would not expect a substitution of different water-masses. Additionally, foraminiferal respiration and symbiont activity may bias δ13C in foraminiferal tests. However, as we analyze a single species within a narrow size range, our record should be uniformly affected by these influences. Thus, next to other productivity-proxies shown in this study, δ13Cplank may give supporting evidence in the interpretation of oceanic paleo-productivity.



Age Model

The initial age model of Core M125-35-3 was published in (Meier et al., 2021). For this study, we modified the initial model as we added one additional AMS 14C age to improve the accuracy of the late deglacial shift from the Bølling-Allerød (B/A) interstadial to the Younger Dryas (YD) stadial (Table 1). The AMS 14C dating was performed by BETA Analytics Limited in Miami (USA). All AMS 14C ages (Table 1) were recalibrated with the most recent MARINE20 calibration curve (Heaton et al., 2020) and as recent findings on the marine radiocarbon reservoir effect off the Brazilian coast were published by Alves et al. (2021), we considered a ΔR = -84 ± 125. As done in (Meier et al., 2021) we used the CRAN R package Bacon (version 2.5.7) (Blaauw and Christen, 2011) to constrain the chronostratigraphy of Core M125-35-3. AMS 14C were calibrated within the Bacon software using a student-t-distribution (Christen and Pérez, 2009) The improved age model covers the interval from ~19.3 ka to the late Holocene around ~4.0 ka comprising the last deglaciation, which we define as the period between the Last Glacial Maximum (LGM) and the beginning of the Holocene (H) including HS1, the B/A, and the YD. Sedimentation increase from ~10 cm/kyr during the latest LGM to maximum values of ~18.0 cm/kyr during the early deglaciation along HS1. After ~14.2 ka, sedimentation rates decrease rapidly to minimum values of ~4.0 cm/kyr. From the onset of the Holocene at ~11.7 ka, sedimentation rates slightly increase to 8 cm/kyr at the youngest part of the record at 4.0 ka (Figure S1 in Supplementary Material).


Table 1 | Calibrated AMS 14C ages measured on the planktonic foraminifera Globigerinoides ruber (pink) using the software Calib (version 8.2) and the MARINE20 calibration curve with ΔR = -81 ± 124.






Results

The elemental ratios (Σ Fe, Al, Ti, K)/Ca and biomarker proxies (MARs of brGDGTs and the BIT index) which are typically associated with continental runoff, reveal a steady deceasing trend during HS1 (Figures 3H–J). In contrast, mass accumulation rates of n-alkanes show increasing values and higher variability during HS1 (Figure 3G). Plant input, as inferred from long-chain n-alkanes, show an increased input of plant-derived organic matter at Core M125-35-3 from the end of LGM towards the late HS1 with maximum values around 3200 ng cm-2 ka-1 at ~15.0 ka. Remarkably, all biomarker-based proxies of Core M125-35-3 (alkenones, n-alkanes, brGDGTs and crenarchaeol) reveal a rapid decrease in coincidence with the onset of the B/A at ~14.6 ka (Figures 3D, E, G, H). Subsequently, the BIT index, n-alkane MARs and (Σ Fe, Al, Ti, K)/Ca remain stable at very low values throughout the rest of the study interval. MARs of brGDGTs, crenarchaeol and alkenones of Core M125-35-3 mimic this pattern, but show an increase after ~7.0 ka during the mid-Holocene, which is of much higher amplitude in crenarchaeol and alkenone MARs (Figures 3D, E, H).




Figure 3 | Time series of lipid biomarker (D, E, G, H, I), bulk sediment elemental composition (A, B, J) and foraminiferal geochemistry (C) data of Core M125-35-3 (this study) compared to a deglacial sea level (K) sea level reconstruction (Austermann et al., 2013) and terrestrial speleothem δ13C (F) of Botuverá Cave (Cruz et al., 2005). Thick lines in panels a-h indicate 3-point running average. Bulk sediment elemental composition from Core M125-35-3: (A) ln(Al/Si), (B) ln(K/Al), j) (Σ Fe, Al, Ti, K)/Ca. Lipid biomarker of Core M125-35-3): (D) Mass accumulation rate (MAR) of crenarchaeol, e) alkenone MAR, g) n-alkane MAR, (H) brGDGTs MAR, i) BIT index. (C) Stable carbon isotopes (δ13C) composition of Globigerinoides ruber (p). Arrows indicate direction of increases. Red shaded area marks the timing of Meltwater Pulse 1a (Brendryen et al., 2020). LGM, Last Glacial Maximum; HS1, Heinrich Stadial 1; B/A, Bølling-Allerød interstadial; YD, Younger Dryas; H, Holocene; MWP1a, Meltwater Pulse 1a.



δ13Cplank remains relatively constant during HS1 and increases steadily by ~0.5 ‰ during the Holocene (Figure 3C). In contrast, alkenone and crenarchaeol MARs reveal distinctly higher oceanic productivity during HS1, approach minimum values during the early Holocene, and show a subsequent continuous increase that accelerates after ~7 ka.

Both, ln(Al/Si) and ln(K/Al) ratios indicate slightly wetter conditions across the catchment of the Paraíba do Sul during HS1 compared to the LGM (Figures 3A, B). Drier conditions prevail during the B/A followed by a slight increase in moisture availability across the Paraíba do Sul catchment during the YD stadial. During the Holocene, a long-term decrease of ln(K/Al) and an increase of ln(Al/Si) reveals successively wetter conditions. Overall, precipitation variability in the Paraíba do Sul catchment during the deglacial is comparable or even slightly smaller than that of the Holocene (Figures 3A, B).



Discussion


Effects of Enhanced Deglacial and Holocene Fluvial Run-Off on the Marine Environment

On longer time scales, spanning the entire record, our results reveal that a number of proxies from Core M125-35-3, which are commonly used to reconstruct terrestrial related environmental changes reveal a distinct correlation with the deglacial sea level rise defining the extension of the exposed continental shelf (Figures 1, 3). Namely, elemental ratios typically associated with continental runoff (Σ Fe, Al, Ti, K)/Ca, MARs of brGDGTs and the BIT index are clearly anti-correlated with the deglacial rising sea level (Figures 3H–K) and reveal a steady decreasing trend from the LGM towards the B/A. Yet an exception are n-alkane MARs, which display increasing values during HS1 prior to their rapid decrease at the onset of the B/A (Figure 3G). A secondary source of n-alkanes, which may bias the n-alkane MARs can be excluded, as the calculated carbon preference index (CPI) from Core M125-35-3 is at average 3.2 (not shown), thus relatively high and comparable to modern soils, pointing to a predominance of well preserved terrestrial n-alkanes (Huang et al., 1996; Freeman and Colarusso, 2001; Freeman and Pancost, 2014). The HS1 pattern of n-alkane concentrations corresponds well to the evolution of speleothem δ13C values of Botuverá Cave located in SE Brazil (27°S) (Cruz et al., 2005) (Figures 3F, G). Amongst others, speleothem derived δ13C provides information of biogenic activity above the cave and/or changes in the relative proportion of C3 (trees and shrubs) to C4 (drought-adapted grasses) vegetation, with C3-plants having a lighter δ13C signature than C4 plants (Fleitmann et al., 2008; Novello et al., 2019). Here, we ascribe increasing n-alkane concentrations occurring parallel to decreasing δ13C values of Botuverá Cave to the expansion of C3-dominated Atlantic rainforest (tropical evergreen forest) onto the exposed shelf and the presence of subtropical gallery forests along the Paraíba do Sul during HS1 both substituting the tropical seasonal forest, savanna and grassland-dominated flora prevalent during the LGM. This is in line with late Pleistocene pollen-based reconstructions from Southern and SE Brazil suggesting an expansion of Atlantic rainforests and gallery forests after 17.0 ka (Behling, 1997; Behling, 2002; Gu et al., 2018) and somewhat later starting at 15 ka in SESA (Gu et al., 2017; Gu et al., 2018). The numerical modelling experiments from Maksic et al. (2022) further corroborate the described changes in biomes. Simultaneously, soil run-off decreased as observed from brGDGTs mass accumulation rates during HS1, which may indicate suppressed top-soil erosion induced by forest expansion (Figure 3H). The successive decrease in organic matter of terrestrial origin and especially the sudden decrease in both n-alkanes and brGDGTs during the B/A and Holocene point at a significantly reduced input of terrigenous organic matter to the upper slope likely amplified by other mechanisms (see Discussion below).

Terrestrial input into oligotrophic waters carried by the Brazil Current alongshore southeastern Brazil would provide an important nutrient source for oceanic biota. In fact, high marine productivity at Core M125-35-3 during HS1, reflected by the increase in alkenone and crenarchaeol accumulation rates (Figures 3D, E) aligns with elevated accumulation rates of terrigenous elements (Fe, Al, Ti, K) (Figure S3 in Supplementary Material), n-alkanes and brGDGTs (Figures 3G, H) pointing at high siliciclastic and organic matter input of terrestrial origin. Notably, the accumulation rates of Fe, Al, Ti, and K as well as Ca are high during HS1, which agrees with the presumption that enhanced marine productivity during higher terrestrial run-off increases deposition of carbonate and the relative content of Ca in the sediment (Govin et al., 2012). Thus, it is consistent to assume that a slightly invigorated continental hydrological cycle and particularly a marked low sea level enhanced nutrient and organic matter flux into the western tropical South Atlantic during HS1, boosting oceanic productivity. This proposed link between river run-off and marine productivity further fits to the suggestion that cold-water coral mounds in the vicinity of Core M125-35-3 flourished during times of enhanced organic-matter input from the continent due to enhanced nutrient and organic-matter availability (Bahr et al., 2020). To summarize, we infer that terrestrial siliciclastic sediment and organic-matter flux to the upper slope off the Paraíba do Sul was maximal during HS1 and subsequently declined during the late deglacial and Holocene, largely owing to the rising eustatic sea level and ensuing coastline retreat.

Against the above discussed scenario, one might argue that δ13Cplank values remain constantly low during HS1, instead of the expected more enriched values in response to high surface productivity. However, the isotopic fractionation of DIC due to enhanced marine productivity during HS1 may have been compensated by the enhanced input of terrestrial organic matter which is considerably depleted in 13C. The δ13C in the western subtropical South Atlantic must be considered an open system, where the reservoir and fixation of light 12C by oceanic productivity is constantly compensated by run-off of terrestrial organic matter resulting in no notable fractionation in our δ13Cplank record during HS1.

Interestingly, the rapid decrease in MARs of crenarchaeol, alkenones, n-alkanes and brGDGTs at ~14.6 ka at the onset of the B/A coincides with meltwater pulse 1a (Weaver et al., 2003; Brendryen et al., 2020), a phase of rapid sea level rise in which sea level rose by ~20 m within ~500 years (Liu et al., 2016) (Figures 3D, E, G, H). We note, that the rapid decrease in n-alkanes and brGDGTs might be intensified by a shift to slightly dryer conditions during the B/A onset as reflected by our ln(K/Al) and ln(Al/Si) records leading to decreased terrestrial run-off (Figures 3A, B). However, as existing pollen-based vegetation records of the Atlantic rainforest do not reveal a marked decrease or retreat (Gu et al., 2017; Gu et al., 2018), we infer that changes in the hydroclimate were rather small. Thus, we argue that meltwater pulse 1a marks a threshold, facilitated by the broad shelf off SE Brazil, when transgression suddenly flooded a wide area (Figure 1), which functions as a sediment trap during interglacial high sea level stands. Indeed, a similar situation was previously described for southern Brazil and Uruguay (Chiessi et al., 2008; Lantzsch et al., 2014). After flooding the shelf, the influx of terrestrial (organic) matter to the continental slope was substantially reduced and became rather insensitive to continental climatic variability compared to the period before the B/A that is characterized by high sediment input to the slope. Yet, during the Holocene, high δ13Cplank as well as high accumulation rates of alkenone and crenarchaeol synthesizing Coccolithophorides and Thaumarchaeota, respectively (Figures 3C–E), point at increased oceanic productivity. Further, the BIT index remains low during the Holocene, although a slight increase of terrestrial-derived brGDGTs is observed (Figures 3H, I). This slight enhanced input of brGDGTs is apparently compensated by the increase of crenarchaeol in Core M125-35-3 due to higher marine productivity, which in sum leads to a low BIT index (Figures 3D, H, I). The dominance of marine organic matter during the Holocene is in line with the more distant shore line, especially after MWP 1a flooded the shelf (Figure 3), when terrestrial sediment and organic matter input to the upper slope were significantly reduced. However, as increasing ln(Al/Si) and decreasing ln(K/Al) ratios indicate successively wetter conditions after 8.5 ka, we argue that increased oceanic productivity during the Holocene was caused by increased terrestrial runoff fostered by successively wetter conditions across the Paraíba do Sul catchment eventually providing nutrients to the sub(tropical) South Atlantic. Nonetheless, increased river runoff in line with higher precipitation during the Holocene was less efficient in affecting the oceanic nutrient inventory than the sea-level fluctuations during the deglacial. This is also supported by the lower Holocene MARs of alkenones and crenarchaeol when compared to HS1. In addition, the isotopic fractionation displayed by δ13Cplank may point to limited influx of 13C-depleted terrestrial organic matter and diminished deposition in terrestrial derived sediments.



Deglacial and Holocene SAMS/SACZ Precipitation Variability Across South America

Previous studies have emphasized the role of an intensification and/or expansion of the SACZ for providing enhanced moisture for ESA and SESA during HS1 (Stríkis et al., 2015; Novello et al., 2017; Stríkis et al., 2018; Venancio et al., 2020). As the Paraíba do Sul catchment is within the core region of the SACZ, our record from Core M125-35-3 is, when combined with available paleo-hydrological records from its northern and southern boundaries, ideally suited to track both the strength and area of the SACZ. For this purpose, we compare our results with published trace metal data from speleothems from Botuverá Cave (27°S), which is located just south of the modern domain of the SACZ (Cruz et al., 2007) and δ18O records of Lapa Sem Fim (16.1°S) and Paixão Caves (12.6°S) located to the north of the SACZ (Figures 1, 4C, D, I, J).




Figure 4 | Compilation of paleo precipitation records from South America together with sea-surface temperature (SST) reconstructions from the sub(tropical) South Atlantic. The blue shaded area marks the timing of the atmospheric adjustment to a negative like SALLJ/SACZ dipole pattern across South America at ~16.0 ka as explained in the main text (SALLJ: South American Low Level Jet, SACZ: South Atlantic Convergence Zone). (A) ln(Al/Si)) and (B) ln(K/Al) of Core M125-35-3 (this study). (C) Speleothem-based Sr/Ca, (D) Mg/Ca and (E) δ18O of Botuverá Cave located in southeastern South America (Cruz et al., 2005, 2007). (F) γ-radiation based precipitation record from Salar de Uyuni located in the central Andes (Baker et al., 2001). (G) Speleothem-based δ18O of Jaraguá Cave in central South America (Brazil) (Novello et al., 2017). (H) Mg/Ca-based SST reconstruction from Core M125-35-3 (Meier et al., 2021), (I) Paixão Cave speleothem based δ18O ‰ records and (J) Lapa Sem Fim Cave speleothem based δ18O compilation (Stríkis et al., 2015, 2018) from eastern South America, (K) 231Pa/230Th compilation from Core GGC5 and ODP Site 1063 representing Atlantic Meridional Overturning Circulation strength (McManus et al., 2004; Böhm et al., 2015; Lippold et al., 2019), (L) SSTMg/Ca record of Core GeoB6211-2 (Chiessi et al., 2015) collected off southern Brazil, (M) XRF-derived Fe/K from Core GeoB13861-1 close to the La Plata River mouth (Warratz et al., 2017). (N) and (O) XRF derived ln(K/Al) and Fe/K from Core GL-1090 from the La Plata River mouth (Mathias et al., 2021). Thick lines in panels a-d and g-i indicate 3-point running average. LGM, Last Glacial Maximum; HS1, Heinrich Stadial 1; B/A, Bølling-Allerød interstadial; YD, Younger Dryas; H, Holocene; MWP1a, Meltwater Pulse 1a.



Based on the ln(K/Al) and ln(Al/Si) data from Core M125-35-3 (Figures 4A, B), we suggest that precipitation intensity in the core domain of the SACZ (at least over the Paraíba do Sul catchment) did not vary markedly over the deglaciation, with slightly more precipitation during HS1 and the YD compared to the drier B/A. Indeed, neither of these intervals stick out as a climatic extreme in Core M125-35-3.

Trace metal data from Botuverá Cave (Sr/Ca and Mg/Ca) (Cruz et al., 2007) indicate an overall decreasing trend during HS1 pointing to progressively drier conditions (Figures 4C, D). Today, Botuverá Cave receives precipitation all year round with no pronounced dry season (during austral summer moisture derives from the SACZ/SAMS, during austral winter moisture is related to extra tropical cyclones (Gan and Rao, 1991; Vera et al., 2002). During HS1, however, a greater seasonal contrast in rainfall probably characterized the region, with a dry season during austral winter and wet austral summer season induced by the SAMS/SACZ. This is supported by palynological studies from southern and southeastern Brazil indicating the dominance of Poaceae reflecting rather cold and dry conditions, while modern-like Araucaria forests, which are intolerant to long dry seasons, were absent (Behling, 2002; Gu et al., 2017; Gu et al., 2020). A greater seasonal contrast is also supported by low δ18O values in Botuverá Cave speleothems that point at the Amazon basin as the dominant moisture source during HS1 (Bernal et al., 2016), which today fuels the SACZ. Hence, based on available data from Botuverá Cave, a reduction in winter-time precipitation can be inferred, while the SACZ-related precipitation appeared to have been relatively stable.

Intensification of SAMS/SACZ activity over ESA during HS1 was previously suggested by Stríkis et al. (2015) based on speleothem precipitation records from Lapa Sem Fim and Paixão Caves (Figures 1, 4I, J). The positive precipitation anomalies in Lapa Sem Fim and Paixão Caves were related to so-called “Mega-SACZ-Events” that were presumed to be a consequence of enhanced convection of tropical-sourced moisture towards ESA and SESA (Stríkis et al., 2015). However, the new ln(K/Al) and ln(Al/Si) records of Core M125-35-3 do not support a strong intensification of the SACZ during HS1 (Figures 3A, B). The more frequent δ18O minima in both cave records may be explained by northward expansions of the SACZ leading to increased precipitation above the cave sites. The core region of the SACZ, on the other hand, seems unaffected by potential northward expansions as the Paraíba do Sul catchment remains within the SACZ influence as inferred from ln(K/Al) and ln(Al/Si) of Core M125-35-3. An exception occurred around ~16 ka, when a minimum in δ18O indicate the wettest phase in the Paixão record. Minimum δ18O occurs synchronously with slightly dryer conditions across the Paraíba do Sul catchment area suggesting a northward displacement of the SACZ.

Interestingly, the Paixão Cave δ18O record closely follows the Mg/Ca-based SST reconstruction of Core M125-35-3 (Meier et al., 2021) (Figures 3H, I). Further, the compiled δ18O records of Lapa Sem Fim Cave (Stríkis et al., 2015; Stríkis et al., 2018) match remarkably well with the 231Pa/230Th compilation record of cores GGC5 and ODP Site 1063 from the North Atlantic (McManus et al., 2004; Böhm et al., 2015; Lippold et al., 2019), indicating a sluggish AMOC during HS1 (Figures 3J, K). These correlations may imply a connection between large-scale oceanographic changes in the western South Atlantic and precipitation pattern across ESA during HS1. Campos et al. (2019) showed that precipitation variability in ESA and SESA was driven by a mechanism independent of SAMS/SACZ activity. Campos et al. (2019) proposed that precipitation availability in ESA and to a lesser degree in SESA depended on atmospheric and oceanographic changes that resulted from the diminished interhemispheric heat transfer caused by a weakened AMOC. Based on model and proxy data, Campos et al. (2019) inferred that increased (decreased) moisture sourced from the warmer (colder) tropical South (North) Atlantic was transported with the SE (NE) trade winds during austral summer (winter). In fact, the good correlation of high SSTs at Core M125-35-3 and increased precipitation above Paixão Cave indicate that SSTs from the sub(tropical) South Atlantic played a crucial role in determining the amount of moisture advected by the SE winds towards ESA and SESA. High (low) SSTs in the sub(tropical) western South Atlantic probably contributed to warm and moist (cool and dry) air towards the continent. In contrast, the southerly located Botuverá Cave in SESA seems to be unaffected by this oceanic sub(tropical) moisture source as its precipitation record reveals continuously dryer conditions, especially during austral winter. It thus appears that during HS1 SE trade winds delivering oceanic-sourced moisture were primarily responsible for enhanced precipitation in tropical ESA (e.g., at Paixão and Lapa Sem Fim Caves) and to a lesser degree in the south where they contributed to the slightly wetter conditions across the Paraíba do Sul catchment. A gradual trend towards increasing precipitation in the northern portions of ESA may imply a relative increase in convective rainfall associated with a marked southward shift of the ITCZ during HS1. However, reconstructions of deglacial migrations of the ITCZ during northern hemispheric cooling suggest southward shifts of no more than 7° from its modern position (Arbuszewski et al., 2013; Schneider et al., 2014; Portilho-Ramos et al., 2017). A significant contribution of ITCZ rainfall to ESA is hence unlikely.

In addition, Chaves and Nobre (2004) showed that, based on observational data, positive SST anomalies in the western subtropical and tropical South Atlantic lead to a northward shift of the SACZ. This corroborates the interpretation that not a substantial intensification of the SACZ increased precipitation during HS1, but northward shifts/expansions of the SACZ additionally amplified precipitation in SESA as illustrated by the synchronous SST maximum at Core M125-35-3 and peak precipitation at the Paixão Cave record at ~16.0 ka (Figures 4H, I, 5). Our findings lead us to recede from the previously suggested “Mega-SACZ-Event” and suggest that the slight increased precipitation in ESA and SESA during HS1 was primarily due to enhanced moisture advection from the tropical western South Atlantic. However, northward expansion or potential shifts of the SACZ might have additionally reinforced precipitation in ESA. Hence, our findings corroborate the mechanism proposed by Campos et al. (2019) for positive precipitation anomalies over tropical South America.




Figure 5 | Schematic illustration of atmospheric circulation patterns and rainfall anomalies in South America during Heinrich Stadial at ~16 ka. The blue shaded area marks the low-pressure system related to the steady eastward propagating Rossby wave train. High-pressure systems propagate northward as they pass the Andes (indicated by the red arrow). The quasi-stationary system that occurred at ~16 ka during HS1 foster a subtropical high-pressure system across South America (red area above South America). Substantial moisture transport via the Chaco Jet Event (CJE) configuration (black arrow) enhances rainfall in southern southeastern South America. Under this situation, the South Atlantic Convergence Zone (SACZ) was likely displaced northward relative to its modern position. Green and yellow diamonds indicate terrestrial and marine previously published precipitation records respectively. Px, Paixão Cave; LSF, Lapa Sem Fim Cave The yellow star marks Core M125-35-3 (this study).





South American Low Level Jet Dynamics During the Deglaciation

While the deglacial hydroclimate variability in ESA and partially in SESA might be well explained by changes in trade wind intensity and SACZ dynamics, precipitation patterns across SSESA are strongly influenced by synoptic-scale climate features, that are usually insufficiently considered in paleoclimatic studies

The XRF-derived Fe/K record from Core GeoB13861-1 (38.0°S) (Warratz et al., 2017) collected off the La Plata River mouth (Figures 1, 4M), as well as the Fe/K and Al/Si records from Core GL-1090 (24.92°S) (Mathias et al., 2021) retrieved off SE Brazil potentially show precipitation changes over SSESA, the southern part of the dipole. We updated the age model of Core GL-1090 applying the new MARINE20 calibration curve (Heaton et al., 2020) to enable a robust correlation with Core M125-35-3.

From the LGM towards ~16 ka, the Al/Si record of Core GL-1090 reveals relatively high values indicating smaller amounts of sediments from the La Plata River (Figure 4N) in SSESA. The Fe/K record of Core GeoB13861-1 displays decreasing values from the LGM to 16 ka, indicating a decreasing runoff of deeply weathered material from the Paraná catchment and the La Plata basin (Figure 4M). However, these values need to be interpreted with caution since decreased bottom current activity favors the deposition of fine grained clays of Al-rich illite and chlorite (which may contain significant amounts of Fe) from the circumantarctic area, potentially increasing Fe/K values during the late LGM and early HS1 (Warratz et al., 2017). However, the Fe/K record from Core GL-1090, collected ca. 10° to the north and ca. 1500 m shallower than GeoB13861-1, constantly displays low values from the LGM towards ~16.0 ka (Figure 4O) which is unlikely an effect of the northward dispersal of clays from the Southern Ocean [cf. Figure 4 in (Warratz et al., 2017)]. Overall, we infer that hinterland runoff via the La Plata River and associated precipitation across the Paraná catchment in SSESA was relatively low between ca. 18 and 16 ka. As discussed above, ln(K/Al) and ln(Al/Si) ratios from Core M125-35-3 reveal slightly elevated precipitation during this interval (Figures 4A,B). Silva and Berbery (2006) observed a strong thermal front in the vicinity of southern Brazil during positive precipitation anomalies in SSESA. If this thermal front is not or only weakly established, precipitation in the SACZ region is enhanced. Indeed, SST from Core M125-35-3 are rather low and show an increasing trend from ca. 18 until 16 ka, comparable to the southerly located Mg/Ca-based SST record of Core GeoB6211-2 (32.5°S) collected off southern Brazil (Chiessi et al., 2015) (Figure 4L) pointing at a weak meridional SST gradient. Thus, we suggest that more moisture was transported towards the SACZ realm in SESA via the NCJE configuration. The dipole precipitation pattern was thus rather adjusted to a positive (increased) precipitation in SESA at the expense of dryer conditions in SSESA (Figures 1, 5).

At ~16.0 ka a distinct change in the SACZ-SALLJ dipole configuration occurs, as displayed by the signal and spatial distribution of ensemble of precipitation records across South America presented in Figure 4. Noteworthy, the interval around 16 ka was associated to the most intense phase of Heinrich Event 1 (HE1) during HS1 and was characterized by the strongest thermal imbalance according to the interhemispheric seesaw (Meier et al., 2021). This pronounced phase of the interhemispheric thermal seesaw led to warming in the high-latitude southern South Atlantic, implying a markedly reduced equator to pole thermal gradient (Barker et al., 2009). These boundary conditions were also invoked to explain the vigorous warming in the western South Atlantic as observed in Mg/Ca-based SSTs of Core M125-35-3 (Figure 4H) (Meier et al., 2021). During this interval at ~16.0 ka, the Jaraguá Cave speleothem record from central South America marks a distinct drying event (Figures 1, 3G). Simultaneously, a distinct increase in Fe/K from Core GeoB13861-1 (Warratz et al., 2017) argues for marked wet events over the La Plata basin in SSESA (Figure 3M). Noteworthy, the Fe/K peak at ~16 ka at Core GeoB13861-1 coincides with a marked decrease in Al/Si of Core GL-1090 (Figure 4N), minimizing a potential imprint of allochthonous Al-enriched circumantarctic clays during times of relatively weak northward-flowing bottom currents (Warratz et al., 2017). We also infer that early diagenetic effects (e.g. by changing redox conditions) (Riedinger et al., 2005) are not the main cause for the Fe/K peak in Core GeoB13861-1 at ~ 16 ka as it coincides remarkably well with moist conditions over SSESA implied by the sudden decrease (increase) in Al/Si (Fe/K) of Core GL-1090 which during the deglacial was situated in a more proximal location relative to the La Plata River mouth due to the low sea level (Lantzsch et al., 2014; Mathias et al., 2021). At the same time, our ln(K/Al) and ln(Al/Si) record reveals a short intermittent dry period at 16.0 ka at the Paraíba do Sul catchment (Figures 4A, B). We note that ln(K/Al) and Si/Al from Core M125-35-3 as well as trace metal data from Botuverá Cave display rather moderate drying across the SACZ realm (Figures 4A–D). Missing tropical moisture export towards the SACZ domain in SESA via the NCJE would cause severely dry conditions which were, however, likely compensated by enhanced oceanic moisture flux in line with a vigorous warming in the western tropical South Atlantic (Figure 4H) at 16.0 ka. Thus, the precipitation pattern changed rapidly across South America at 16.0 ka towards a negative dipole configuration, where central South America (i.e. Jaraguá Cave) and SESA represented by Core M125-35-3 are characterized by drying and SSESA (i.e. the Paraná and Uruguay catchment) experienced distinct wet events. Notably, this precipitation dipole between SESA and SSESA coincided with the development of a distinct oceanographic front at around 16.0 ka in the western (sub)tropical South Atlantic as suggested by SST cooling at mid-latitude Core GeoB6211-2 (32.5°S) (Chiessi et al., 2015) parallel to pronounced warming at Core M125-35-3 (21.9°S) (Meier et al., 2021) (Figures 4H, L). As mentioned above, this thermal front is in line with increased precipitation in SSESA and drying in SESA, as observed by (Silva and Berbery, 2006). This pattern suggests that a strong and persistent CJE enhanced the flow of Amazon moisture towards the La Plata basin around 16.0 ka leading to anomalously high rainfall in SSESA. In this context, the concomitant dry phase at Jaraguá Cave is in line with the majority of Amazon moisture being transported southwards along the eastern margin of the Andes and to a lesser extend southeastward towards Jaraguá Cave and the Paraíba do Sul catchment area (Figure 5). Increased southward advection of Amazon moisture is also corroborated by a precipitation record from Salar de Uyuni on the Bolivian Altiplano in the central Andes showing increased rainfall throughout HS1 (Figure 4F) (Baker et al., 2001).

Although the negative precipitation dipole observed at ~16 ka fits to observational data such as the thermal front arising near SE Brazil (Figures 4H, I) (Silva and Berbery, 2006), there is still lack of a sufficient mechanism explaining the substantial reconfiguration of the lower atmospheric circulation and consecutive moisture transport across South America. Modern observations revealed that vast flooding and rainfall events may be strongly related to the behavior of Rossby wave propagation patterns. Extreme climate phases may be explained by high amplitude quasi-stationary Rossby waves resulting from a decreased atmospheric circulation caused by a reduction of the temperature difference between polar and mid-latitudes (Andreoli and Kayano, 2005; Coumou et al., 2014; Coumou et al., 2015; Coelho et al., 2016; Mann et al., 2017; Wolf et al., 2018). It is well documented that moisture flux by the SALLJ is largely dependent on the dynamics of synoptic-scale Rossby wave propagation (e.g. Salio et al., 2002; Carvalho et al., 2004; Liebmann et al., 2004; Marengo et al., 2004). We therefore suggest that around 16.0 ka, a time of maximum warming of the southern hemisphere due to the interhemispheric seesaw (Broecker, 1998; Stocker, 1998; Pedro et al., 2011; Barker and Diz, 2014; Meier et al., 2021), the overall decreased thermal gradient across the Southern Hemisphere led to a slowdown of the atmospheric circulation. Thus, the Rossby wave propagation became more stationary, leading to extreme and sustained climatic conditions in SSESA and SESA. The pattern suggests, that a strong subtropical high developed, which spread far across SESA, forcing the SALLJ to a NCJE-like configuration with an exit region above subtropical South America. Consequently, subsiding airmasses associated with a strong and stable subtropical high inhibited cloud cover leading to persistent radiative forcing, which likely fostered anomalously high SSTs as observed in Core M125-35-3 at 16 ka. This atmospheric and oceanic configuration in turn, led to vast increases in precipitation across SSESA. This pattern might be indirectly enhanced by a significantly southward shifted ITCZ at 16 ka. Climate models reveal a similar precipitation pattern across South America after significant weakening of the Southern Hemisphere Hadley cell affecting the subtropical and mid-latitude jets (Figure 1 in Lee et al., 2011; Ceppi et al., 2013). Contrary, during the early and late phases of HS1, the atmospheric circulation and Rossby wave propagation was enhanced, leading to less pronounced and ephemeral extreme conditions similar to modern-like conditions. The dipole reconfiguration at 16 ka hence marks an anomalously persistent negative dipole mode lasting at least ~500 yrs (cf. blue shading in Figure 4). As discussed in Section 2, the occurrence of the negative dipole configuration such as at ~16 ka resembles hydroclimatic extremes of decadal- to interdecadal scales occurring under present-day conditions. However, modern trends and future projections of precipitation suggest an increase in the occurrence of the negative dipole pattern under quasi-stationary Rossby waves with hazardously increased rainfall across subtropical South America in SSESA due to global warming (Gonzalez et al., 2013; Junquas et al., 2013; Vera and Díaz, 2015; Saurral et al., 2017; Masson-Delmotte et al., 2021). It is astonishing that a similar climatic configuration could occur under considerably different boundary conditions. We hypothesize that both the future and the SACZ/SALLJ dipole evolution at ~16 ka respond to a common pattern, i.e., a reduced hemispheric equator to pole thermal gradient as it is typical for both global warming scenarios (Masson-Delmotte et al., 2021) and HS1 (Barker et al., 2009).



Evolution of SAMS Dynamics After HS1

After HS1 (i.e., the late deglacial), ln(Al/Si) and ln(K/Al) of Core M125-35-3 suggest drier conditions during the B/A interstadial pointing to a weaker SAMS/SACZ which lasted until the beginning of the YD, when precipitation increased towards the onset of the Holocene (Figures 4A, B). This late deglacial pattern is consistent with the precipitation record from Jaraguá Cave (Novello et al., 2017) from the central domain of the SAMS/SACZ in central South America (Brazil) (Figure 4G). The strong late deglacial coupling of precipitation in the Paraíba do Sul catchment and Jaraguá Cave indicates that rainfall associated with the SAMS/SACZ intensity similarly determined precipitation in SESA and above Jaraguá Cave. If oceanic moisture would have dominated precipitation across the Paraíba do Sul catchment, one would a expect no clear correlation with the Jaraguá Cave speleothem record, located in central South America, distant from the coast (Figure 5). Indeed, SST cooling after 16 ka at the site of Core M125-35-3 implies less moisture export towards South America provided by evaporation over the sub(tropical) South Atlantic. Hence, we infer that during the late deglacial after HS1, oceanic moisture sourced from the (sub)tropical South Atlantic did not substantially contribute to moisture budget across SESA and a more modern-like precipitation pattern was established. Further, during the late deglacial the Fe/K and Al/Si of cores GeoB13861-1 and GL-1090 do not show any marked abrupt shift in precipitation across SSESA (Figures 4M–O). Thus, we assume, that late deglacial precipitation pattern associated with SACZ/SAMS variability was stabilized by the configuration of perpetually propagating non-stationary Rossby waves inhibiting sustained phases of extreme rainfall in SSESA such as during ~16 ka.

Drier conditions above the Paraíba do Sul catchment (Figures 4A, B) during the B/A can be assigned to the stabilization of temperatures in South America in coincidence with the Antarctic Cold Reversal indicating overall cooler and likely dryer conditions at the southern margins of the SAMS (Blunier et al., 1997; Chiessi et al., 2015; Pedro et al., 2016). Similarly to HS1, during the YD our records reflect a slight increase in SAMS/SACZ activity as recorded in Jaraguá Cave. This precipitation increase was likely related to warming of the Southern Hemisphere and enhanced moisture influx into South America due to Northern Hemisphere cooling leading to a southward shift of the ITCZ (Cruz et al., 2006; Novello et al., 2017). This is in contrast to the HS1, where the (sub)tropical western South Atlantic was involved as an important moisture source. SSTs of Core M125-35-3 indeed show a parallel warming trend during the YD, however, we assume that the quantity of oceanic-sourced moisture feeding SESA was greatly reduced because warming of the western tropical South Atlantic was much weaker compared to HS1.

From the mid Holocene (~8.5 ka) to the top of Core M125-35-3 our ln(K/Al) and ln(Al/Si) records reveal an increase in precipitation across the Paraíba do Sul catchment (Figures 4A, B). Simultaneously, the SST record from Core M125-35-3 shows an increase in temperatures towards ~30°C, which is somewhat lower as the SST peak at 16 ka (Figure 4H). At the same time, δ18O from Jaraguá Cave shows decreased rainfall across central South America (Figure 4G). Supported by a slight decrease in the δ18O Botuverá Cave record (Figure 4E), which shows an increased portion of oceanic moisture, we infer that during the mid- and late Holocene precipitation across SESA was enhanced by increased moisture flux from the sub(tropical) South Atlantic in line with higher SSTs.




Conclusions

Our deglacial multiproxy dataset of Core M125-35-3 reveals a strong impact of riverine run-off on marine biota in the western tropical South Atlantic and discloses new insights in the dynamics of the SAMS/SACZ. First, our data show that enhanced terrigenous nutrient and organic matter input fueled marine productivity in the realm of Core M125-35-3 during HS1, a consequence of low sea level and slightly enhanced continental precipitation. Second, vigorous warming of the (sub)tropical South Atlantic and substantial alteration of the atmospheric circulation during HS1 enhanced oceanic moisture flux towards eastern South America. Consequently, our findings imply that SAMS variability in SESA cannot be explained by changes in the intensity and geographic extent of the SACZ alone. Last, we demonstrate that reconstructions of rainfall patterns across SESA and SSESA need to consider the dynamics of Rossby wave trains and their influence on the SALLJ dynamics. Interestingly, numerical models imply that extreme climate conditions, as reflected by the persistent negative SALLJ/SACZ dipole pattern around ~16 ka during HS1, will likely recur under decisively different boundary conditions in the future as a consequence of global warming.
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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.
Keywords: paleoproductivity, X-ray fluorescence, Fe/Ca, Ti/Ca, Brazil Current
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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This study presents new quantitative data on benthic foraminifera from three bathymetric transects of the Brazil (11-14°S, 420-1900 m) and Campos (22°S, 430-2000 m) basins. The quantity and quality of organic matter flux as well as substrate properties and hydrodynamic conditions at the sediment-water interface are identified as key parameters controlling assemblage distribution. Based on the total (stained and unstained) fauna, a distinct biogeographic divide between a Globocassidulina subglobosa/crassa assemblage in the Campos Basin and a rosalinid/bolivinid assemblage in the Brazil Basin occurs across the bifurcation of the South Atlantic Central Water into its southward subtropical and northward tropical branches. In the Campos Basin, coarser sediments, increased bottom current activity, and variable nutrient supply favor an assemblage of Globocassidulina subglobosa/crassa, Nuttalides umbonifer and Alabaminella weddellensis. Occurrences of cold-water coral mounds in 870 m provide an ecological niche favoring species such as Alabaminella weddellensis which benefit from trapped nutrients. The Brazil Basin is characterized by increased abundances of Rosalina and Bolivina, while Globocassidulina subglobosa/crassa is comparatively less frequent. Assemblages with G. subglobosa/crassa, Rosalina spp., Bolivina variabilis and Bolivina subreticulata are favored by a relatively high nutrient input at 14°S. Further north, assemblages with Bolivina subreticulata, Bolivina variabilis, Epistominella exigua, G. subglobosa/crassa are located beneath the velocity core of the North Brazil Undercurrent (NBUC), coinciding with more clayey sediments rich in TOC. Occurrences of delicate branching forms such as Saccorhiza ramosa indicate a more stable setting, distal to the main current. Rose Bengal stained (living) specimens are scarce in all three regions, as is typical for deep-sea foraminiferal faunas. Their patterns of species distribution largely reflect those observed for the total fauna.
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1 Introduction

Benthic deep-sea foraminifera are a diverse group of shell-bearing unicellular eukaryotes adapted to a wide range of marine microhabitats (e.g., Sen Gupta, 2002). Their distribution is largely determined by the interplay of organic carbon influx, physical and chemical properties of major water masses, and the hydrodynamic regime at the sediment-water interface (Mackensen et al., 1995; Schmiedl et al., 1997; Gooday and Jorissen, 2012). At the extensive Brazilian continental margin, the impact of such environmental factors on the benthic foraminiferal fauna is poorly understood as previous studies have mainly focused on shelf areas south of 20°S (Oliveira-Silva et al., 2005; de Mello e Sousa et al., 2006; Eichler et al., 2008; Burone et al., 2011; Eichler et al., 2012; Vieira et al., 2015; Yamashita et al., 2018; Yamashita et al., 2020). Studies on benthic foraminiferal assemblages on the continental slope are particularly rare and limited to the Campos Basin (~ 22°S; de Mello e Sousa et al., 2006; Yamashita et al., 2018; de Almeida et al., 2022). Analyses of modern deep-sea foraminifera from the continental shelf and slope north of 20°S off Eastern Brazil are lacking (Murray, 2006). Environmental conditions vary greatly along the Brazilian continental slope due to a complex water mass system and varied local seafloor topographies. Diverse microhabitats occupied by a wide range of different foraminiferal associations are thus to be expected to the North of the Campos Basin. Filling this gap in biogeographic documentation is essential to fully understand the controls on foraminiferal distribution off Brazil.

During R/V METEOR expedition M125, the Brazilian continental shelf and slope were sampled between 10°S and 23°S (Bahr et al., 2016), offering a unique opportunity to document benthic foraminiferal distribution patterns north of 20°S. Here we investigate recent benthic foraminiferal assemblages from three bathymetric transects in the Brazil (11°S, 14°S) and Campos (22°S) basins. Through integration of the observed faunal patterns with environmental parameters we gain new insights into the drivers of diversity and biogeographic patterns of deep-sea benthic foraminifera along the Brazilian continental margin. This study will serve as a baseline for future biogeographic and palaeoceanographic investigations on benthic foraminiferal faunas in the area.



2 Study Area

The Brazilian margin, with a length of 7400 km, can be divided into different physiographical provinces (Martins and Coutinho, 1981). The north-eastern part stretches from Cabo Sao Roque to Belmonte and includes the Brazil Basin (5-16°S; Figure 1; Martins and Coutinho, 1981; da Silveira et al., 2020). Reduced continental erosion and low marine sedimentation rates result in a very narrow continental shelf (Figures 2A, B) less than 10 km in width (Summerhayes et al., 1976; Knoppers et al., 1999; Bahr et al., 2016). Extensive canyon systems are common and determine seafloor topography along the continental slope (Bahr et al., 2016). Further south (16-23°S), the east coast extends to Cabo Frio including the Campos Basin. The shelf area is considerably wider compared to the north and may reach a width of up to 90 km (Figure 2C; Martins and Coutinho, 1981; Knoppers et al., 1999). The upper slope is characterized by bottom current-induced and contour-parallel erosional ridges (Viana et al., 2002; Bahr et al., 2016). Contouritic deposits shaped by bottom currents characterize the middle and lower slope of the Campos Basin (Viana, 2001).




Figure 1 | General map of the study area along the Brazilian continental margin. A, B, and C indicate the three investigated areas at 11°S, 14°S, and 22°S, respectively. South Atlantic Central Water (SACW), Antarctic Intermediate Water (AAIW) and North Atlantic Deep Water (NADW) are the major water masses. The map was created with GeoMapApp (www.geomapapp.org), using the base map of Ryan et al. (2009).






Figure 2 | Sample sites of the studied transects of R/V Meteor cruise M125: (A) Transect 7 off Rio Sao Francisco at 11°S; (B) Transect 6 off Rio de Contas at 14°S; (C) Transect 2 off Rio Paraíba do Sul at 22°S. Arrows indicate direction of South Atlantic Central Water (SACW; yellow), Antarctic Intermediate Water (AAIW; pink), and North Atlantic Deep Water (NADW; blue), respectively. Maps were created with GeoMapApp (www.geomapapp.org), using the base map of Ryan et al. (2009).



Four major water masses strongly affect the Brazilian continental margin to a water depth of 3500 m: the Tropical Water (TW), the South Atlantic Central Water (SACW), the Antarctic Intermediate Water (AAIW) and the North Atlantic Deep Water (NADW; Figure 1; Stramma and England, 1999; da Silveira et al., 2020). The warm and saline TW represents the uppermost layer and extends to a depth of 150 m. Beneath the TW, the nutrient-rich SACW with salinities around 35.8 prevails to a depth of 500 m. Sediments transported from the shelf, facilitated by the complex channel system, are considered a major source of organic matter input to the continental margin and contribute to an enhanced nutrient availability within the SACW (Braga et al., 2008). SACW is generated in the South Atlantic at about 40°S by the Brazil- and Falkland Currents (Stramma and England, 1999). It circulates as subtropical SACW within the Southern Subtropical Gyre and is largely driven by the Brazil Current (BC) (Peterson and Stramma, 1991; Stramma and England, 1999). The BC reaches current velocities between 50-80 cm s-1 in the subtropical SACW at the Campos Basin (de Mello e Sousa et al., 2006). At about 20°S, part of the SACW is deflected northwards (Stramma and England, 1999; da Silveira et al., 2020). Slightly lower salinities distinguish it from the subtropical SACW (Stramma and England, 1999). The tropical branch of the SACW, as well as the underlying AAIW, are controlled by the North Brazil Undercurrent (NBUC), which is formed mainly in the northern Drake Passage and the Falkland Current Loop at about 40°S and flows towards the north along the eastern continental margin of South America (Stramma and England, 1999). The AAIW, present at water depths between 500 and 1100 m, is distinguishable from SACW by lower salinities of about 34.2 (Mémery et al., 2000; da Silveira et al., 2020; Raddatz et al., 2020). The equatorward flowing NBUC reaches current velocities of up to 80 cm s-1 in the tropical SACW (da Silveira et al., 2020) and up to 30 cm s-1 in the underlying AAIW (Viana, 2001). The layer of the AAIW at the Brazilian continental slope provides an ideal habitat for cold water coral (CWC) mounds which are mainly known from the Campos Basin at depths of 800-900 m (Viana et al., 1998; Bahr et al., 2016; Raddatz et al., 2020). Below the AAIW lies the upper North Atlantic Deep Water (UNADW), which is carried by the Deep Western Boundary Current (DWBC) from the Northern Hemisphere into the South Atlantic (Stramma and England, 1999; da Silveira et al., 2020). It achieves current speeds up to 20 cm s-1 in the study area (De Madron and Weatherly, 1994) and is characterized by lower nutrient levels compared to its overlying water mass layers (da Silveira et al., 2020; Raddatz et al., 2020).



3 Material & Methods


3.1 Stations and Sample Material

All samples used in this study were obtained during R/V METEOR expedition M125 ‘SAMBA’ along the Brazilian Margin (Bahr et al., 2016). They were taken as multicores or box cores, from which the upper 0.5 cm or 1 cm of sediment were used for foraminiferal analysis, respectively. The internal diameter of the multicore tubes was 10 cm. For the box corer samples, ~78.5 cm3 of surface sediment (1cm depth) was removed using the MUC tube. Samples were partitioned for the measurement of various parameters (e.g., benthic foraminifera, grain size, bulk geochemistry). For calculating the benthic foraminiferal density, the analyzed ‘real’ sediment volume was calculated based on sediment density and analyzed dry weight. A total of 13 surface samples, stained with Rose Bengal, were selected from bathymetric transects 2, 6 and 7 of the cruise. They range from the upper to lower slope between 400 and 2000 m water depth. Transect 2 represents the southernmost transect at approximately 22°S, consisting of 5 stations (24, 25, 29, 34, 35) in water depths ranging from 430 to 2019 m. Transects 6 and 7 are located about 800 km and 1100 km further north, respectively. At 14°S, transect 6 spans four stations (72, 77, 78, 80) at water depths between 420 and 1738 m. Four stations from transect 7 (93, 95, 102, 107) are located at 11°S between 924 and 1900 m (Table 1).


Table 1 | Position and hydrological parameters of the selected transects and sample sites of Meteor cruise M125.





3.2 Sedimentological Parameters

Grain size analysis (Table 2; Figure 3) was performed with a particle analyzer via laser diffraction (CILAS 1064) at the Institute of Chemistry, Department of Geochemistry, Universidade Federal Fluminense (UFF), Brazil. The analysis was conducted with decarbonized samples free of organic matter by adding 1M HCl and 30% hydrogen peroxide. For particle dispersion sodium hexametaphosphate solution (4%) was added before the laser analysis.


Table 2 | Sediment analyses of surface samples.






Figure 3 | Main sedimentological properties of transects 2, 6 and 7 plotted with increasing water depth. The numbers refer to the samples of the respective transect. Transect 2 is shown in blue, transect 6 in red and transect 7 in orange.



Total organic carbon (TOC) and total nitrogen (TN) contents, and their stable carbon (δ13Corg) and nitrogen (δ15N) isotopes were measured in approximately 60 mg of decarbonized, macerated sediment samples. They were analyzed in the PDZ Europa ANCA-GSL elemental analyzer at the UFF, coupled to a 20-20 PDZ Europa isotope ratio mass spectrometer (SERCON Ltd. Cheshire UK). Isotope ratios were reported relative to the Vienna Pee Dee Belemnite (V-PDB) international standard for carbon and atmospheric N2 for nitrogen. The analytical precision for standards was within ±0.14‰ for δ13Corg and ±0.13‰ for δ15N.



3.3 Benthic Foraminifera

All samples were stored between April 2016 to March 2017 in buffered 4% formaldehyde solution to which had been added Rose Bengal with a concentration of 1g/L. The samples were wet sieved with water over a 63 µm sieve and then dried at 30°C. A dry splitter was used for sample partitioning. All benthic foraminiferal tests > 63 µm of the whole sample or split were counted, yielding at least 400 individuals per sample. Stained (Rose Bengal) and unstained specimens were counted separately, allowing to differentiate the living and dead assemblages in the total faunas (see Bernhard, 2000 for review). Only brightly stained specimens were counted as living. For porcelaneous tests, pale pink stained specimens were distinguished from white ones. Due to very low amounts of stained foraminifera, their evaluation is approached with caution.

Epi- and infaunal microhabitats were assigned according to Schönfeld (1997); Sen Gupta (2002); Murray (2006); Jorissen et al. (2007) and Rasmussen and Thomsen (2017).

The assessment of tubular agglutinated species is challenging as almost all tests are fragmented. Tubular fragments were thus counted individually, but excluded from the total species dataset to avoid over-representation (Goineau and Gooday, 2017). Tubular fragments comprise the species Rhabdammina abyssorum, Rhabdamminella cylindrica, Rhizammina algaeformis and Saccorhiza ramosa. Likewise, species that were not deposited autochthonously but had clearly been transported were removed, including Cribroelphidium spp. and Discorbis williamsoni (see also Appendix 2). To document and assess the role of these excluded taxa, they are presented in Table 3, referred to an expanded matrix that includes tubular fragments and transported specimens.


Table 3 | Diversity of benthic foraminifera > 63 µm concerning the total, living and dead fauna.



The species Globocassidulina subglobosa and G. crassa were often not distinguishable from each other. We therefore combined them under the name G. subglobosa/crassa.

For diversity analysis, Fisher’s α and Shannon H indices were calculated (Fisher et al., 1943; Shannon and Weaver, 1949). Due to the very low numbers of stained foraminiferal tests, these calculations were limited to the total assemblages. The dimensionless Fisher’s α, based on logarithmic series, facilitates the comparison of species richness between different habitats as well as samples of different size (Peet, 1974; Murray, 2006). Species diversity, expressed via Shannon H, incorporates rare species that make a smaller contribution (Peet, 1974; Murray, 2006). To estimate foraminiferal densities, the total absolute number of foraminifera for each sample was normalized to 10 cubic centimeter (ccm).



3.4 Multivariate Statistical Analysis

The software package Past 4.02 (Hammer et al., 2001) was used for multivariate statistical analysis. Since abundances of living specimens were very low, statistical analyses were limited to the total fauna (live + dead specimens), as previously implemented by e.g., de Mello e Sousa et al. (2006) for the Campos Basin.

A hierarchical Q-mode cluster analysis (HCA; UPGMA algorithm, Bray-Curtis similarity index) was performed to identify groups of samples based on their similarity and dissimilarity. Based on a similarity percentage analysis (=SIMPER analysis, Bray-Curtis similarity index), the contribution of each species to the dissimilarity of each cluster is obtained for the total fauna (Table 4).


Table 4 | Composition of the total benthic foraminiferal community via a SIMPER analysis based on clusters, see Figure 4.



To contextualize foraminiferal data and environmental parameters, a canonical correspondence analysis (CCA) was conducted. A CCA is based on unimodal relationships between species abundances and site-specific environmental variables via synthetic ordination axes (ter Braak and Verdonschot, 1995; Ramette, 2007; Paliy and Shankar, 2016). Hydrographic properties such as salinity and oxygen are excluded as limiting factors as the faunal composition is unlikely to be affected by the rather uniform and stable values for salinity and relatively high oxygen concentrations (Table 1; de Mello e Sousa et al., 2006). However, parameters reflecting export productivity and sedimentation show considerably greater variability. We therefore included six parameters in the CCA that exhibit the greatest impact on the benthic fauna (TOC, TN, δ13Corg, δ15N, proportion of silt and clay; Table 2).

Since rare species tend to be overestimated in a CCA (Legendre and Legendre, 1998; Ramette, 2007), only species that occur to > 3% in at least one sample were included; indeterminate taxa were removed, tubular fragments and transported specimens were excluded.




4 Results


4.1 Environmental Characteristics


4.1.1 Grain Size Distribution

In the Campos Basin at transect 2 (22°S), mean grain sizes between 4.3 and 19.5 µm were recorded. A wider range of 6.5 to 30.5 µm is observed in the samples of transect 6 in the Brazil Basin (14°S). Finer sediment was encountered in transect 7 (11°S) with mean grain sizes between 3.8 and 7 µm. Sand contents were only recorded in sample 34 from transect 2 (12.5%, AAIW in 876 m) as well as samples 78 (11.5%, AAIW in 845 m) and 80 (29.9%, SACW in 422 m) from transect 6, while the remainder consist of silt and clay only (Table 2).

In the Campos Basin, sample 34 was taken within a cold-water coral (CWC) mound sequence, and sample 24 was retrieved from the marginal mound facies, covered with corals only at the surface (Bahr et al., 2016). Both samples contain the highest mean grain sizes within transect 2 of 19.5 µm (sample 34) and 8.6 µm (sample 24), as well as the highest silt contents ranging from 76 to 88%, and lowest clay contents at about 12% in each case (Table 2). Coarsest mean grain sizes within transect 6 are present in SACW sample 80 (422 m) with 30.5 µm and AAIW sample 78 (845 m) with 21 µm on average (Table 2). In transect 7, mean grain sizes reach their maximum in AAIW sample 107 (924 m) with only 7 µm. Clay contents are highest in this transect and vary between 26 and 37% (Table 2).



4.1.2 Total Organic Carbon, Total Nitrogen Contents and Their Stable Isotopes δ13Corg and δ15N

The range of total organic carbon within the sediment is 0.2-3.0 wt.% with the maximum being measured in sample 72 (transect 6, NADW, 1738 m). Total nitrogen contents also reach their maximum of 0.3 wt. % in sample 72. In the Campos Basin (22°S) TN levels are 0.03-0.2, whereas they are 0.1-0.3 wt. % in the Brazil Basin transects (11-14°S). The C:N ratios range from 7 to 12 for the entire data set, with only sample 72 yielding a value exceeding 10 (Table 2).

The stable carbon isotope δ13Corg within the bulk organic matter spans values between -22.4 and -20.7 ‰ for the entire data set. δ15N content ranges from 4.7 to 7.3 ‰ of the bulk sediment (Table 2).




4.2 Benthic Foraminifera


4.2.1 Total Assemblage Composition

A total of 278 species was identified, of which 139 have hyaline tests, 104 are agglutinated, and 35 have a porcelaneous test.

Densities of benthic foraminifera per 10 ccm are higher in transect 2 and 6 (44 000-800 000 specimens/10 ccm) than in transect 7 (5 000-13 000 specimens/10 ccm). The highest density in transect 2 in the Campos Basin was observed in sample 35 associated with subtropical SACW (321 000 specimens/10 ccm). Population density is even higher in sample 80 associated with tropical SACW in the Brazil Basin (799 000 specimens/10 ccm; Table 3). A comparison of samples associated with AAIW and NADW reveals that transect 7, with a maximum of 13 000 specimens/10 ccm, has generally reduced population densities than transect 2 (max. 165 000 s/10 ccm for AAIW and NADW) and 6 (max. 359 000 s/10 ccm for AAIW and NADW; Table 3). However, species richness, indicated by Fisher’s α, is lower in transects 2 and 6 (α=6-12) than in the northern transect 7 (α=13-23; Table 3). This is also reflected by the Shannon H index, where rare species contribute less (Murray, 2006). Smaller values were calculated for transect 2 (H=2.6-3.1), they increased slightly in transect 6 (H=2.8-3.2) and highest in transect 7 (H=3.5-4.0; Table 3; see also Appendix 1).

Calcareous-hyaline species predominate all investigated transects, with the highest abundances of > 86% recorded in transect 2 (samples 24, 25, 34, 35) and transect 6 (sample 77; Table 3). Globocassidulina subglobosa/crassa is abundant across all studied transects. However, it is more frequent along the Campos Basin (32%) than along the Brazil Basin transects (6-15%; result of the SIMPER analysis see Table 4). Important hyaline taxa that further define the dataset are Rosalina spp., Bolivina variabilis and B. subreticulata, which are more abundant in the Brazil Basin (each taxon occurs at > 11% in transect 6 or 7) than in the Campos Basin (each taxon occurs < 4%; according to the SIMPER analysis in Table 4). Agglutinated tests are more frequent in transect 7 (17-28%) than in transects 2 and 6 (6-16%; Table 3), with a broad range of taxa being responsible (e.g., cribrostomoidids, trochamminids; see Appendix 2). Additionally, the proportion of tubular fragments is increased in transect 7 (2-9%) compared to the southern sample sites (0-1%), with Saccorhiza ramosa fragments being most abundant (Table 3 and Figure 5). Frequently occurring porcelaneous taxa include Pyrgoella irregularis and Miliolinella subrotunda in all transects (Tables 3, 4).




Figure 5 | Abundances of benthic foraminiferal taxa > 63 µm in the studied areas at 22°S, 14°S and 11°S relative to water masses. Proportions of transported specimens and tubular fragments indicated by asterisks have been calculated with reference to the whole assemblages (Table 3). All taxa that occur with at least 3% in one water mass are plotted. Bars indicate abundances based on the total (live+dead) assemblage. Stained (living) specimens are indicated by circles and given as rare (< 10 %), common (10-30 %), and abundant (> 30 %). The values in parentheses indicate the absolute analyzed census counts and proportions of living specimens.



Infaunal species dominate the data set. In the Campos Basin they make up 49-62% of the total fauna, while they range between 42 and 57% in the Brazil Basin (Table 3).



4.2.2 Total (Live + Dead) Assemblage Distributions

According to the hierarchical cluster analysis (HCA; cophenetic correlation coefficient: 0.88), the data set of the total assemblage can be divided into two major clusters representing the Campos Basin (cluster ‘CB’) and the Brazil Basin (cluster ‘BB’), respectively. Cluster ‘CB’ comprises all transect 2 samples, while Cluster ‘BB’ is internally subdivided into two groups of samples corresponding to transects 6 and 7 (Figure 4). SIMPER analysis reveals that 30 taxa determine 75% of the cumulative dissimilarity between clusters and groups (Table 4). Cluster ‘CB’ is distinguished by increased abundances of Globocassidulina subglobosa/crassa associated with Nuttallides umbonifer and Alabaminella weddellensis. In contrast, Cluster ‘BB’ is mainly determined by an assemblage comprising various bolivinids and Rosalina species (Table 4).




Figure 4 | Cluster analysis of the total assemblages of benthic foraminifera > 63 µm. The UPGMA algorithm and Bray-Curtis dissimilarity were used, cophenetic correlation is 0.88. Three clusters could be distinguished, reflecting the surveyed transects (Tr. 2, Tr. 6, and Tr. 7).



A Globocassidulina subglobosa/crassa assemblage prevails in the Campos Basin. According to the SIMPER analysis the transect is characterized by G. subglobosa/crassa (32%), Nuttalides umbonifer (8%), Alabaminella weddellensis (7%), Bolivina striatula (5%) and Rosalina spp. (3%; Table 4). Globocassidulina subglobosa/crassa and N. umbonifer decrease slightly with increasing depth, while A. weddellensis increases in the AAIW and NADW samples 24, 25, 29, 34 (Figure 5). Epistominella exigua, Rosalina spp. and Pyrgoella irregularis are associated taxa in the deeper sample 29 within the NADW (Figure 5). Within the ‘CB’ cluster, both CWC mound samples 24 and 34 form a distinct subgroup, plotting closest to cluster ‘BB’.

The total assemblage of transect 6 at 14°S is mainly determined by G. subglobosa/crassa (15%), Rosalina spp. (15%), Bolivina variabilis (12%), Bolivina subreticulata (6%) and Epistominella exigua (5%; Table 4). Occurrences of G. subglobosa/crassa are mainly concentrated on the upper slope within SACW (sample 80) and abundances are substantially reduced when compared to the Campos Basin (Figure 5). With increasing depth, assemblages with various species of Rosalina determine the benthic fauna of transect 6. In samples 72 and 77, which are associated with NADW, bolivinids become predominant, with Bolivina variabilis being most abundant (Figure 5).

In transect 7 at 11°S, a Bolivina assemblage characterizes the benthic foraminiferal association. The SACW layer was not investigated in this area, so the association only reflects AAIW and NADW samples. The assemblage is composed of Bolivina subreticulata (11%), Bolivina variabilis (9%), Epistominella exigua (7%) and Globocassidulina subglobosa/crassa (6%; Table 4). Tubular fragments are common in transect 7 and increase with depth (Table 3; Figure 5). Bolivinids are slightly more common in deeper NADW samples 95 and 102 than in AAIW samples 93 and 107, where they are accompanied by increased occurrences of Saccorhiza ramosa fragments. Associated Epistominella exigua occurs equally in both water masses (Figure 5). Thus, the assemblages in the Brazil Basin are strongly determined by rosalinids and bolivinids, contrasting a Globocassidulina assemblage in the Campos Basin.



4.2.3 Key Environmental Factors and Total Assemblage Distribution

A canonical correspondence analysis (CCA) based on scale type 1 after Legendre and Legendre (1998) explains the relationship between foraminiferal species, environmental variables and sample sites (Figure 6). As a function of distance between the variables TOC, TN, δ13Corg, δ15N, silt and clay, the canonical axes CCA1 (eigenvalue = 0.28, variance = 58.4%) and CCA2 (eigenvalue = 0.09, variance = 18.1%) explain > 75% of the entire data set.




Figure 6 | Canonical correspondence analysis, scale type 1, with environmental parameters δ15N, δ13Corg, clay and silt contents, total organic carbon (TOC) and total nitrogen (TN). Taxa with abundances > 3% in at least one sample are shown. Colour coding represents affiliation to a cluster; symbols indicate the water mass of a sample.



The sample sites are separated along the axes in terms of their assignment to the ‘CB’ and ‘BB’ clusters. Cluster ‘CB’ (transect 2) plots on negative CCA1 together with the δ15N and silt vectors. Sample 35 from the upper slope (SACW) and deepest sample 29 (NADW) plot in the positive range of CCA2, more strongly associated with silt. All AAIW samples (24, 25, 34) plot in the negative range and are more strongly associated with δ15N. All caluster ‘BB’ samples (transects 6 and 7) plot on positive CCA1 in the range of TOC, TN, δ13Corg and clay vectors. Within cluster ‘BB’, all transect 6 samples plot on negative CCA2, where they are associated with TOC. The samples of transect 7 fall in the positive range of CCA2, within the quadrant of TN, clay and δ13Corg vectors (Figure 6).

The Globocassidulina subglobosa/crassa assemblage of the Campos Basin falls within the negative range of CCA1. Globocassidulina subglobosa/crassa, and Alabaminella weddellensis occur rather close to δ15N, while Trochammina advena and Bolivina striatula plot between the silt and clay vectors (Figure  6). Bolivina spathulata is the only bolivinid species that contrasts with the clay vector, as it is slightly enhanced in the samples close to the CWC mounds (24, 25). The CCA illustrates that the G. subglobosa/crassa assemblage is mainly associated with Nuttalides umbonifer at the upper slope (sample 35), while Alabaminella weddellensis is predominant in the deeper areas (samples 24, 25, 34; Figures 5, 6).

The Rosalina assemblage of transect 6 plots on positive CCA1 and negative CCA2. Rosalina spp., Miliolinella subrotunda and Cassidulina laevigata are associated with relatively higher organic carbon levels (Figure 6).

The CCA shows that various infaunal species of the Bolivina assemblage, such as Bolivina subreticulata, Sigmavirgulina tortuosa, Bolivina albatrossi and Sigmoilopsis schlumbergeri occur preferentially in the clay-rich samples of transect 7, all plotting in the positive range of CCA1 and CCA2. The associated species Epistominella exigua, Pyrgoella irregularis and Nonionella spp. also show good concordance with higher clay contents.



4.2.4 Stained (Living) Assemblage Composition

Between 22 to 128 stained specimens were picked per sample, exceeding 100 specimens in only three samples (25, 93, 102). The contribution of living individuals to the total assemblage ranges from 0.3% to 11%, being highest in transect 7 (Table 3). Similar to the total assemblages, the number of living foraminifera per 10 ccm is the lowest in transect 7 (200-800 specimens/10 ccm); it is slightly increased at transect 2 in the Campos Basin (500-7000 specimens/10 ccm) and highest in transect 6 in the Brazil Basin (3000-11 000 specimens/10 ccm; Table 3).

Stained specimens belong to 147 species (63 hyaline, 61 agglutinated, 23 porcelaneous) all of which are represented among dead tests. The biocoenosis of transect 2 from the Campos Basin consists primarily of G. subglobosa/crassa, Trochammina squamata, and Tritaxis fusca. Stained specimens of G. subglobosa/crassa are abundant on the upper slope within the SACW in sample 35, associated with common occurrences of Spiroplectinella wrighti (Figure 5). AAIW samples 34 and 24, which were retrieved directly from, or very close to, a cold-water coral mound, contain mainly stained Trochammina squamata with Epistominella exigua and Trochammina advena (Figure  5). In adjacent AAIW sample 25, located distal to the coral mounds, E. exigua, Nuttallides umbonifer and Tritaxis fusca occur commonly within the biocoenosis. In sample 29, associated with NADW, Tritaxis fusca was the most common species in the live assemblage (Figure 5).

In the Brazil Basin at transect 6, the living assemblage within SACW (sample 80) consists of abundant Trifarina bradyi, Paratrochammina challengeri and Bolivina spathulata. Stained specimens of Epistominella exigua are common in sample 78 associated with AAIW. With increasing depth, live individuals of E. exigua are associated with live Ioanella tumidula and Bolivina variabilis in the NADW (Figure 5). The biocoenosis of transect 7 is mainly determined by E. exigua, G. subglobosa/crassa, Bolivina subreticulata and B. variabilis and shows the highest resemblance to the total assemblage (Figure 5; see also Appendix 2).





5 Discussion


5.1 Patterns of Foraminiferal Diversity, Density, and Distribution

Diversity analyses indicate that the benthic foraminiferal faunas correspond to typical assemblages from well-oxygenated deep-sea environments (Gooday, 2003; Murray, 2006). Calculated Fisher’s α and Shannon H indices are comparable to the species diversity for the South Atlantic (Murray, 2006). Lower diversity indices in transect 2 (α=6-12; H=2.6-3.1), slightly increased indices in transect 6 (α=8-10; H=2.8-3.2), followed by higher indices in transect 7 (α=13-23; H=3.5-4.0) may reflect a general increase in foraminiferal diversity along the Brazilian Margin from South to North (Table 3; Appendix 1). Clearly, more studies with a higher spatial resolution are needed to test the robustness of this pattern.

No direct relation is observed between benthic foraminiferal diversity and density. The latter is substantially lower in transect 7 (5 000-13 000 specimens/10 ccm) than in transects 2 and 6 (44 000-800 000 specimens/10 ccm; Table 3) for both total and living faunas. Thus, the population density of transect 7 is more similar to the eastern South Atlantic (cf. Schmiedl et al., 1997). The densities of transect 2 agree well with those measured in the Campos Basin by de Mello e Sousa et al. (2006), while transect 6 even exceeds these values.

Lower numbers of foraminiferal tests per 10 cubic centimeter in transect 7 do not result in a lower diversity, as might be expected from other faunal studies, e.g., Jorissen et al. (1995) and Fontanier et al. (2002). A low number of specimens per 10 ccm coupled with a high species heterogeneity could be linked to increased inputs of phytodetritus (Lambshead and Gooday, 1990; Gooday and Rathburn, 1999). This is supported by occurrences of species sometimes associated with phytodetritus such as Pyrgoella irregularis in transect 7 (Figure 6 and Appendix 2; Gooday, 1988). A higher sampling resolution would be necessary to gain more detailed insight into the observed patterns of species density and diversity.

Percentages of stained specimens in all transects (0.3-11%; Table 3) are consistent with the observations of de Mello e Sousa et al. (2006), who describe similarly low values from the Campos Basin. It is a common observation in deep-sea samples that only a small proportion of benthic foraminiferal specimens consists of living individuals (Murray, 2006). Great variation in the volume of protoplasm (e.g., during periods of low food influx) in certain species further complicates the recognition of stained tests and thus limits the application of Rose Bengal (Linke and Lutze, 1993; Murray, 2006).

Regarding the distribution of different test types, a northward trend can be observed. Agglutinated tests are relatively more abundant in transect 7 (17-28%) compared to both southern transects (6-16%; tab. 3). This is further underlined when comparing the proportions of tubular fragments between transect 7 (2-9%) and transects 2 and 6 (0-1%; Table 3). In transect 7, tubular fragments mainly include Saccorhiza ramosa (Figure 7), which prefers areas with less pronounced bottom current activity (Altenbach et al., 1988; Gooday, 2003). Individual species of each test type will be examined in more detail in the following chapters.




Figure 7 | The main taxa of the Brasil and Campos basin records: 1 Globocassidulina subglobosa (Brady, 1881); 2 Pyrgoella irregularis (d’Orbigny, 1839); 3 Miliolinella subrotunda (Montagu, 1803); 4 Nonionella sp.; 5 Rosalina globularis (d’Orbigny, 1826), spiral side; 6 R. globularis (d’Orbigny, 1826), umbilical side; 7 Nuttallides umbonifer (Cushman, 1933), spiral side; 8 N. umbonifer (Cushman, 1933), umbilical side; 9 Alabaminella weddellensis (Earland, 1936), spiral side; 10 A. weddellensis (Earland, 1936), umbilical side; 11 Discorbis williamsoni (Chapman & Parr, 1932), spiral side; 12 D. williamsoni (Chapman & Parr, 1932), umbilical side; 13 Fragment of Saccorhiza ramosa (Brady, 1879); 14 Bolivina variabilis (Williamson, 1858); 15 Bolivina subreticulata (Parr, 1932) 16 Bolivina striatula (Cushman, 1922) 17 Bolivina albatrossi (Cushman, 1922) 18 Bolivina spathulata (Williamson, 1858); 19 Sigmavirgulina tortuosa (Brady, 1881); 20 Trochammina advena Cushman, 1922, spiral side; 21 Cribroelphidium incertum (Williamson, 1858), side view.





5.2 Controlling Factors of Faunistic Differences Between the Campos and Brazil Basins

Multivariate statistical analyses of the total assemblages suggest that the observed patterns of benthic foraminiferal distribution are explained by the quantity and quality of organic matter exported to the seafloor, properties of the substrate and the hydrodynamic regime at the sediment/water interface. δ15N values in the range of 4.7-7.3 ‰, together with δ13Corg between -20 to -22 ‰ indicate a marine origin of the organic matter deposited along the investigated transects in the Campos and Brazil Basins (Nagel et al., 2009; Rumolo et al., 2011; Gaye et al., 2018). This interpretation is further validated by C:N ratios between 4 and 10, indicating that nitrogen is remineralized and nutrients are released (Table 2; Anderson, 1992; Rumolo et al., 2011). The main food source on the continental slope in the Campos Basin was previously reported to be autochthonous organic material derived from primary production (Carreira et al., 2010; Yamashita et al., 2018). Despite the exceedingly narrow shelf at the Rio de Contas and the Rio Sao Francisco (11-14°S), the southward drift of sediments delivered by these rivers prevents their transport to the continental slope (Rebouças et al., 2011; Cavalcante et al., 2020). Terrestrial organic material thus seems to play a minor role in the sediments despite nearby river discharges, implying a predominance of marine organic material (Cordeiro et al., 2018). In addition to primary production, along- and downslope transport due to major current systems and local canyons and channel networks delivers more refractory organic matter to all three study areas (Bahr et al., 2016; da Silveira et al., 2020). The Campos Basin in particular is characterized by contourite deposition and coarser sediments indicating increased bottom currents in this area (Viana, 2001; de Mello e Sousa et al., 2006). Constant bottom flow velocities reflected in increased silt proportions (Table 2) as well as reworked sediments result in relatively reduced organic matter concentrations in the surface substrates (de Mello e Sousa et al., 2006; Gaye et al., 2018). Towards the north, where the subtropical gyre becomes less vigorous, calmer settings and more clayey sediments predominate (Table 2; Stramma and England, 1999; Mémery et al., 2000; da Silveira et al., 2020).


5.2.1 Campos Basin

High abundances of Globocassidulina subglobosa/crassa are typical for the shelf and upper slope of the Campos Basin (Lohmann, 1978; de Mello e Sousa et al., 2006; Eichler et al., 2008; Burone et al., 2011; Dias et al., 2018). Their high abundances coincide with increased grain sizes (Figure 6), suggesting they prefer constant bottom flow velocities, as already suggested in previous studies (e.g., Schmiedl et al., 1997; de Mello e Sousa et al., 2006). Local occurrences of upper slope contourites as well as CWC mounds in the Campos Basin document an increased bottom current activity in this area as well (Viana, 2001; Viana et al., 2002; Bahr et al., 2020; Raddatz et al., 2020). On the upper slope in the subtropical part of the SACW at 430 m (sample 35) a G. subglobosa/crassa-Nuttalides umbonifer assemblage is adapted to lower nitrogen levels and reduced primary productivity, highlighted in the CCA by TN plotting contrary to it (Figure 6; Gooday, 1994; Gooday, 2003; Margreth et al., 2009; De and Gupta, 2010). The assemblage is complemented by Alabaminella weddellensis with increasing depth beyond 850 m in the AAIW. Similar to G. subglobosa/crassa, A. weddellensis can be considered as an r-strategist that responds opportunistically to the input of organic material (e.g., Gooday, 1988; Gooday, 1993; Dias et al., 2018). Bolivinids contribute less to the Campos Basin than to the Brazil Basin samples, with Bolivina striatula and B. spathulata being the most prevalent species (Table 4 and Figure 6). Bolivina striatula is mainly recorded from the upper slope (450 m, SACW sample 35; Figure 5). However, it is well known from the continental shelf down to a depth of 200 m and can serve as an indicator for freshwater input in estuarine areas (Boltovskoy et al., 1980; Eichler et al., 2008; Mendes et al., 2012). Since no stained B. striatula were found in sample 35, downslope transport from the shelf, favored by the pronounced canyon system on the slope of the Campos Basin (Bahr et al., 2016), might explain the occurrences of B. striatula at greater water depths. Support for downslope transport comes from occurrences of shelf-dwelling Discorbis williamsoni as well as some occurrences of elphidiids, mainly represented by Cribroelphidium incertum (Figure 7; Boltovskoy et al., 1980; Murray, 2006).

The surveyed transect in the Campos Basin (430-2000 m, 22°S) agrees well in its faunal composition with the former study by de Mello e Sousa et al. (2006; 750-2000 m, 22-23°S) near the Sao Tomé and Itapemirim Canyons. The authors describe a Globocassidulina subglobosa assemblage, inhabiting sandier sediments and being adapted to oligotrophic conditions and increased bottom currents (de Mello e Sousa et al., 2006). Opportunistic species such as G. subglobosa, Nuttalides umbonifer and Alabaminella weddellensis thrive in more unstable substrates due to local bottom currents and cope with high fluctuations in food availability (Schmiedl et al., 1997; de Mello e Sousa et al., 2006; Fentimen et al., 2018; Fentimen et al., 2020). These species decline northwards and are clearly under-represented in the northern study areas.

The CWC mounds of the Campos Basin represent a distinct facies not addressed in previous studies and yielding a slightly divergent foraminiferal association. The high abundances of A. weddellensis in the AAIW are mainly linked to the CWC mound samples (Figure 6; Appendix 2). As coral scaffolds capture phytodetritus, increased A. weddellensis occurrences seem to be favored here (Fentimen et al., 2018). Attached species such as Trochammina advena use the constant near-bottom current for suspension feeding (Schönfeld, 2002a). It was also noticeable that particularly large specimens of Cibicidoides wuellerstorfi occur exclusively in CWC mounds (they occur in samples 24 and 34 almost exclusively in the > 250 µm fraction). Although C. wuellerstorfi appears to be more numerous in the samples from the Brazil Basin (Figure 6), the examined specimens were clearly smaller there. Probably C. wuellerstorfi benefits from a better nutrient supply in the increased current regime within the CWC mounds, which is reflected in its size. The increased proportion of attached Trochammina squamata in the living stock of the CWC samples, coinciding with the lack of stained globocassidulinids, demonstrates that attached suspension feeders use the elevated substrates of coral reefs as a niche to benefit from trapped suspended nutrients (Lutze and Thiel, 1989; Linke and Lutze, 1993; Schönfeld, 1997). Occurrences of B. spathulata close to the CWC mounds (samples 24, 25) imply that this particular bolivinid species prefers to live in silty environments near a coral facies, which has already been shown by Fentimen et al. (2018); Fentimen et al., 2020) for the CWC mounds of the Porcupine Seabight in the northeast Atlantic Ocean. The preference of B. spathulata for silty substrates is further reflected in its occurrences within the SACW (sample 35 in transect 2 and sample 80 in transect 6; Table 2 and Figure 6), which exhibits relatively higher current velocities (de Mello e Sousa et al., 2006; da Silveira et al., 2020).



5.2.2 Brazil Basin

The bolivinid-dominated assemblages of transects 6 and 7 coincide with comparably higher total nitrogen and organic carbon contents, as implied in the CCA (Figure 6). This association suggests an increased nutrient input and thus slightly higher food availability in these areas (Corliss, 1985; Schmiedl et al., 1997; de Mello e Sousa et al., 2006). The consistent presence of Epistominella exigua in all samples > 900 m depth (Figure 5) further indicates increased primary production, as this species is often associated with phytodetrital input (Gooday, 1988; Gooday, 1993; Mackensen et al., 1995; Gooday, 1996; Kurbjeweit et al., 2000; De and Gupta, 2010). Seasonal variability of the NBUC at about 10°S (Stramma et al., 1995) seems to be associated with increased E. exigua occurrences, as this species prefers seasonal inputs of phytodetritus (Gooday, 1988; Mackensen et al., 1990; Schmiedl et al., 1997).

In transect 6 increased occurrences of Cassidulina laevigata, generally linked to enhanced influx of organic matter (Schmiedl et al., 1997; de Mello e Sousa et al., 2006; De and Gupta, 2010), are mainly observed in SACW sample 80, where it coincides within the same quadrant as the TOC vector in the CCA (Figure 5). Downslope transport in this region is indicated by occurrences of elphidiids which are present in the total assemblage in all samples of transect 6, extending into the areas of NADW (sample 72, 1700 m; represented as ‘transported species’ in Figure 5). The steep slope with deeply incised canyons characterized by a network of meandering and straight channels, together with a very narrow continental shelf, facilitates downslope transport of entrained material (Bahr et al., 2016). Rich Rosalina spp. occurrences are mainly documented from the middle slope (Figure 5). Rosalina species favor more distal settings in terms of increased bottom current activity and prefer to inhabit slightly elevated substrates that are exposed to light currents (Corliss, 1985; Schönfeld, 2002b). They can move from their clinging position to a motile situation when food is scarce (DeLaca and Lipps, 1972). Rosalina species are thus able to search for areas with an increased nutrient supply, where they can stretch out their pseudopodia to ingest food (DeLaca and Lipps, 1972). A high Rosalina density in transect 6 is likely linked to sufficient food availability, as suggested by the correspondence with TOC and TN contents (depicted in the CCA, Figure 6). Slightly increased occurrences of Miliolinella subrotunda within the AAIW (sample 78) coincide with the highest occurrences of rosalinids within transect 6 (Figure 5). Suspension-feeding M. subrotunda also prefers rather gentle currents as this protist uses flexible agglutinated tubes to support its pseudopodial system that it deploys into the water to feed. These tubes may be distorted or damaged by bottom flow speeds that were too high (Altenbach et al., 1993). Along the slope in NADW samples 72 and 77, the Rosalina assemblage is complemented by occurrences of various Nonionella species (N. turgida, N. iridea, Nonionella spp. juv.; Figure 5). Nonionella is associated in several studies with the input of fresh organic matter and phytodetritus (Mackensen et al., 1990; Gooday and Hughes, 2002; Duffield et al., 2015; Alve et al., 2016). Transect 6 is thus characterized by a comparably higher nutrient input, corroborated by the positive association with TOC and TN contents in the CCA (Figure 6; Gooday, 2003; Alve et al., 2016).

Substrates sampled on the slope along transect 7 at 11°S are much finer compared to the study sites at 22°S and 14°S (Figure 6 and Table 2). The fauna defined by various Bolivina species is complemented by occurrences of Pyrgoella irregularis, which is sometimes associated with phytodetritus and inhabits more clayey areas (Gooday, 1988; Gooday, 1993). Saccorhiza ramosa colonizes the NADW samples 95 and 102 on transect 7 (shown as ‘tubular fragments’ in Figure 5), each of which was collected at elevated positions within the canyon system and thus located distal to the main downslope transport (Figure 5; Bahr et al., 2016). This tubular and fragile suspension feeder requires stable substrates to dwell upright in the sediment and indicates moderate to low current intensities and poor reworking by detritus feeders (Altenbach et al., 1987; Mackensen, 1987; Linke and Lutze, 1993). Occurrences of S. ramosa are already known from similar settings in the Gulf of Cadiz where they live distal to the main current of the Mediterranean outflow water (Schönfeld, 1997; Schönfeld, 2002a; Schönfeld 2002b). The coincidence of enhanced silt contents with all samples from transect 7 in the CCA emphasizes a generally calmer setting in this study area (Figure 6). The current velocity of the northward flowing North Brazilian Undercurrent (NBUC) appears to be weaker at 11°S compared to the southern study areas (Stramma et al., 1995). This can be explained by the sampling depth far below the velocity core of the NBUC, which is located at the pycnocline between BC and SACW in this area (150-200 m; Stramma et al., 1995; da Silveira et al., 2020).

De Mello e Sousa et al. (2006) describe a Bolivina assemblage with reduced G. subglobosa abundances, from the deeper and muddier areas of the Campos Basin, where more stable substrates and reduced bottom currents prevail. In some respects, their Bolivina assemblage resembles that found between 11 and 14°S in the present study. However, the abundance of G. subglobosa/crassa on transects 6 and 7 is even lower than reported by de Mello e Sousa et al. (2006). The faunal data from 11-14°S suggests that the northward directed branch of tropical SACW, strongly controlled by the NBUC, favors an assemblage that prefers high organic matter fluxes and finer sediments (Stramma and England, 1999; Gooday, 2003; da Silveira et al., 2020). In transect 6, G. subglobosa/crassa is still the most common taxon, but accompanied by a rich Rosalina association, which is missing at the Campos Basin (de Mello e Sousa et al., 2006). Globocassidulina subglobosa/crassa plays a very minor role at 11°S in transect 7 (Table 4). Alabaminella weddellensis is much less abundant in the northern sample sites compared to the Campos Basin; in transect 7 it is not recorded at all (Table 4). This could be due to the lack of CWC mounds in the Brazil Basin as well as finer sediments in transect 7 (Fentimen et al., 2018; Fentimen et al., 2020). High organic matter fluxes considerably influence the bolivinid-determined assemblage in these areas (Gooday, 2003). The additional occurrence of the opportunistic species Epistominella exigua further distinguishes the northern assemblage from the deeper Campos Basin, where this species is under-represented (de Mello e Sousa et al., 2006).

Regarding the sparse living assemblage, stained specimens such as attached Tritaxis fusca and Trochammina squamata in transect 2 contrast with the few living foraminifera at transects 6 and 7, some of which are infaunal bolivinids (transect 6) and vulnerable tube-shaped tests of Saccorhiza ramosa (transect 7). Tritaxis fusca and Trochammina squamata have already been mentioned in relation to increased bottom currents, confirming an increased hydrodynamic energy level in the Campos Basin (e.g., Schönfeld, 1997; Schönfeld and Zahn, 2000; Schönfeld 2002a), whereas the biocenosis of the Brazil Basin transects well reflects calmer environments (Figure 5).





6 Conclusions and Future Directions

New microfaunal and sedimentological data indicate that the benthic foraminiferal fauna at the Brazilian continental margin between 11 and 22°S is controlled by the quantity and quality of organic matter fluxes as well as substrate properties and hydrodynamic conditions at the sediment water interface. This study reveals that a Globocassidulina subglobosa/crassa assemblage in the Campos Basin is contrasted by a rosalinid/bolivinid assemblage in the Brazil Basin. This biogeographic divide occurs across the bifurcation of the SACW into its southward subtropical and northward tropical branches. The subtropical transect at 22°S reveals slightly lower diversity indices but increased population densities compared to the tropical study areas (11-14°S). The proportion of stained (living) specimens is somewhat lower at 22°S compared to 11-14°S. However, typically for deep-sea samples, their proportion is rather small for all three sample areas.

The Campos Basin is characterized by a Globocassidulina subglobosa/crassa assemblage, further defined by Nuttalides umbonifer and Alabaminella weddellensis. This assemblage reflects a variable nutrient supply and coarser substrates due to increased bottom current activity. Alabaminella weddellensis occupies an ecological niche in CWC mounds to benefit from trapped phytodetritus. Occurrences of elphidiids and Bolivina striatula indicate downslope transport due to the large canyon network on the continental slope of the Campos Basin.

A Rosalina-Bolivina assemblage characterizes the continental slope in the Brazil Basin. At 14°S, the assemblage composition is defined by G. subglobosa/crassa, Rosalina spp., Bolivina variabilis and Bolivina subreticulata, with a lower proportion of G. subglobosa compared to the Campos Basin. Enhanced abundances of Rosalina spp. are associated with increased TOC and TN levels. In transect 7, a faunal association of Bolivina subreticulata, Bolivina variabilis, Epistominella exigua, G. subglobosa/crassa characterises the upper to lower continental slope, coinciding with more clayey sediments. The bolivinid dominated assemblage is associated with an increased nutrient supply, as reflected by its coincidence with relatively higher TOC values in the CCA. Occurrences of Saccorhiza ramosa, especially at the lower slope, are linked to more stable substrates.

The new data set implies distinct contrasts in foraminiferal densities, diversities and assemblage composition between the Campos and Brazil basins. The quantity, quality, and seasonality of organic matter influx together with substrate properties and hydrodynamic conditions are identified as the main drivers of the observed patterns. However, the present study, while presenting the first quantitative data for the Brazilian continental margin 11-14°S, is limited in its ability to predict large-scale biogeographic patterns due to its coarse spatial resolution. It should thus be considered a base line and starting point for further faunistic studies along the Brazilian continental margin in the future. Only a significantly higher spatial resolution will allow a fuller understanding of patterns of foraminiferal densities, diversity, and biogeography in this vast area. Investigations of faunal distributions across the potentially critical water mass divide of the northern and southern SACW branches might prove particularly informative in this endeavor.
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Recent oceanographic observations have identified significant changes of intermediate water masses characterized by increased temperatures, lowered pH and deoxygenation. In order to improve our understanding as to how these changes may impact deep-sea ecosystems one important strategy is to reconstruct past oceanic conditions. Here we examine the applicability of the scleractinian cold-water coral Solenosmilia variabilis as a marine archive for the reconstructions of past intermediate water mass temperatures by using Lithium (Li)/Magnesium (Mg) ratios. In particular, our study addresses 1) the calibration of Li/Mg ratios against in-situ temperature data, 2) the reconstruction of past intermediate water mass temperatures using scleractinian coral fossil samples from the Brazilian continental margin and 3) the identification of intraspecies variability within the coral microstructure. Results showed that Li/Mg ratios measured in the skeletons of S. variabilis fit into existing Li/Mg-T calibrations of other cold-water scleractinian. Furthermore, the coral microstructure exhibits interspecies variability of Li/Ca and Mg/Ca ratios were also similar to what has been observed in other cold-water scleractinian corals, suggesting a similar biomineralization control on the incorporation of Li and Mg into the skeleton. However, the Li/Mg based temperature reconstruction using fossil samples resulted in unexpectedly high variations >10°C, which might not be solely related to temperature variations of the intermediate water mass over the last 160 ka on the Brazilian continental margin. We speculate that such temperature variability may be caused by vertical movements of the aragonite saturation horizon and the associated seawater pH changes, which in turn influence the incorporation of Li and Mg into the coral skeleton. Based on these results it is recommended that future studies investigating past oceanic conditions need to consider the carbonate system parameters and how they might impact the mechanisms of Li and Mg being incorporated into skeletons of cold-water coral species such as S. variabilis.
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1 Introduction

The reconstruction of past oceanic and environmental conditions is one important application to help predict the impact of the current climate change on ocean circulation, ocean chemistry and deep-sea ecosystems. Seawater temperature is a particularly important parameter to assess as temperature influences various physical and chemical processes within the oceanic system (Weyl, 1959). For decades, the Antarctic Intermediate water (AAIW) has experienced warming off the coast off Brazil. From 1958 to 2009, the temperature has increased to about 0.23°C (McCarthy et al., 2011).

To accurately predict how anthropogenic climate change will affect the mid-depth of the South Atlantic, it is crucial to study the sensitivity of physiochemical properties in marine systems to changes in atmospheric greenhouse gases such as CO2, as well as rising atmospheric temperatures. Already, it is known how much deep ocean waters in certain regions have changed in terms of temperature. During the last ice age and the deglacial period (about 20,000-10,000 years ago), high-resolution records from ice cores from polar regions showed rapid (centennial to decadal) changes in ocean climate (Barnola et al., 1987; Indermühle et al., 1999; Petit et al., 1999; Augustin et al., 2004). Conventional paleoceanographic reconstructions are often made from marine sediment cores (e.g. Charles et al., 1996; Raddatz et al., 2017) but these have the disadvantage of being intermixed with marine organisms, thus blurring rapid signals (e.g. Leuschner et al., 2002). In addition, the timing of deposition is difficult to determine from the sediment cores, leading to inaccurate age models. As such, there is an urgent need to combine both atmospheric and oceanic records to understand the various coupling mechanisms involved during times of rapid climate change.

In this study cold-water scleractinian stony corals present a promising new tool to reconstruct past ocean properties. In comparison to other marine proxy archives in use, this group have the advantage that they, 1) commonly occur in almost all oceans, 2) are located in great depths, living far from sunlight inn well over 1000 m depth, 3) incorporate the isotopic and element composition of the surrounding seawater in equilibrium with various ocean parameters such as temperature and pH, 4) can live for decades to millennia, and lastly 5) their skeletons can be accurately dated using radioactive isotope decay methods (Cheng et al., 2000; Houlbrèque et al., 2010; Frank et al., 2011; Montagna et al., 2014; Raddatz et al., 2014a; Robinson et al., 2014; Wefing et al., 2017; Freiwald et al., 2021).

For instance, U/Ca and boron isotope systematics are commonly used for reconstruction of parameters of the carbonate system (Sinclair et al., 2006; Blamart et al., 2007; Anagnostou et al., 2011; Anagnostou et al., 2012; McCulloch et al., 2012; Raddatz et al., 2014a; Raddatz et al., 2014b; Raddatz et al., 2016). Element ratios such as P/Ca, B/Ca and Cd/Ca in scleractinian corals are known for the nutrient concentration (Adkins et al., 1998; Montagna et al., 2006; Mangini et al., 2010; Anagnostou et al., 2011; Hemsing et al., 2018; Spooner et al., 2018). Biological processes however, need to be considered in the development of proxies in coral skeletons, as the incorporation of the elements can be affected by different pathways. The most pronounced geochemical and mineralogical variations occur in corals between the center of calcification (COC) and the theca wall (e.g. Gladfeiter, 1982; Cohen et al., 2006; Meibom et al., 2006; Sinclair et al., 2006; Gladfelter, 2007; Meibom et al., 2008; Rollion-Bard et al., 2010; Raddatz et al., 2013; Schleinkofer et al., 2019). The COC is composed of small granular crystals and the fibrous aragonite of organic mineral compounds forming long aragonite needles (Gladfeiter, 1982; Constantz, 1989; Gladfelter, 2007). Various vital effects influence geochemical properties within the calcification process, both on the pathway itself as well as in the formation of the skeletal structure (Adkins et al., 2003; Gagnon et al., 2007). It is postulated that there are several ways that the elements enter the calcifying fluid. According to Holcomb et al. (2009) and Gagnon et al. (2007) the increase of the pH in the extracellular calcifying fluid causes a higher saturation of the Element/Ca (E/Ca) ratio in the COC than in the fibrous aragonite. In contrast Rollion-Bard et al. (2010) assumes the fibrous aragonite and COC to be formed independently and therefore have different E/Ca composition. Other changes that may cause a difference in the coral chemistry and calcification process are Rayleigh fractionation and kinetic effects (Cohen et al., 2006; Montagna et al., 2006; Sinclair et al., 2006; Gagnon et al., 2007).

Recent studies developed a method to overcome such “vital effects”, by implementing Li/Mg ratio of aragonitic marine carbonates (Bryan and Marchitto, 2008; Case et al., 2010; Hathorne et al., 2013; Raddatz et al., 2013). A positive correlation between Li/Ca and Mg/Ca suggest that the uptake mechanism and the biological and physicochemical factors are in fact the same for both E/Ca (Case et al., 2010; Raddatz et al., 2013; Montagna et al., 2014). By combining Li/Ca and Mg/Ca ratios the effect of the biological processes is reduced, resulting in temperature being the primary factor to influence the coral’s Li/Mg composition. Hence, the Li/Mg ratios exhibits a strong inverse exponential relationship with temperature across both warm and cold-water corals of 0-30°C (Case et al., 2010; Hathorne et al., 2013; Raddatz et al., 2013; Montagna et al., 2014). This is also seen in benthic foraminifera (Stewart et al., 2020). Very few studies to date have applied this proxy for the reconstruction of past seawater temperatures (e.g. Montero-Serrano et al., 2013; Raddatz et al., 2014b; Fowell et al., 2016; Raddatz et al., 2016; Cuny-Guirriec et al., 2019).

The cold-water coral (CWC) Solenosmilia variabilis is one of the six most important reef building corals located in the deep sea but thus far, this group has not been the focus of paleoceanographic studies. S. variabilis occurs primarily in depths of 220-2.165 m and is often found below the dominat depths of the cold-water corals Desmophyllum pertusum (also known as Lophelia pertusa) and Madrepora oculata. The distribution of S. variabilis extends over mostly all oceans of the world however no occurrences have been recorded from the Antarctic Ocean nor in the North and East Pacific regions (Cairns, 1995; Freiwald et al., 2004; Davies and Guinotte, 2011). A possible reason for this distribution pattern is the appearance of S. variabilis in the aragonite undersaturated zones or close to the aragonite saturation horizon (Davies and Guinotte, 2011; Bostock et al., 2015), which in the North Pacific is in > 2000 m at greater depths than in the Northeast Atlantic (50-600 m) (Guinotte et al., 2006). Suitable growth areas are predicted in the Atlantic at continental slopes and the Mid ocean ridge (Davies and Guinotte, 2011). Today live and dead S. variabilis colonies are located primarily on underwater features such as seamounts in the New Zealand (NZ) region (Tracey et al., 2011) as well as in the Drake passage in the southwestern part of the Atlantic Ocean, southeastern Pacific Ocean. While the reef-like colonies in NZ do survive in waters that are deeper than 2000 m, they thrive in depths from ~800 to 1000 m (Davies and Guinotte, 2011; Tracey et al., 2011; Bostock et al., 2015; Freiwald et al., 2021).

Here we study the applicability of the scleractinian cold-water coral S. variabilis as a geochemical proxy archive for the reconstructions of past intermediate water masses in the Brazilian Continental margin, South Atlantic and in the South Pacific region. In particular, we address 1) the calibration of Li/Mg ratios against in-situ temperature, 2) the reconstruction of past intermediate water mass temperature using fossil samples and 3) discuss the intraspecies variability of Li/Mg ratios.


1.1 Study area


1.1.1 SW Pacific

Live collected S. variabilis were provided from the National Institute for Water and Atmosphere (NIWA), Wellington, New Zealand. The sampling area is restricted to offshore deep waters the NZ Exclusive Economic Zone in the Southwest Pacific (Figure 1A; Table 1). Two samples were collected from a ridge-like feature on, the Chatham Rise, an area that stretches about 1400 km to the east of New Zealand (Clark and Rowden, 2009) and one sample was gathered north of New Zealand, in the southern area of the Kermadec Ridge. All samples were located in the Antarctic intermediate water (AAIW) at a water depth of 1000-1300 m and a temperature range of 3.7-5.4°C (Locarnini et al., 2009). The samples are all located in the lower part of the AAIW, characterized by a low salinity of 34.4 g/kg (Antonov et al., 2009).




Figure 1 | Map of the sampling locations: (A) live samples locations off New Zealand and (B) the location of the sediment core M125-34-3 off the coast of Brazil. (C) Temperature profile and (D) salinity profile of marked area in B, the black squares mark the position of the Bowie Mound (Schlitzer, 2021). The dashed lines show the boundary of the water masses from shallow to deep. These are: the salinity maximum waters (SMW), South Atlantic Central waters (SACW), Antarctic intermediate waters (AAIW) and Upper North Atlantic deep waters (UNADW).




Table 1 | Coordinates of the analyzed samples in the Pacific (NIWA 102293; NIWA 42544; NIWA 64815) and the gravity core (M125-34-2) in the South Atlantic.





1.1.2 South Atlantic

The modern hydrography around the Bowie Mound, in the South Atlantic, to the east of Brazil is shown in Figure 1. The top water mass is the Salinity maximum water and reaches depth of up to 200 m (Mémery et al., 2000). In deeper waters, the north flowing South Atlantic Central Water (SACW) is characterized by lower temperatures and salinities. At the depth of the Bowie Mound (866 m) the AAIW follows with a transport direction to the north and low salinity (< 34.4 g/kg). At 900 m the ΩAr is ~1.2, the pH of the seawater ~7.97, the   concentration 79 µmol/kg and temperatures are about 4.3°C (Raddatz et al., 2020). Beneath AAIW the Upper North Atlantic Deep Water (UNADW) flows in the southward direction with higher salinity (Antonov et al., 2009).





2 Material and methods

Three live collected samples of S. variabilis came from various research surveys in New Zealand waters, Southwest Pacific region. Sample depth and temperature details are as follows: NIWA 102293 was collected at a depth of 1020 m in 5.4 ± 0.2°C; NIWA 42544 in 1386 m at 3.8 ± 0.1°C; and NIWA 64815 in a depth of 1382 m at 3.7 ± 0.2°C (Figures 1A, 2A; Table 1).

Fossil S. variabilis (Figure 2B) samples were retrieved during cruise M125 with the German research vessel METEOR and originate from the Bowie Mound, east of Brazil in a depth of 866 m and in 4.3°C (Figure 1; Table 1; Bahr et al., 2016).




Figure 2 | Different representations of the coral samples of S. variabilis: (A) Live picked sample in the Pacific near New Zealand. (B) Fossil sample of the Bowie Mound in AAIW and (C) cross section of a fossil sample; COC, center of Calcification; FA, Fibrous aragonite.



The 5.86 m gravity core retrieved from Bowie Mound covered 160 ka and was characterized by non-coral-bearing and coral-bearing intervals. The coral-bearing intervals mainly comprised fossil forms of S. variabilis cold-water corals (Raddatz et al., 2020), and these were bedded in silty clay and clay-like sand sediment (Bahr et al., 2020), providing very good preservation of the coral fragments.

The coral fragments were dated by using the 230Th/U method (seen in Raddatz et al., 2020). Further information on the structure of the sediment core can be obtained from the studies by Raddatz et al. (2020) and Bahr et al. (2020). For this study a total of 27 samples were analyzed.


2.1 Element/Ca measurements

About 1 mg of calcium-carbonate was taken from the uppermost calices extracted with a Proxxon IBS/E dremel tool out of the theca wall. Samples have been drilled by avoiding visible lines of calcification (COC), as they display different element compositions compared to the surrounding theca wall (Gagnon et al., 2007; Montagna et al., 2014). Subsequently, samples were cleaned by weak acid leach in 5 % HNO3 for 5 sec. Samples for the heterogeneity profiles (Figure 2C; N = 5-6) did not avoid COCs and were extracted using a Micromill.

Elemental ratios of CWCs were measured with an Inductively-Coupled-Plasma-Mass-Spectrometer (ICP-MS) ThermoScientific Element 2 at Fierce, Institute of Geoscience, Goethe University Frankfurt. Approximately 150 µg of homogenized carbonate powder was dissolved in 1.8 ml 2% HNO3 containing 1.2 ppm Yttrium (Y) used as an internal standard. The measured intensities were background subtracted and standardized internally to Y and normalized to Ca. External standards were made from single-element solutions to match typical element compositions of cold-water scleractinian corals (Rosenthal et al., 1999). The coral standard JCp- 1 was measured after every fifth sample in order to allow for any drift corrections. The measured JCp-1 (N = 15) are consistent with the recommended values by Hathorne et al. (2013): Li/Ca 6.185 ± 0.107 µmol/mol, Mg/Ca 4.199 ± 0.065 mmol/mol and this study Li/Ca 6.036 ± 0.701 µmol/mol (97.6 %), Mg/Ca 4.153 ± 0.374 mmol/mol (98.9 %).




3 Results and discussion


3.1 S. variabilis as a geochemical archive for Li/Mg based temperature reconstructions


3.1.1 Adding S. variabilis to the Li/Mg-T calibration

In previous studies, elemental ratios (e.g. Li/Ca, Sr/Ca, Mg/Li) have been identified to be temperature depended in scleractinian cold-water corals (Case et al., 2010; Raddatz et al., 2013; Raddatz et al., 2014a). The most robust temperature proxy, including aragonitic zooxanthellate (shallow) and azooxanthellate (deep) scleractinian, appears to be Li/Mg ratio (Case et al., 2010; Montagna et al., 2014; Cuny-Guirriec et al., 2019; Stewart et al., 2020).

To test the cold-water coral S. variabilis as a suitable archive for reconstructions of intermediate water temperatures, the Li/Mg-temperature calibration by Montagna et al. (2014), was applied:



This calibration includes a temperature range of 0-30°C for cold- temperate- and warm-water scleractinian corals. In addition, the study by Stewart et al. (2020) extended this calibration to cover other aragonitic corals, including stylasterid hydrocorals, scleractinian (including Zooxanthellate) corals, as well as foraminifera:



within uncertainty similar to the original calibration by Montagna et al. (2014).

Using the in-situ temperature data, extracted from World Ocean Atlas 2009 (Locarnini et al., 2009), the live collected samples from the SW Pacific produced expected Li/Mg ratios of 2.74 ± 0.14 mmol/mol (2SD) at 5.4 ± 0.5°C, 4.52 ± 0.78 mmol/mol at 3.8 ± 0.1°C and 3.74 ± 0.61 mmol/mol at 3.7 ± 0.2°C (Figure 3). Combining these data with published data from Case et al. (2010) and Montagna et al. (2014) results in the following empirical Li/Mg-T calibration:

 




Figure 3 | Li/Mg. ratio vs. seawater temperature for the published data Case et al. (2010); Montagna et al. (2014) and new data from current study (yellow diamond). The temperature range of cold-water, temperate, and warm-water corals is 0-30°C with a range of the Li/Mg of 1-5.5 mmol/mol measured by laser and solution ICP-MS. The additional measurements are 2.74 ± 0.14 mmol/mol (2SD) at 5.4 ± 0.2°C, 4.52 ± 0.78 mmol/mol at 3.8 ± 0.1°C and 3.74 ± 0.61 mmol/mol at 3.7 ± 0.2°C. The calibration of Montagna et al. (2014) is shown as black dashed line (R2 = 0.975). The black solid line indicates the new function with additional data of this study (R2 = 0.94). Light green shaded band show the 95% confidence interval.



The new samples and calibration are consistent with the original exponential function by Montagna et al. (2014), considering the confidence interval (Figure 3).




3.2 Li/Mg based temperatures using fossil S. variabilis from Bowie Mound, off Brazil

The Li/Mg measurements obtained from the Bowie Mound samples produced a variability of 2.55-5.55 ± 0.11 mmol/mol (Figure 4), resulting in a large temperature range of - 0.53 to 15.34 ± 1.55°C, when applying the Li/Mg-Temperature calibration by Montagna et al. (2014). In particular, four samples plot outside the expected temperature range of 4-15.2°C (Mienis et al., 2014; Raddatz and Rüggeberg, 2021). AAIW temperatures of up to 15°C appear very high considering the water depth of almost 900 m (Figure 5). However, Mg/Ca data based temperature reconstruction using the endobenthic foraminiferal species Uvigerina spp. also show reconstructed temperature variations of 8-9°C ( ± 1°C 2σ) in the intermediate water (IW) (852 m water depth) in the SW Atlantic (M78/1-235-1; 11°36.53’N, 60°57.86’W) over the last 24 ka (Poggemann et al., 2018).




Figure 4 | Li/Mg [mmol/mol] ( ± 0.11 2SD) measurements of fossil S. variabilis of the past 180 ka, subdivided in intervals C1-C5.






Figure 5 | Evolution of enviromental parameters over the last 180 ka before present. (A) The temperaturefluctuations, averaged over the last 1,000 years, from the Vostok ice core (Petit et al., 1999). (B) CO2 concentration in ppmv reconstructed from the Vostok ice core (Petit et al., 1999). (C) Temperature reconstruction of the SAIW from sediment core M125-34-2, using the Li/Mg in the CWC S. variabilis (this study). With a 2SD of 1.55°C calculated from the JCp-1 measurements. (D) Temperature reconstruction of surface water from the southwestern tropical Atlantic (M125-55-7/8) based on the Mg/Ca of Globigerinoides ruber (G. ruber) (pink). The standard deviation is ±0.5°C (Hou et al., 2020). (E) Surface water temperatures of the subtropical western South Atlantic reconstructed from sediment core GL-1090 of the Mg/Ca of G. ruber (Santos et al., 2017). (F) Global sea level variations referenced to present-day sea level (Grant et al., 2012). The gray bars mark the intervals (C1-5) of S. variabilis.



The Bowie Mound represent five distinct coral growth periods (C1-C5) according to their occurrence between 0-160 ka (Raddatz et al., 2020) (Table 2). The calculated average Li/Mg temperature are with 7.71°C ( ± 1.55°C, 2SD), by 3.4°C higher than the present day ambient AAIW (Raddatz et al., 2020).


Table 2 | Coral periods C1-C5, their time range, temperature range and average temperature.



At about 16.5 ka, Poggemann et al. (2018) recorded an IW temperature of 4.4°C based on the Mg/Ca ratios of benthic foraminifera, which is consistent with the average temperature of 3.2°C in this study in C1 (Table 2). The cold temperatures of < 4°C retrieved from one of the two coral fragments in C1 and the one sample from C2 cannot be treated as outliers, since Roberts et al. (2016) also reconstructed temperatures below 0°C in the IW at a depth of 598 m 2-20 ka BP. Accordingly, we assume here that the cold temperatures are part of the ecological niche of S. variabilis, as they live in the South Pacific Region of New Zealand at 2-3°C (Davies and Guinotte, 2011).

Compared to average temperature of the last 160 ka, S. variabilis occurred in colder temperature periods (Figure 5A), in times when both, global sea level and atmospheric CO2 concentration were lower than they are today (Figures 5B, F; Petit et al., 1999; Grant et al., 2012). The occurrence of S. variabilis during these periods correlates with the cold events in the northern hemisphere, in particular the Heinrich stadial (HS) 1 before 14.6-18 ka, the HS4 before approx. 40 ka and the HS6 before 60 ka, as reported in the study by (Raddatz et al., 2020). During HS’s large amounts of ice collapsed from the northern ice sheets (Toggweiler and Lea, 2010), thereby reduced the temperature gradient between the two hemispheres (Toggweiler and Lea, 2010). There is an ongoing discussion as to whether the Atlantic meridional overturning circulation (AMOC) was significantly weakened during such periods or possibly completely ceased and therefore inhibited North Atlantic deep-water formation (NADW) (Böhm et al., 2015; Lund et al., 2015; Lynch-Stieglitz, 2017; Poggemann et al., 2017). The conditions for a collapse scenario could only have been fulfilled in HS1, HS2 and HS11; HS3 to HS10 resulted only to a weakening of NADW formation (Böhm et al., 2015). Poggemann et al. (2018) postulated three possible explanations for the heating of IW in HS1: (1) the exchange of the AAIW with warm water, (2) a heating of the surface water, which is transferred to the intermediate water, or (3) a warming of the AAIW itself. In the first scenario, warmer water masses from the north would have had to replace the IW or at least be involved in their warming (Poggemann et al., 2018). However, the influence of overlying or northerly water masses could not be detected by using different proxies (Poggemann et al., 2018). The second scenario can be excluded here as the SST in the South Atlantic (Figures 5D, E; Santos et al., 2017; Hou et al., 2020) was quite constant and do not correlate with the temperature at S. variabilis locations in the IW. Therefore, the present data set supports the hypothesis of the third scenario, in which the AAIW warmed by itself. Poggemann et al. (2018) demonstrated a warming of the IW in HS1 of about 1.6-10.9°C, which is consistent with the temperature ranges of 1.4-3.3°C obtained in this study. The apparently weakened or even ceased southward flowing NADW no longer influenced the formation of the AAIW in the HS1 (Böhm et al., 2015; Poggemann et al., 2017). Additionally, this contributed to an intense upwelling and release of CO2 from the Circumpolar Deepwater (CPDW) in the SO (e.g. Broecker, 1998; Burke and Robinson, 2012; Poggemann et al., 2017). The resulting increase in nutrient concentration in the SO could not be metabolized due to an insufficient iron content (e.g. Martínez-García et al., 2014). Subsequently, these excessive nutrients were transported northwards via AAIW to the tropical West Atlantic (Poggemann et al., 2017). This may have increased primary production and enhanced the biological pump, leading to a deglacial CO2 plateau in the atmosphere and an elevated export of organic matter to the deep sea (Archer et al., 2000; Sigman and Boyle, 2000; Marcott et al., 2014). The resulting higher respiration outputs of CO2 in the AAIW has the potential to lower seawater pH and drive aragonite dissolution, thereby shift the aragonite compensation depth. The study by Allen et al. (2015) presents such an effect of  . decrease in the deep water and a lowering in atmospheric CO2 in the southwest Pacific during the onset of HS1 (18-20 ka). In contrast Lynch-Stieglitz et al. (2019) suggests that the high nutrient content in the water masses is not the source of the high CO2 content in the deglacial. The study assumes a direct atmosphere CO2 uptake direct by the surface and intermediate water masses in the Southern and North Atlantic.

It is typical for S. variabilis to grow in a temperature range of 3-4°C, which differs by 3°C from D. pertusum (Fallon et al., 2014; Flögel et al., 2014; Gammon et al., 2018). As D. pertusum exhibits temperature fluctuations of more than 6°C in Tisler Reef (Guihen et al., 2012), we also suggest a large tolerance range of temperature (> 8°C) and possibly other environmental parameters for S. variabilis. While D. pertusum occurs primarily in interglacial periods at higher latitudes at shallower depths, S. variabilis has already been documented to prefer more extreme environmental conditions at lower latitudes, greater depths and thus less aragonite-saturated water masses (Schröder-Ritzrau et al., 2005; Thresher et al., 2011; Flögel et al., 2014; Bostock et al., 2015; Gammon et al., 2018).

Considering the high temperature tolerance, we assume, that a secondary factor influences the incorporation of Li and Mg into the coral skeleton. Regarding the lower aragonite saturation within the occurrence of S. variabilis, we propose the aragonite saturation here as a secondary controller of Li/Mg. At a aragonite saturation(ΩAr = ([Ca2+] x [  ])/Ksp; Ksp is the solubility product of aragonite) ΩAr > 1 precipitation is induced, whereas at ΩAr< 1 dissolution of aragonite is preferred (Mucci, 1983; Doney et al., 2009).

Aragonite dissolution in the late Pleistocene South Atlantic has been reconstructed using the pteropod Limacina inflata dissolution index (LDX) (Gerhardt et al., 2000; Gerhardt and Henrich, 2001). In particular, in the western South Atlantic, LDX traced undersaturated AAIW and Upper Circumpolar Deep Water (UCDW; Henrich et al., 2003). The coral periods (C1-C4) mostly occur during such phases of low aragonite saturation (Henrich et al., 2003). Since aragonite saturation influences the calcification rate, this could also have an impact on the elemental composition of the Li/Mg. Such an effect has been demonstrated in foraminifera on Mg/Ca-temperature proxy (Gray et al., 2018; Gray and Evans, 2019). Several pathways of element incorporation into foraminifera shells have been postulated as well as vital effects that control the incorporation of Mg during calcification (Bentov and Erez, 2006). Furthermore it has been shown that also salinity and pH influence the Mg/Ca the shell composition (Gray and Evans, 2019). In addition to the temperature sensitivity, the study conducted by Gray and Evans (2019) on foraminifera revealed a salinity sensitivity of 3.6 ± 0.01 % (2SD) per g/kg and a carbonate chemistry sensitivity of -5 to -9 % per 0.1 pH unit. This may also be valid for Li/Mg with respect to aragonite saturation. To follow this up, further studies should investigate the dependence of Li/Mg on aragonite saturation using boron isotopes and U/Ca (Anagnostou et al., 2011; Anagnostou et al., 2012; McCulloch et al., 2012).



3.3 Heterogeneity profiles of Li/Ca and Mg/Ca in S. variabilis

Different fluctuations on the cross-sectional axis, with almost uniform changes are reflected in the elemental ratios of the coral skeleton (Figure 6). Here the change of E/Ca ratios are prominent in the COC and fibrous aragonite (theca wall) (Figure 2). In three of four samples, the Mg/Ca and Li/Ca ratios exhibits a decreasing trend following the direction of the COC structure to the theca-wall (Figures 6A–C), at the fourth sample (Figure 6D) the Li/Ca and Mg/Ca increase. The Mg/Ca shows a range of 0.75-4.71 ± 0.25 mmol/mol (2SD). Within the coral structure the variability is about 0.75-2.27 mmol/mol, with an average variation factor of 1.5. The Li/Ca varies between 8.48 and 19.31 ± 0.77 µmol/mol (2SD), with an internal fluctuation of ~5 µmol/mol and an average variation factor of 1.5. The corresponding Li/Mg ratios indicate an increase in the direction of the theca-wall in three samples, in the fourth sample the trend is opposite. The measured range is 2.93-5.15 ± 0.11 mmol/mol (2SD).




Figure 6 | Elemental ratios Mg/Ca [mmol/mol], Li/Ca [μmol/mol], and Li/Mg [mmol/mol], of four samples from the South Atlantic. The doubled standard variation for Mg/Ca ±0.25 mmol/mol, Li/Ca ±0.77 µmol/mol and Li/Mg ±0.11 mmol/mol was determined by JCp-1 measurements. Figures 1–4 below, show the cross-section of the analyzed sample with an allocation of 1-A, 2-B, 3-C and 4-D. Samples were collected by micromill starting at the COC structure ongoing until the theca wall.



Previous studies also indicated internal fluctuations of Mg/Ca and Li/Ca up to a variation factor of 3 (e.g. Case et al., 2010; Raddatz et al., 2013; Montagna et al., 2014). Here we compare the S. variabilis measurements with the additional scleractinian cold-water corals: D. pertusum, Balanophyllia sp., Desmophyllum cristagalli (D. cristagalli) and Desmophyllum dianthus (D. dianthus) (Figure 7). D. pertusum exhibits a Mg/Ca range of 1.5-4.6 mmol/mol and Li/Ca about 8.0-25.3 µmol/mol with a variation factor of 1.48-2.4 and 1.68-1.8 (Raddatz et al., 2013; Rollion-Bard and Blamart, 2015 and Schleinkofer et al., 2019). Balanophyllia reveals Mg/Ca variations of 1.2-2.8 mmol/mol and 6.0-13.5 µmol/mol Li/Ca, with a variation factor over 2 on both E/Ca (Case et al., 2010). The Mg/Ca is about 2.0-3.7 mmol/mol and Li/Ca is 7.7-13.8 µmol/mol in the internal coral structure of D. cristagalli, the variation factor for both ratios is 1.8 (Rollion-Bard and Blamart, 2015). Recorded Mg/Ca in D. dianthus indicate a range of 0.9-4.0 mmol/mol and Li/Ca of 6.0-15.0 µmol/mol, with a variation factor of 2-3 and 2 (Gagnon et al., 2007; Case et al., 2010), which is higher than in S. variabilis.




Figure 7 | Comparison of the Mg/Ca [mmol/mol] and Li/Ca [µmol/mol] in the internal skeleton structure of different CWC’s: L. pertusa, Balanophyllia, D. cristagalli, D. dianthus and S. variabilis. (A) In L. pertusa, Mg/Ca vary in a range of 1.5-4.6 mmol/mol (Raddatz et al., 2013; Rollion-Bard and Blamart, 2015; Schleinkofer et al., 2019), in Balanophyllia 1.2-2.8 mmol/mol (Case et al., 2010), in D. cristagalli 2.0-3.7 mmol/mol (Rollion-Bard and Blamart, 2015), in D. dianthus the range of values extends of 0.9-4.0 mmol/mol (Gagnon et al., 2007; Case et al., 2010), and in S. variabilis between 2.4-4.7mmol/mol (this study). (B) Li/Ca range from 8.0-25.3 μmol/mol in L. pertusa (Raddatz et al., 2013; Rollion-Bard and Blamart, 2015), 6.0-13.5 μmol/mol in Balanophyllia (Case et al., 2010), in D. cristagalli 7.7-13.8 μmol/mol (Rollion-Bard and Blamart, 2015), in D. dianthus 6.0-15.0 μmol/mol (Case et al., 2010), and in S. variabilis 8.5-19.3 μmol/mol (this study).



The internal correlation of the Mg/Ca and Li/Ca ratios is apparent in all measurements, especially in sample D (Figure 6D). These internal variations are suspected to be induced by another factor than temperature. Based on the positive correlation between Mg/Ca and Li/Ca (Figure 8) (R2 = 0.48; P =1.66*10-8), it is most likely that both ratios are controlled by similar mechanism (Case et al., 2010; Raddatz et al., 2013) and diagenetic overprints appear to be unlikely. The increase in element ratios from the COC to the outer part of theca wall in sample D (Figure 6) can be explained by the occurrence of several COC-like structures within the fibrous aragonite (shown in Figure 2C). Hence, the internal fluctuations in the remaining samples can also be explained by the presence of COC-like structures.




Figure 8 | All samples exhibit a correlation of Mg/Ca and Li/Ca in S. variabilis, which is shown by the dotted line. Uncertainties are indicated in 2SD.



Finally, S. variabilis exhibits the same fluctuation in E/Ca ratios as other scleractinian corals that are likely induced by vital effects. We assume here that Li/Ca and Mg/Ca in S. variabilis also mainly follows the Rayleigh-fractionation model, as this is the primary model in warm, temperate and cold-water corals (Montagna et al., 2014). However, the variation factor is still smaller compared to other CWC’s, possibly due to the slow growth rate of S. variabilis (Fallon et al., 2014; Gammon et al., 2018). The E/Ca ratios of S. variabilis are most consistent with measured E/Ca ratios of D. pertusum in the North Atlantic, Mediteranean Sea and Red Sea (Figure 8; Raddatz et al., 2013; Rollion-Bard and Blamart, 2015; Schleinkofer et al., 2019). S. variabilis growth rate is about 0.8-1.25 mm/yr in natural habitats (Fallon et al., 2014) and in cultivation experiments about 0.5-3.968 mm/yr (Gammon et al., 2018) with a similar growth rate as D. pertusum about 2.44-3.77 mm/yr in the Gulf of Mexico (Brooke and Young, 2009). The gradual growth rate of S. variabilis could result in an increased variability of the element concentrations and formation of COC-like structures due to the reflection of longer time scales of elemental incorporation.

The large internal fluctuation within the coral structure represents an inaccuracy in the proxy application. Here we used bulk samples for solution-based chemistry, which might contain COC-like structures and could affect the resulting Li/Mg. However, Mg/Ca and Li/Ca show larger fluctuations, which are already reduced by using Li/Mg. To avoid a possible bias, alternative sampling strategies can be applied. Since COC-like structures can be visually identified in the skeleton of the coral, they could be excluded if sampled by a micromill. Another approach are in situ techniques using laser ICP-MS, EPMA (electron probe microanalyzer) or NanoSIMS (secondary ion mass spectrometry) to directly detect and reject variations induced by the COC or COC-like structures. High Mg/Ca ratios could be caused by high organic material content in the COC/COC-like structures as shown in other scleractinian corals (Cuif et al., 2003, Stolarski, 2003).




4 Conclusion

This study provides the first application of using S. variabilis as a geochemical archive using the Li/Mg-T paleothermometer. Our analysis of live collected samples from the South Pacific Region of New Zealand fit in the existing Li/Mg-Temperature calibrations, indicating that a species-specific calibration is not needed.

However, the reconstructed Li/Mg bases paleotemperatures of intermediate water masses from the fossil S. variabilis coral from sediment cores exhibit relatively large temperature fluctuations of up to 15°C in the AAIW off Brazil. We propose that such high temperature fluctuations can be, to a certain degree, related to intermediate water mass warming during Heinrich Stadials, but are possibly also related to change in the aragonite saturation state.

Nevertheless, the internal variation of Li/Ca and Mg/Ca in the coral microstructure is consistent with previous studies of e.g. Case et al. (2010); Raddatz et al. (2013) and Schleinkofer et al. (2019). Compared to other scleractinian CWCs, the variation factor is assumed to be related to the slow growth rate.

For more accurate reconstructions of temperature future studied should investigate other secondary factors, such as pH, aragonite saturation and salinity that might influence the Li and Mg incorporation in S. variabilis. We encourage further investigation on cold-water corals for their suitability as archives for their use in multiproxy studies. Especially with regard to studies on climate change, it is important to understand and recognize to which environmental conditions different species can adapt to and which future changes in their marine environment they can cope with.
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Despite the increased number of paleoceanographic studies in the SW Atlantic in recent years, the mechanisms controlling marine productivity and terrestrial material delivery to the South Brazil Bight remain unresolved. Because of its wide continental shelf and abrupt change in coastline orientation, this region is under the influence of several environmental forcings, causing the region to have large variability in primary production. This study investigated terrestrial organic matter (OM) sources and marine OM sources in the South Brazil Bight, as well as the main controls on marine productivity and terrestrial OM export. We analyzed OM geochemical (bulk and molecular) proxies in sediment samples from a core (NAP 63-1) retrieved from the SW Atlantic slope (24.8°S, 44.3°W, 840-m water depth). The organic proxies were classified into “terrestrial-source” and “marine-source” groups based on a cluster analysis. The two sources presented different stratigraphical profiles, indicating distinct mechanisms governing their delivery. Bulk proxies indicate the predominance of marine OM, although terrestrial input also affected the total OM deposition. The highest marine productivity, observed between 50 and 39 ka BP, was driven by the combined effects of the South Atlantic Central Water upwelling promoted by Brazil Current eddies and fluvial nutrient inputs from the adjacent coast. After the last deglaciation, decreased phytoplankton productivity and increased archaeal productivity suggest a stronger oligotrophic tropical water presence. The highest terrestrial OM accumulation occurred between 30 and 20 ka BP, with its temporal evolution controlled mainly by continental moisture evolution. Sea level fluctuations affected the distance between the coastline and the sampling site. In contrast, continental moisture affected the phytogeography, changing from lowlands covered by grasses and saltmarshes to a landscape dominated by mangroves and the Atlantic Forest. Our results suggest how the OM cycle in the South Brazil Bight may respond to warmer and dryer climate conditions.
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Introduction

Temporal changes in carbon source delivery have been frequently recorded in ocean sediments. They can explain the linkages among climate, organic matter (OM) biogeochemical cycling, and carbon sequestration over different time scales (Faux et al., 2011). The South Atlantic Ocean plays an essential role in the global climate system by forming nutrient-rich dense water masses and promoting heat transport into the Southern Ocean (Garzoli and Matano, 2011). It also receives large amounts of terrestrial OM originating from South America [e.g., Rio de la Plata (RdlP) Basin] and Africa (e.g., Congo basin) (Weijers et al., 2007; Muelbert et al., 2008). The delivery of terrestrial OM to the ocean can function as a long-term sink and, consequently, a significant CO2 sequestration mechanism (Sarmiento and Gruber, 2006). Along with the terrestrial OM input, rivers also deliver nutrients to the adjacent ocean, promoting marine productivity (Bianchi et al., 2018).

Knowledge about variations in the terrestrial input and primary productivity is crucial for the comprehension of past climate changes in the Southern Hemisphere, especially in the southeastern (SE) part of South America. This knowledge is expected to provide insights into the natural trends of climate variability for the next millennia. Also, the South Atlantic plays a major role in the world ocean overturning circulation. Specifically, the southwest (SW) Atlantic margin is marked by a strong N–S dynamics, characterized by the southward flow of the North Atlantic Deep Water and the northward flow of the Antarctic Intermediate Water, two of the main components of the meridional circulation in the Atlantic Ocean (Mahiques et al., 2022). Several studies have reported temporal variations in OM input to the continental margin of the SW Atlantic (e.g., Costa et al., 2016; Lourenço et al., 2016; Gu et al., 2017) and put forth distinct mechanisms governing marine paleoproductivity and terrestrial OM input. Portilho-Ramos et al. (2015) and Pereira et al. (2018) related high rates of marine paleoproductivity in the SW Atlantic to upwelling of the South Atlantic Central Water (SACW) promoted by the Brazil Current (BC) eddies. Other studies associated elevated marine productivity in the South Brazil Bight (SBB) with periods of greater terrestrial inputs (Mahiques et al., 2007; Nagai et al., 2010; Lourenço et al., 2016; Gu et al., 2017). Therefore, the primary mechanism controlling marine productivity in the SBB central portion remains unresolved.

Terrestrial OM content in continental margin sediments may vary in response to the type and amount of OM produced on the continent and exported to the ocean. An additional factor is the distance of the core site to the continent, which is a function of sea level that affects the continental shelf width. Previous studies in the region (Mahiques et al., 2007; Nagai et al., 2010; Lourenço et al., 2016) focused on terrestrial OM amount but did not investigate the sources. Presently, the RdlP drains the inner portion of the southern part of South America and influences only the southern portion of the SBB (Nagai et al., 2014a; Razik et al., 2015), whereas the northern portion receives sediments carried by the southward BC (Nagai et al., 2014a). A recent study (Mahiques et al., 2017) on core top sediments (including NAP 63-1) from the continental shelf and slope in the central portion of SBB suggested that terrestrial input to the mid-slope is influenced by the northward Intermediate Western Boundary Current (IWBC) rather than by the southward BC (Figure 1).




Figure 1 | (A) Indication of the main ocean currents in the SW Atlantic as well as the location of Campos Basin (CB) and South Brazil Bight (SBB) separated by the black dashed line. The black rectangle is displayed in map B. (B) Map highlighting the SBB with the location of sediment core NAP 63-1 (yellow star), GL-1090 (blue circle), and the speleothem sites (green circles) used in the discussion. The gray dashed line indicates the continental shelf break. Current names, BC, Brazil Current; BCC, Brazil Coastal Current; IWBC, Intermediate Western Boundary Current. Geographical features: 1 - Cabo Frio; 2 - São Sebastião Island.



In this study, we quantified markers in SBB mid-slope sediments [n-alkanes, long-chain alkenones (LCA), glycerol dialkyl glycerol tetraethers (GDGTs), n-alkanols, sterols, and long-chain diols] to evaluate the sources of OM delivered to the site, and how these sources varied over time, from the Late Pleistocene to the Holocene. We investigated the primary mechanism controlling marine productivity in the SBB central portion as well as the main delivery routes of the terrestrial OM to the region. Molecular organic biomarkers can provide insights into OM sources to aquatic environments and OM sequestration to sediments over decadal to geological time scales. Therefore, they help resolve the complexity in systems with multiple organic carbon sources (Yunker et al., 2005; Holland et al., 2013). Based on their temporal evolution, we associated the OM flux with oceanographic and climatological processes during the Late Pleistocene and Holocene. We compared the evolution of these organic biomarker contents with other studies from the vicinity of the study site to identify the mechanisms that governed marine productivity and possible sources of terrestrial OM during the Last Glacial Period.



Study area

Today, circulation in the SBB (latitudes 22°S–34°S) is characterized by two western boundary currents, the BC and the IWBC (Figure 1). The BC flows southward and meanders around the 200-m isobath (Campos et al., 2000). It transports warm and oligotrophic tropical water (T > 20°C and S > 36.4) in the first 100 m of the water column, and cold and nutrient-rich SACW (T = 6°C–20°C and S = 34.5–36.4) below 100 m and down to approximately 600-m depth (Silveira et al., 2015). Below the BC, the IWBC flows northward in the SBB, carrying Antarctic Intermediate Water (T = 3°C–7°C and S = 24.6–34.4) down to approximately 1,100-m depth (Silveira et al., 2015).

The change in the coastline orientation at Cabo Frio induces a meandering pattern in the BC, which frequently becomes unstable, forming strong cyclonic and anticyclonic frontal eddies (Campos et al., 2000). These eddies represent an efficient mechanism for increasing vertical speeds, acting decisively in the upwelling of SACW. This type of meander-induced upwelling brings SACW to shallower depths and fertilizes the otherwise typically oligotrophic waters (Campos et al., 2000; Ribeiro et al., 2016).

The SBB can also be considered a convergence zone regarding OM transport, receiving material from the south through the advancement of the RdlP plume and from the north through the upwelling region of SACW (Mahiques et al., 2004). The area off São Sebastião Island (24°00′S; 45°30′W) marks a regional boundary between the two sedimentary provinces. The RdlP drains the second largest drainage basin in South America and discharges approximately 710 km3 yr−1 (or 22,514 m3 s−1) of freshwater at the RdlP estuary at ~35°S (Razik et al., 2015). This material is redistributed northward up to 27°S by the Brazil Coastal Current (Nagai et al., 2014a), south of the coring site. Aside from the RdlP, the SBB region receives only small contributions of terrestrial material from the adjacent coast, especially from SE Brazil, resulting in little terrestrial input to the coring site.

The adjacent continent is characterized by a narrow (>80 km) coastal lowland (<100-m altitude), limited by the “Serra do Mar” coastal mountain range extending approximately parallel to the coast (Almeida and Carneiro, 1998). The Atlantic rainforest is the typical vegetation of the lowland and the slopes of the “Serra do Mar” mountain range (Ribeiro et al., 2009). The estuaries are mainly dominated by mangrove trees (Rhizophora sp., Avicennia sp., and Languncularia sp.) as far south as 28°30′S, where they are replaced by saltmarshes (formed by Spartina alterniflora) (Schaeffer-Novelli et al., 1990).



Material and methods


Sampling and age model

Sediment core NAP 63-1 was collected on the continental slope of the subtropical southwestern Atlantic (24°50.304′S; 44°19.124′W; 840-m water depth; 2.24-m long) (Figure 1). The distance from the coring site to the coast today is about 140 km. The sampling took place on 26 February 2013, during an RV Alpha Crucis cruise, from the Oceanographic Institute of the University of São Paulo (IO-USP; Brazil), using a piston corer. The core was sectioned every 2 cm, yielding a total of 112 samples. The samples were stored frozen in pre-combusted aluminum trays for further analysis.

The age model for this sediment core was described by Dauner et al. (2019). Briefly, it was based on radiocarbon dating of planktonic foraminifera (AMS 14C) and benthic foraminifera stable oxygen isotope (δ18O) tie points aligned to two reference curves (Lisiecki and Raymo, 2005; Lisiecki and Stern, 2016). The downcore ages were modeled using BACON software version 2.3.5 (Blaauw and Christen, 2011). The core material covered approximately the past 78 ka with no observed age inversion in the radiocarbon ages.



Bulk parameters

Analysis of total organic carbon (TOC) content and carbon isotope composition (δ13C) was performed on decarbonated dry sediment samples (acid treatment with 1 mol L–1 HCl solution). Determinations of total nitrogen (TN) content and the nitrogen isotope composition (δ15N) were performed on dry unacidified sediment. The samples were analyzed by an EA-Costech elemental analyzer coupled to a Thermo Scientific Delta V Advantage isotope ratio mass spectrometer (EA-IRMS). The analytical accuracy was verified using the USGS-40 (L-glutamic acid, United States Geological Survey) and IAEA-600 (caffeine, International Atomic Energy Agency) standards before and after each group of 40 samples. Standard deviations for calibration were within the expected range, being 0.01‰ for both ratios for USGS-40, 0.03‰ for δ13C, and 0.09‰ for δ15N for IAEA-600. The standard used as a reference for carbon and nitrogen contents was Soil LECO (LECO Corporation, USA), whose estimated levels are 13.55% and 0.81% dry weight, respectively, and in agreement with the certified values.



Lipid extraction and purification

About 5 g of freeze-dried and homogenized samples were extracted three times using an ultrasonic bath with 25 ml of methanol:dichloromethane (1:9; v:v). Known amounts of squalene, C19 ketone, 5α-androstanol, and C46 GDGT were added as internal standards before extraction. The combined extracts were evaporated by rotary evaporation under vacuum at 40°C. The total lipid extracts were saponified for 2 h at 80°C with 1 ml of 0.1 mol L−1 KOH in methanol:H2O (9:1; v:v). After saponification, neutral lipids were liquid–liquid extracted into n-hexane and further purified by passing them over a silica gel column (1% deactivated with water). They were eluted with 4 ml of n-hexane (recovery of n-alkanes), 4 ml of n-hexane:dichloromethane (1:2; v:v; recovery of ketones), and 4 ml of dichloromethane:methanol (1:1; v:v; recovery of n-alkanols, sterols, diols, and GDGTs) and dried using a Silli-Therm at 50°C under a stream of nitrogen.

Before capillary gas chromatography analyses, the n-alkane and alkenone fractions were re-dissolved in 100 μl of n-hexane. The dry polar fractions were weighed and adjusted to concentrations of approximately 2 mg ml−1 by dissolution with isopropanol:n-hexane (1:99; v:v). Before the analysis, the polar fractions were filtered (Thermo Scientific PTFE filter: 4 mm in diameter and 0.45 μm porosity) to retain any remaining particles. These extracts were injected into a high-performance liquid chromatograph coupled to a mass spectrometer. The remaining extracts were then dried and derivatized by adding 30 μl of N,O-bis(trimethylsilyltrifluoroacetamide):trimethylchlorosilane (BSTFA : TMCS; 99:1; v:v) and 30 μl of acetonitrile and heated for 60 min at approximately 60°C. After derivatization, the reagents were dried, and the fraction was re-dissolved in 50 μl of n-hexane before capillary gas chromatography.



Analytical methods

n-Alkanes were analyzed by injecting 2-μl sample aliquots in the split mode in an Agilent 7890A series gas chromatograph equipped with a flame ionization detector and an Agilent DB-5ms capillary fused silica column coated with 5% phenyl/dimethyl arylene siloxane (60-m length, 0.25-mm internal diameter, and 0.25-μm film thickness). Helium was used as the carrier gas with a constant flow rate of 1.5 ml min−1. The initial oven temperature was 60°C, held for 1 min, increased to 150°C at a rate of 20°C min−1, then raised to 320°C at a rate of 6°C min−1 and held for 35 min with a total run time of 69 min. The injector and detector temperatures were adjusted to 250°C and 330°C, respectively.

Alkenones were analyzed by injecting 2-μl sample aliquots in the splitless mode in an Agilent 7890A series gas chromatograph equipped with a flame ionization detector and an Agilent HP-5 capillary fused silica column coated with 5% phenyl/methylpolysiloxane (50-m length, 0.32-mm internal diameter, and 0.17-μm film thickness). Hydrogen was used as the carrier gas with a constant flow rate of 1.2 ml min−1. The initial oven temperature was 40°C, increased to 60°C at a rate of 20°C min−1, then raised to 320°C at a rate of 5°C min−1 and held for 15 min with a total run time of 68 min. The injector and detector temperatures were adjusted to 300°C and 325°C, respectively.

GDGT analyses were performed using an Agilent 1200 Series high-performance liquid chromatography system coupled with an Agilent 6120 mass spectrometer. The 20-μl aliquots were injected into an Alltech Prevail® Cyano column (2.1 × 150 mm2, 3 μm; Grace) maintained at 30°C. GDGTs were eluted using the following gradient with solvent A (n-hexane:isopropanol:chloroform; 98:1:1) and solvent B (n-hexane:isopropanol:chloroform; 89:10:1): 100% A for 5 min, linear gradient to 10% B in 20 min, linear gradient to 100% B in 10 min, and then held for 7 min. The flow rate was 0.2 ml min−1. After each analysis, the column was cleaned by back-flushing with 100% B at 0.6 ml min−1 for 5 min and then held for 10 min in the initial conditions (100% A at 0.2 ml min−1).

n-Alkanols, sterols, and diols were analyzed by injecting 2-μl sample aliquots in the splitless mode in an Agilent 6850A series gas chromatograph equipped with an Agilent 5975C VL MSD mass spectrometer, a Restek Rxi-1ms capillary fused silica column coated with 1% diphenyl/dimethylsiloxane (30-m length, 0.25-mm internal diameter, and 0.25-μm film thickness) and a 5-m precolumn. Helium was used as the carrier gas with a constant flow rate of 1.2 ml min−1. The initial oven temperature was 100°C, held for 8 min, and subsequently increased to 300°C at a rate of 4°C min−1 with a total run time of 58 min. The injector temperature was set to 280°C and operated in splitless injection mode. The detector and ion source temperatures were set to 280°C and 230°C, respectively.

n-Alkanes were individually identified by matching retention times against a standard containing the homologous series from n-C14 to n-C40. LCA were identified by matching retention times against a standard containing C19 ketone and C37:2 and C37:3 alkenones. n-Alkanol, sterol, and diol data were acquired using the selected ion monitoring mode, and they were identified by the ion fragments characteristic of each compound (Supplementary Tables S1–S3). GDGT data were also acquired using the selected ion monitoring mode, but they were identified by the molecular ions (Supplementary Table S4).

The following compounds were quantified and will be used in the discussion: (i) n-alkanes: odd-numbered n-C15 to n-C39; (ii) LCA: C37:3 methyl, C37:2 methyl, C38:3 methyl and ethyl, C38:2 methyl and ethyl, C39:3 ethyl, and C39:2 ethyl; (iii) n-alkanols: even-numbered n-C12-OH to n-C34-OH; (iv) phytol; (v) sterols: 27Δ5,22E (dehydrocholesterol), 27Δ5 (cholesterol), 28Δ5,22E (brassicasterol), 28Δ5 (campesterol), 29Δ5,22E (stigmasterol), 29Δ5 (sitosterol), and 30Δ22E (dinosterol); (vi) long-chain diols: C281,14 and C301,14; and (vii) GDGTs: crenarchaeol, branched GDGT-IIIa, branched GDGT-IIa, and branched GDGT-Ia. The quantification was done via internal standards by assuming identical response factors as the respective compounds.

Procedural blanks were analyzed for each set of 15 samples, and they showed no significant level peaks in the analyses of target compounds. Finally, four replicates of the same sediment sample were extracted and used as an internal laboratory reference. The coefficient of variation among the four replicates was lower than 25% for all the compounds.



Data processing

A cluster using SAX (Symbolic Aggregate approXimation) representation (Lin et al., 2007) in the dissimilarity measure calculation was used to group the different proxies according to their evolutions through time. SAX representation is a “structured-based” dissimilarity measure that focuses on comparing underlying dependence structures, being suitable to analyze long time series. The symbolization approach involves transformation of time series into sequences of discretized symbols, allowing dimensionality reduction but keeping the distance measures defined on the original time series (Lin et al., 2007). Thus, the cluster analysis using SAX representation in the dissimilarity measure can be used to group different proxies according to their temporal evolution, regardless of their concentration ranges. For this analysis, we used packages “TSclust” (Montero and Vilar, 2014), “vegan” (Oksanen et al., 2018), and “rioja” (Juggins, 2017) with R environment version 4.1.2 (R Core Team, 2021).

Two groups were formed based on the cluster analysis previously mentioned: the “terrestrial-source” group and the “marine-source” group (Dauner et al., 2020) (Figure 2). For all samples, contents of the organic biomarkers (in ng g−1 dry sediment) were converted to mass accumulation rates (MAR) using the sedimentation rates from Dauner et al. (2019). As the dry bulk density values for NAP 63-1 were not determined, we used mean dry bulk density values obtained by Müller (2004) for a nearby sediment core from the SBB (core GeoB 2107-3; 27.18°S, 46.45°W, 1,048-m water depth).




Figure 2 | Cluster analysis based on the temporal evolution of each organic compound group, using the SAX representation as the dissimilarity measure. The green rectangle indicates the “terrestrial-source” group and the blue rectangle indicates the “marine-source” group.



After the organic markers were separated into these two groups, a constrained cluster analysis was performed, considering the groups separately to define stratigraphical zones. For this analysis, we used accumulation rates of the following organic compounds: mid-chain odd-numbered n-alkanes (n-C19 – n-C23), long-chain odd-numbered n-alkanes (n-C25 – n-C39), LCA, crenarchaeol, branched GDGTs, short-chain even-numbered n-alkanols (n-C12-OH – n-C18-OH), long-chain even-numbered n-alkanols (n-C20-OH – n-C34-OH), phytol, C28 and C30 1,14-diols, and the sterols 27Δ5,22E, 27Δ5, 28Δ5,22E, 28Δ5, 29Δ5,22E, 29Δ5, and 30Δ22E. All accumulation rate data were normalized by subtracting the mean and dividing by the standard deviation.

Wavelet analyses were performed in R, using “signal” (Ligges et al., 2021) and “WaveletComp” (Roesch and Schmidbauer, 2018) packages, following the procedure described by Torrence and Compo (1998). The data were converted to equally spaced time series for wavelet analysis. We removed all periodicities above 10 ka using a moving average filter, with a window of 11 ka to eliminate all unresolved frequencies and the general trend. Cross-wavelet analyses were performed to compare the NAP 63-1 OM signal with the stable carbon isotope from thermocline-dwelling foraminifera Globorotalia inflata from sediment core GL-1090 (Nascimento et al., 2021) as a proxy of SACW variability. In the discussion about rainfall over the continent, the following speleothem records were used (Figure 1): Bt-2 from Botuverá cave (Cruz et al., 2005) and St-8 from Santana cave (Cruz et al., 2007).

In addition to stable carbon isotopic composition (δ13C) of OM, the branched and isoprenoid tetraether index (BIT; formula 1) was calculated and used as a proxy for the marine vs. terrestrial origin of OM. Since isoprenoid GDGTs (especially crenarchaeol) are found primarily in aquatic environments and branched GDGTs (brGDGTs) are mainly associated with bacteria found in soils and peat, the BIT index is used to evaluate the influence of terrigenous inputs in the aquatic environment. BIT values close to 1.0 indicate the dominance of terrestrial input, whereas values close to 0.0 indicate marine input (Hopmans et al., 2004). The average chain length (ACL) index (formula 2) was proposed to reflect woody plants/forests input relative to that from grasses (Poynter and Eglinton, 1990; Mahiques et al., 2017). Whereas woody plants contain large proportions of C27 and C29 n-alkanes, C31 and C33 are the major sediment n-alkanes in watersheds where grasses dominate (Meyers, 2003; Rommerskirchen et al., 2003).








Results and discussion


Predominant sources

Elemental and isotopic compositions of OM have been extensively used to identify OM sources (e.g., Meyers, 1994; Mahiques et al., 2007; Nagai et al., 2010). In our core, % TOC varied between 0.17% and 0.81% (mean = 0.48% ± 0.09%) (Figure 3A), % TN ranged from 0.04% to 0.10% (mean = 0.08% ± 0.01%) (Figure 3B) and TOC/TN ratio varied between 3.67 and 10.98 (mean = 6.34 ± 1.15). The relatively low TOC content (close to 0.3%; Meyers, 1997) coupled to a low Pearson’s correlation between % TOC and % TN (R = 0.48) indicates a limited applicability of the TOC/TN ratio as a proxy for OM source (Meyers, 1997; Bianchi and Canuel, 2011).




Figure 3 | Records of the elemental (A, B) and isotopic (C, D) composition, and BIT values (E) for core NAP 63-1. MIS, Marine Isotope Stage.



The δ13C varied between −22.6‰ and −20.3‰ (mean = −21.4‰ ± 0.6) (Figure 3C) and the δ15N ranged from 5.57‰ to 10.33‰ (mean = 7.87‰ ± 0.76) (Figure 3D). Values of δ13C also indicated the predominance of marine OM (δ13C = −22‰–−20‰; Meyers, 1994) and were in the same range as observed in SBB surface sediments (δ13C = −21.0‰–−20.5‰; Mahiques et al., 2004). The δ15N values varied slightly throughout the core but remained approximately 7.5‰, reinforcing the marine and/or microbial nature of the OM (Meyers, 1997) (Supplementary Figure S1). The overall low BIT values (mean = 0.22 ± 0.06) corroborate the mainly marine OM source (BIT< 0.3; Hopmans et al., 2004).

Overall, δ13C and BIT values indicate a predominance of marine primary production. Specially between 80 and 40 ka BP, a decreasing BIT trend (Figure 3E) coupled to increasing δ13C values (Figure 3C) suggests a reduced input from terrestrial sources, either from soil (δ13C = −27‰–−23‰; Bianchi and Canuel, 2011) or vascular plants (δ13C = −30‰–−26‰; Bianchi and Canuel, 2011). However, during MIS (Marine Isotope Stage) 2 (approximately 20 ka BP), BIT values exceeded the threshold of 0.3 for terrestrial input (Hopmans et al., 2004). It coincided with an excursion toward more negative δ13C values, corroborating a slight increase in the contribution of terrestrial OM to the region.

During the Holocene, from 11 ka BP to the present, the TOC content increased. The increasing trend of BIT values suggests that this TOC increase was related to terrestrial rather than marine OM sources. This TOC increase could be caused by a higher terrestrial OM input in response to higher precipitation in southeast America and the expansion of the Atlantic rainforest (Ledru et al., 2009). However, it should have resulted in a decrease in δ13C values toward more negative values (δ13C from vascular plants = −30‰–−26‰; Bianchi and Canuel, 2011), which is not observed. Possible sources of terrestrial OM with less negative values include plants with C4 and CAM photosynthetic metabolism, such as grasses and plants from tropical regions (Muccio and Jackson, 2009; Chen and Blankenship, 2021). During the last 10 ka, Ledru et al. (2009) observed an expansion of Asteraceae tubuliflorae (C4 metabolism), Ericacea, and Isoetes (both with CAM metabolism) in SE Brazil. Their contribution could explain the relative increase in the terrestrial contribution to the OM input in the sampling region, but without decreasing δ13C values.



Marine OM

According to the cluster using SAX representation, 12 compounds were assigned to have a marine source: long-chain even-numbered n-alkanols (n-C20-OH – n-C34-OH), phytol, crenarchaeol, LCA, C28 and C30 1,14-diols, and the sterols 27Δ5,22E, 27Δ5, 28Δ5,22E, 28Δ5, 29Δ5,22E, 29Δ5, and 30Δ22E (Dauner et al., 2020) (Figure 2). The long-chain even-numbered n-alkanols are also usually attributed to input from higher plant waxes, but some aquatic sources have also been suggested. Sinninghe Damsté et al. (2001) argued that the most probable marine source of long-chain n-alkanols in Antarctic saltwater lakes is the hydrolysis of cyanobacterial glycolipids.

The constrained cluster analysis allowed us to establish four marine zones (MZs): MZ-I: 79–50 ka BP; MZ-II: 50–39 ka BP; MZ-III: 39–29 ka BP; MZ-IV: 29–2 ka BP (Figure 4). During MZ-I, a relatively high input of 28Δ5,22E, 30Δ22E, and phytol was observed, especially during MIS 4 (71–57 ka BP), when compared to other MZs. The MZ-II is characterized by the highest accumulation rates of marine OM proxies (Figure 4). Several studies also observed a peak in the productivity of dinoflagellate and benthic and planktonic foraminifera in the SW Atlantic (e.g., Behling et al., 2002; Almeida et al., 2015; Portilho-Ramos et al., 2015) during this time interval. The marine productivity during MZ-III diminished slightly, returning to values similar to MZ-I, suggesting that at least one of the two fertilization processes observed during MZ-II (discussed below) diminished. The MZ-IV is characterized by the lowest accumulation rates of marine OM proxies (Figure 4).




Figure 4 | Summary diagram showing the mass accumulation rates (in ng cm−2 year−1) of the organic molecular markers associated with marine organic matter, the constrained dendrogram, and the MZs for core NAP 63-1. Proxies colored with dark green will be discussed in more detail.





Terrestrial OM

According to the cluster using SAX representation, four compound groups were assigned to have a terrestrial source: mid-chain odd-numbered n-alkanes (n-C19 – n-C23), long-chain odd-numbered n-alkanes (n-C25 – n-C39), short-chain even-numbered n-alkanols (n-C12-OH – n-C18-OH), and brGDGTs (Dauner et al., 2020) (Figure 2). The short-chain n-alkanols were predominant in the n-alkanols, especially the n-C16-OH, which alone accounted for approximately 50% of the total n-alkanols. Usually, aquatic algae and bacteria have n-alkanol distributions dominated by C16 to C22 components (Meyers, 2003). However, Hu et al. (2009) observed a high correlation of short-chain n-alkanols with terrestrially derived bacterial fatty acids, indicating a bacterial source, instead of aquatic algae for the former compounds. In our samples, a high correlation between short-chain n-alkanols and brGDGTs (R = 0.58; α< 0.05) suggests a terrestrial microbial origin for the short-chain n-alkanols.

The constrained cluster analysis allowed us to establish four terrestrial zones (TZ): TZ-I: 79.0–65.5 ka BP; TZ-II: 65.5–32 ka BP; TZ-III: 32.0–29 ka BP; TZ-IV: 29–2 ka BP (Figures 5D-H). During TZ-I, a relatively high input of mid-chain n-alkanes and brGDGTs and low MAR of long-chain n-alkanes were observed. The TZ-II was marked by low MAR of both mid- and long-chain n-alkanes, but with oscillating inputs of short-chain n-alkanols and brGDGTs. The short TZ-III layer was marked by a sharp increase in the n-alkanes MAR and continuously high n-alkanols and brGDGTs MAR. Lastly, TZ-IV was marked by the largest inputs of all terrestrial markers, especially approximately 20 ka BP.




Figure 5 | (A) Global sea level evolution (in m) (Miller et al., 2005). (B) Anomalies of δ18O from the Botuverá (red) and Santana (blue) caves (Cruz et al., 2005; Cruz et al., 2007). (C) n-alkane ACL25-33 index from NAP 63-1 core. (D-G) Summary diagram showing the mass accumulation rates (in ng cm−2 year−1) of the organic molecular markers associated with terrestrial organic matter, (H) the constrained dendrogram, and the terrestrial zones (TZ) for core NAP 63-1.





Controls on OM input

OM input to the SBB may have been controlled by multiple mechanisms. Here, we consider variations in precipitation, wind patterns, ocean circulation, and the Si cycle.

Precipitation over the adjacent continent and consequent runoff have been reported to be the main processes that govern the delivery of terrestrial OM and nutrients to the SBB (Nagai et al., 2014b). Cruz et al., 2005; Cruz et al., 2007 studied rainfall variations in southern and SE Brazil through the δ18O composition of speleothems in Botuverá and Santana caves, respectively (Figure 5B). Wet climate periods observed in southern and SE Brazil coincided with the high MAR of brGDGTs and n-alkanols in the NAP 63-1 record, especially approximately 48 and 20 ka BP. As discussed before, both proxies are associated with terrestrially derived OM. Thus, increased precipitation could have increased soil erosion, increasing the input of soil-derived OM to the SBB. Variations in sea level likely emphasized the precipitation influence. During TZ-I, sea level dropped (Miller et al., 2005; Figure 5A) and, consequently, the continental shelf shortened, reducing the distance to the coast of the core site (from about 170 km, during MIS 5e, to about 40 km, during TZ-I). The shorter distance to the coast, coupled with the wet climate, may explain the relatively high terrestrial OM input in the SBB slope during TZ-I. Between TZ-II and TZ-III, sea level remained at approximately 85 m below the present one, without significant variation.

TZ-III was a short period marked by high MAR of all four terrestrial OM proxies. This period was marked by a slight change to more humid conditions (Figure 5B) but not so expressive that it could explain the terrestrial OM input. A possible explanation is a northward migration of the southern westerly wind belt. Razik et al. (2015) found sediments from the South America Pampas in SBB and related them with northward transport by westerly winds. Large dust flux observed in East Antarctica (Lambert et al., 2008) and high Pb isotope ratios observed in the Eastern Equatorial Pacific (Pichat et al., 2014) approximately 30 ka BP suggest a northward extension of the South Westerly wind belt. This northward migration may have enhanced the eolian transport of terrestrial material to the SBB, as also observed by Mathias et al. (2021).

At the beginning of the TZ-IV, the sea level fell to its minimum, reaching about 120 m below the present level (Miller et al., 2005; Figure 5A). During this period, the continental shelf reached its minimum length, further decreasing the distance to the coast of the core site and increasing the terrestrial input to site NAP 63-1. BIT values higher than 0.3 (Figure 3E) confirm this larger influence of terrestrial OM. During the last deglaciation (19 – 11 ka BP), rapid sea level rise caused the widening of the continental shelf (Figure 5A), which reduced the terrestrial input to the slope.

The n-alkanes, on the other hand, did not present a direct response to precipitation variations (Figures 5D, E). Instead, they could have been more influenced by the vegetation type in the adjacent continent. Badewien et al. (2015) studied vegetation changes of SW Africa during the last 60 ka and found a relation between the ACL values and forest pollen. During periods when forest pollen was highest, ACL values decreased. In the NAP 63-1 record (Figure 5C), the periods of relatively low ACL25-33 occurred approximately 50 ka BP, between 30 and 20 ka BP, and in the last 10 ka BP.

The use of the ACL as a proxy for woody/forest vs. grassland vegetation is very controversial. Studying the SE Atlantic, Rommerskirchen et al. (2003) observed that marine sediments that receive material from the Congo rain forest tend to present the n-C29 as the main n-alkane. However, marine sediments located further south and receiving material from the savannah tend to present the n-C31 as the main n-alkane. Therefore, they associated the higher ACL values with plants with a C4 metabolism, like grasslands, herbs, and shrubs. More recently, some studies of the alkane composition in leaves from modern plants (Bush and McInerney, 2013; Feakins et al., 2016) did not find a direct correlation between the n-alkane distributions (especially the predominance of n-C29 or n-C31) and the type of vegetation (grasses or woody plants). Bush and McInerney (2013) argued that the pattern observed in the western African coast might reflect the differences in rainforest and savanna environments, rather than in the leaf wax compositions. Nevertheless, the periods of relatively low ACL25-33 observed in the NAP 63-1 records coincide with periods of a high percentage of arboreal pollen observed in a crater in SE Brazil, located only a few kilometers from the shoreline (Colônia crater; 23°52′S 46°42’20’’ W; Ledru et al., 2009). The dominance of grasslands during the rest of the period was attributed by Gu et al. (2017) to the expansion of salt marshes to the North and over the exposed continental shelf. Thus, for the SBB, it may be possible to use ACL as a proxy for the changes in the Atlantic rainforest in southern and SE Brazil, with lower ACL suggesting an expansion of the rainforest.

The influence of continental precipitation can also be seen in the marine productivity. In the southern portion of SBB, Gu et al. (2017) observed high relative abundances of eutrophic environmental dinocysts and associated them with the enhanced presence of fluvial waters during MZ-I. As shown in Figure 6A, wet climates (low δ18O values) coincided with an increase in marine productivity in the central portion of the SBB during MIS 4 (approximately 65 ka BP) and during the MZ-II. These coincidences could be explained by fertilization of SBB due to increased fluvial nutrient input driven by wet climate. The spike in marine productivity approximately 16 ka BP may correspond to the wet climate during Heinrich Stadial 1 (between 18.0 and 15.6 ka BP; Campos et al., 2019). Conversely, the dryer climate during MZ-III may have decreased the fluvial input of nutrients to the SBB, causing a slight decrease in marine productivity during this period.




Figure 6 | (A) Anomalies of δ18O from the Botuverá and Santana caves (Cruz et al., 2005; Cruz et al., 2007) and (B) anomalies of the mass accumulation rates (MAR) of long-chain alkenones (LCA), 28Δ5,22E, crenarchaeol (cren), and 30Δ22E from the sediment core NAP 63-1. MZ, marine zone. Bold straight lines in (B) refer to the average of each proxy for each MZ.



Marine productivity in the region is also influenced by upwelling of SACW, which in turn is affected by sea level changes. A MIS 3 high stand was reported in the southern Brazilian coast (Salvaterra et al., 2017; Dillenburg et al., 2019). This sea level rise would be responsible for the landward displacement of the whole water masses system (Mahiques et al., 2007), including the nutrient-rich SACW, seasonally upwelled into the area leading to enhanced productivity. The SACW upwelling in the SBB may also be driven by BC cyclonic meanders (Souza et al., 2020). Regardless of the mechanism that promoted the larger intrusion of SACW in the SBB, upwelling of SACW has been suggested to promote marine productivity by planktonic foraminifera in the same sediment core (NAP 63-3; Alvarenga et al., 2022), and at the slopes of the Campos Basin (GL-74 sediment core, 1279 m water column) (Portilho-Ramos et al., 2015) and the southern SBB (GeoB 2107-3 sediment core, 1,048-m water column) (Pereira et al., 2018). To assess whether SACW upwelling was indeed forcing marine productivity variations during the MZ-II and MZ-III, we computed the cross-wavelet between the stable carbon isotope from surface dwelling foraminifera (GL-1090; Nascimento et al., 2021) and the 28Δ5,22E accumulation rates. This analysis reveals common high energy in the range of 8 ka between 50 and 30 ka BP, with both signals in antiphase, i.e., low δ13C and, consequently, more OM regeneration and nutrients coincide with increased 28Δ5,22E accumulation rates (Figure 7). This same relationship was observed between GL-1090 planktonic δ13C and the other marine productivity proxies, such as 30Δ22E, LCA, and crenarchaeol (not shown). This result supports the hypothesis that SACW upwelling may have fertilized the SBB, boosting marine productivity in the MZ-II and III. The difference in marine productivity observed in these two periods may be explained by the combination of precipitation and SBB upwelling. Between 50 and 40 ka BP, the combination of enhanced SACW upwelling and precipitation may have caused high marine productivity observed during MZ-II. In contrast, although the influence of the SACW was still observed between 40 and 30 ka BP, the dryer climate may have caused the decrease in the marine productivity observed in MZ-III.




Figure 7 | (A) Normalized time series of the stable carbon isotope from thermocline-dwelling foraminifera Globorotalia inflata from sediment core GL-1090 (black line) (Nascimento et al., 2021) and 28Δ5,22E accumulation rates (ng cm−2 year−1; blue line) and (B) cross-wavelet analysis between them. The phase arrows in the cross-wavelet power spectrum rotate clockwise with a “north” origin. The vectors indicate the phase relationship, where in-phase signals point upward (N), and antiphase signals point downward (S). If X (δ13C) leads Y (28Δ5,22E), arrows point to the right (E), and if X lags Y, an arrow points to the left (W). Marked regions on the wavelet spectrum indicate significant power to a 95% confidence interval, and areas under the translucid cone of influence show where edge effects are important, and the analysis is unreliable.



From 30 ka BP onward, the relationship between subsurface temperature and other marine productivity proxies becomes variable indicating decoupling between SACW and marine OM proxies (Figure 7). Several studies from the SW Atlantic also observed a decrease in marine productivity (Almeida et al., 2015; Portilho-Ramos et al., 2015; Gu et al., 2017; Pereira et al., 2018; Alvarenga et al., 2022) during this period. The dryer climate coupled with lesser influence of SACW in the SBB, which favors the oligotrophic tropical water in the region, may have caused this substantial decline in marine productivity.

One last explanation for high marine productivity during glacial periods in tropical and subtropical regions is a mechanism related to the silicic acid leakage hypothesis (Brzezinski et al., 2002; Matsumoto et al., 2002). During glacial and dry periods, additions of Fe around Antarctica caused the uptake ratios of Si(OH)4:NO3− by diatoms to decline from 4:1 to 1:1 (Brzezinski et al., 2002). Some of the Si excess was then leaked out to lower latitudes through Sub-Antarctic Mode Water (Matsumoto et al., 2002) and may have caused diatoms to displace coccolithophores at low latitudes (Brzezinski et al., 2002). In the South Atlantic, the Sub-Antarctic Mode Water is carried northward by the Malvinas Current and, when it encounters the BC near 39°S, the water downwells, thus forming SACW (Piola and Matano, 2017). In addition to Fe input, sea-ice expansion and the weakening of the southern westerlies may have also promoted Si leakage from the Southern Ocean (Matsumoto et al., 2014). Griffiths et al. (2013) observed an increase in the opal content in the eastern equatorial Atlantic (core RC24-01; 0°33′N, 13°39′W; 3,837-m water depth) during MIS 4 and associated it with a Si-enriched Antarctic Intermediate Water. However, the silicic acid leakage hypothesis should be verified not only by an increase in the diatom productivity but also by a shift of the phytoplankton composition in favor of diatoms over calcite-secreting coccolithophores (Matsumoto et al., 2002). During MIS 4, the average MAR anomaly of 28Δ5,22E (proxy for diatoms; bold orange line in Figure 6B) during MZ-I is higher than the average MAR anomaly of LCA (a proxy for coccolithophores; bold green line in Figure 6B) for the same period. However, during MIS 2, the MAR anomaly of LCA is higher than the 28Δ5,22E MAR anomaly. This suggests that the silicic acid leakage may have influenced the marine productivity in the SBB during MIS 4 but not during MIS 2.



Composition of the marine primary producer community

Distinct primary producers characterized the MZs, and Figure 6B summarizes the variations in marine OM productivity and the relationship between these producers. Although differential degradation among different compounds during diagenesis makes it challenging to infer the abundance of living organisms from the biomarker data, their normalized MAR may reflect changes in the contribution of each specific group of organisms (Li et al., 2015). During MZ-I, there was a predominance of diatoms and dinoflagellates, indicated by the concentrations above the long-term mean of 28Δ5,22E and 30Δ22E, respectively (Volkman, 1986). A similarity between 28Δ5,22E and 30Δ22E contents was also observed by Li et al. (2015), indicating that diatoms and dinoflagellates respond similarly to hydrological variability. During the MZ-II and MZ-III, a relative increase in long-chain alkenones content, biomarkers produced by coccolithophores (Epstein et al., 2001), was observed. Finally, during MZ-IV, a decrease occurred in the contents of the three microalgae proxies. This decrease of the microalgae proxies coincided with an increase in the crenarchaeol accumulation rates, a proxy for Thaumarchaeota (Sinninghe Damsté et al., 2002).

Diatoms are common in eutrophic waters, like coastal regions (Libes, 2009), whereas coccolithophores are usually associated with oligotrophic environments, such as the subtropical gyres (Perrin et al., 2016). Changes in the dominant phytoplankton group are consistent with a shift from a more eutrophic environment during MZ-I to a less nutrient-rich environment during MZ-III. During MZ-I, the surface waters enriched in terrestrially derived nutrients may have favored diatom and dinoflagellate productivity. The hydrodynamic conditions changed entering the MZ-II, and a transient SACW upwelling, driven by BC cyclonic meanders (Almeida et al., 2015), was probably responsible for the relative success of the coccolithophores. The BC cyclonic meanders may have occurred more frequently during this time interval, or the SACW may have reached shallower depths than today.

In the last 20 ka, the decrease in the phytoplankton proxies and increase of the Thaumarchaeota proxies suggest a further decrease in nutrient availability toward the present oligotrophic conditions of the BC (Portilho-Ramos et al., 2015; Lourenço et al., 2016). Thaumarchaeota are a group of chemolithotrophic ammonia-oxidizing archaea, which compete poorly with phytoplankton for nutrients but endure in particularly oligotrophic conditions (Santoro et al., 2019). They can also use organic compounds, such as urea and cyanate, as energy and nitrogen sources (Kitzinger et al., 2019). These abilities allowed the Thaumarchaeota to thrive in the Holocene, becoming an important link in the microbial loop and trophic web of the present BC in the SBB (Moser et al., 2016). In a future warmer scenario, studies using climate and niche models indicate an expansion of oligotrophic regions and replacing larger phytoplankton with smaller organisms (Cabré et al., 2015; Šolić et al., 2018). The picoplankton will probably play an even more important role in the carbon cycle in these situations.




Summary and conclusions

This study highlighted how climate changes affected the sources of OM delivered to the central SBB from the Late Pleistocene to the Holocene. We investigated the primary mechanism controlling marine productivity in the SBB central portion as well as the main delivery routes of the terrestrial OM to the region. According to their temporal evolution, the organic geochemical proxies were classified into “terrestrial-source” and “marine-source” groups. The two OM sources presented distinct stratigraphical zones, indicating distinct mechanisms governing marine OM production and terrestrial OM production and export.

Marine organisms were the primary source of OM for the slope in the last 80 ka. Nutrient input from the adjacent coast seems to have controlled the marine productivity during MZ-I and -II (before 39 ka BP). Upwelling of SACW promoted by the BC cyclonic eddies was likely the primary mechanism controlling marine productivity during MZ-II and -III (between 50 and 29 ka BP). The synergistic effect of terrigenous input and upwelling may have caused the highest marine productivity rates in the Last Glacial Period. In the last 20 ka, a more substantial presence of the oligotrophic tropical water in the region was suggested by a decrease in the phytoplanktonic productivity and a relative increase in archaeal productivity. Due to their ability to use organic compounds and ammonia as energy and nitrogen sources, Thaumarchaeota may have become an important link in the microbial loop and trophic web of the present BC in the SBB.

Stratigraphic zones of the terrestrial OM indicated an oscillating input of soil OM and more sporadic inputs of macrophytes and vascular plants. In general, terrestrial input to the central SBB slope was likely strongly controlled by changes in the continental shelf width and in the type of vegetation over the continent, primarily controlled by sea level fluctuations and the continental moisture evolution, respectively.
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Sample # Device Interval TOC wt.% TN wt.% C:N (bulk) 515N bulk §13C bulk clay % silt% sand% mean grain median grain
(per mil)  (per mil VPDB) size (um)  size (um)

Transect 2

24 BC/W  0-1 0.64 0.08 8.0 6.39 -22.24 1.7 88.3 = 8.6 7.4

25 MUC 0-0.5 0.40 0.04 10.0 6.25 -22.42 22.0 78.0 - 6.3 4.8

29 MUC 0-1 1.69 0.21 8.0 7.06 -21.01 36.4 63.7 = 4.3 32

34 BC/W  0-1 0.49 0.06 82 7.29 -21.64 12.0 75.5 12.5 19.5 10.8

35 MUC 0-0.5 0.23 0.08 77 4.65 -22.19 33.9 66.1 = 4.4 35

Transect 6

72 MUC 0-0.5 2.96 0.25 1.8 6.26 -21.56 23.8 76.2 - 6.5 53

7 MUC 0-0.5 1.86 0.23 8.1 6.73 -20.71 232 76.8 - 75 59

78 MUC 0-0.5 1.46 0.19 bere 4.82 -20.73 14.9 736 115 21.0 1.5

80 MUC 0-0.5 1.28 0.13 9.8 4.94 -22.07 13.8 56.3 29.9 30.5 14.4

Transect 7

93 MUC 0-0.5 1.40 0.18 78 4.80 -21.04 37.4 62.7 = 3.8 29

95 MUC 0-0.5 1.42 0.16 8.9 5.41 -22.23 337 66.3 = 4.2 3.0

102 MUC 0-0.5 1.00 0.13 77 5.40 -20.86 28.4 716 & 5.1 37

107 BC 0-0.5 1.15 0.16 72 5.56 -20.79 26.3 73.7 = 7.0 52

BC. Boxcorer: W. Van Vleen Grab: MUC for Multicorer.
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586
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621
58
563

57
473
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384
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37
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1067

52
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2235
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53
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824
29
795

s/10 ccm

82,106
914
81,192
43,587
2,461
41,126
57,454
2,741
54,713
165,232
502
164,730
320,694
7,242
313,452

54,496
3,184
51,312
98,955
2,938
96,017
358,733
1,174
347,659
798,547
4,918
793,629

13,394
795
12,599
5,496
269
5,227
7,096
810
6,286
5,008
196
4,812

% of
total

141
98.9

5.6
94.4

48
95.2

03
99.7

2.3

97.7

5.8

94.2

3.0
97.0

3.1
96.9

06

99.4

5.9

941

4.9
95.1

1.4
88.6

3.9
96.1

hya. %

86.9
49.7
87.3
86.0
729
86.8
7.7
411
79.5
87.4
0.7
87.7
86.5
72.6
86.8

75.5
81.1
75.2
87.8
99.1
87.5
83.7
79.7
83.9
80.0
65.2
80.1

68.2
83.3
67.3
65.4
71.0
65.1
76.8
86.5
75.6
66.8
78.4
66.3

agg.
%

10.6
49.8
10.2
12.6
26.7
1m.7
15.8
52.7
14.0
10.5
93.1
103
57
27.4
52

143
18.6
14.0
55
05
56
6.0
2041
55
1.9
335
1m7

18.7
104
19.3
27.7
19.2
281
16.7
103
175
224
17.6
226

porc.

%

25
0.5
25
1.4
0.4
1.4
6.5
6.2
6.5
241
6.1
21
7.8
0.0
79

10.2
0.3
10.8
6.7
0.3
6.9
103
0.2
106
8.1
12
82

13.0
6.3
13.5
6.9
9.8
6.8
6.5
32
6.9
10.8
41
1.0

epifaunal
%

323
66.6
31.9
28.6
746
258
39.4
64.9
382
34.5
98.6
34.3
31.9
36.6
31.8

375
63.6
359
329
70.9
31.8
40.6
20.5
412
294
3.4
29.6

27.8
39.7
27.0
235
218
23.6
226
39.4
20.5
27.9
243
28.0

infaunal
%

54.8
04
55.4
61.8
15.8
64.6
493
29.1
503
49.2
1.4
493
55.6
634
55.4

45.6
36.0
46.2
52.8
28.7
53.6
45.7
59.6
45.3
52.9
64.1
52.9

424
50.9
4.9
57.2
45.1
57.9
56.2
48.0
57.2
51.5
68.9
50.8

epi- to
infaunal
%

33
33.0
3.0
1.9
4.8
1.7
4.5
6.0
4.5
1.4
0
14
0.2
0
0.2

3.2
0.4
3.4
0.5
0.4
0.5
22
0.1
2.2
23
31.3
2.2

1.6
3.0
1.6
3.8
24
3.9
3.1
1.4
2.0
1.0
0

1.0

*transp. s.
%

13

1.8

3.7

3.8

1.8

5.0

44

4.4

4.8

2.6

1.8

1.8

2.8

tub.
fragm.
%

0.1

0.4

1.0

0.4

241

8.8

9.0

4.0

H

2.78

291

3.07

2.65

2.59

3.17

2.79

3.08

3.18

4.02

3.53

3.51

3.68

Fisher’s
a

12.2

8.3

10.6

6.0

10.2

79

9.5

9.3

233

181

16.1

13.2

Values in bold refer to the total fauna used for the analyses. Presented are the absolute number of taxa (), and analyzed specimens (s); specimens per 10 cubic centimeters (s/10
ccm); proportions of living and dead specimens within the total fauna (% of total); proportions of different test types agglutinated, calcareous hyaline and porcelaneous; epi- and
infaunal proportions. Asterisks indicate that the values of transported specimens and tubular fragments have been calculated with reference to the whole assemblages. Diversity

indices are Shannon H and Fisher’s alpha («).
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Taxon

Globocassidulina subglobosa/crassa
Rosalina spp.

Bolivina variabilis

Bolivina subreticulata
Nuttallides umbonifer
Alabaminella weddellensis
Epistominella exigua

Bolivina striatula

Bolivina albatrossi
Sigmavirgulina tortuosa
Pyrgoella irregularis
Cassidulina laevigata
Trochammina advena
Miliolinella subrotunda
Nonionella spp.

Bolivina spathulata
Sigmoilopsis schlumbergeri
Gyroidinoides soldanii
Neoconorbina terquemi
Cassidulinoides bradyi
Gavelinopsis praegeri
Glomospira gordialis
Cibicidoides pachyderma
Cibicides/Cibicidoides sp. juv.
Uvigerina peregrina
Trochammina squamata
Cibicidoides wuellerstorfi
Valvulineria minuta

loanella tumidula
Paratrochammina challengeri

Av. dissim

101
49
4.8
4.2
32
28
25
15
1.0
0.9
0.9
0.8
0.8
0.8
0.8
0.7
0.7
0.6
0.6
0.6
0.6
0.6
0.5
0.5
0.5
0.5
0.5
0.5
0.4
0.4

Contrib. %

16.8
76
7.5
6.5
49
4.4
4.0
2.4
16
1.4
1.4
13
13
1.2
1.2
11
1.0
0.9
0.9
0.9
0.9
0.9
0.9
08
08
07
07
07
0.7
07

Cumulative %

15.8
234
30.9
37.4
42.3
46.7
50.7
53.0
54.6
56.0
57.4
58.7
59.9
61.2
62.4
63.5
64.6
65.5
66.4
67.3
68.2
69.1
69.9
70.7
715
72.2
73.0
73.7
74.4
75.0

CB

.2

324
3.3
0.9
0.8
8.0
7.2
29
4.8
0.6
0.1
1.7
1.1
241
0.6
19
13

1.4
1.4
15
0.4
0.4
0.3
1.1
0.3
1.1
0.3
0.9
0.1
0.1

.6

14.9
14.6
1.5
6.3
0.6
2.0
5.1
1.7
0.5
0.8
1.6
24
0.8
24
25
1.4

0.9

02
07
07
02
1.6
0.2
0.6

0.3
1.2
0.6

™7

6.4
1.4
9.0
1.3
0.1

7.4
1.7
27
24
0.4
0.6
0.7
0.7
1.0
0.6
1.8
0.3
0.1

1.4
1.3
1.6
0.3
1.3
0.2
1.2
0.5

0.8

CB, Campos Basin; and BB, Brazil Basin; Av. dissim= Average dissimilarity. Shown are the first cumulative 75% of all taxa. The Bray-Curtis index was used; the average overall

dissimilarity is 64.1. The highest value of a species between the clusters/transects is marked in bold.
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Coral periods C, (073 G Cy Cs

Time range [ka] 16.443-16.476 34.03 60.53-63.19 106.62-107.14 152.61-158.40
Temp. range [°C] 1.9-4.3 -0.5 3.6-12.4 12.3-13.5 7.2-15.3
Average Temp. [°C] 32 -0.5 6.81 12.9 114
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Latitude
Longitude
Depth [m]
Temp. [°C]

NIWA 102293

42°43.62’S
179°53’49'W
1020
54+02

NIWA 42544

44°29,88'S
174°49,02°W
1386
38+0.1

NIWA 64815

35°21.18'S
178°30.66'E
1382
37+02

M125-34-2

21°56, 957'S
39°35,117W
866
4.3
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Depth (cm) Foraminifera species Age'“C (years BP)

0 G. ruber 200 + 50
205 G. ruber 1960 = 30
400 G. ruber 3,750 + 35
620 G. ruber 6,080 + 45
820 G. ruber 8,140 + 50
947 G. ruber 9,780 + 60
1,020 G. ruber 10,400 + 60
1,220 G. ruber 13,060 + 85
1,420 G. ruber and G. sacculifer 13,100 + 70
1,620 G. ruber and G. sacculifer 15,650 + 110
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365
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Foraminifera species

ruber (w+p), G.

ruber (w+p), G.

ruber (w+p), G.

ruber (w+p), G.

ruber (w+p), G.

ruber (w)
ruber (w)
ruber (w)
ruber (w)
ruber (w)

. sacculifer,
. sacculifer,
. sacculifer,

‘sacculifer,
‘sacculifer,
sacculifer,
‘sacculifer,
sacculifer,

and G.
and G.
and G.

and G.
and G.
and G.
and G.
and G.

bulloides
bulloides
bulloides

bulloides
bulloides
bulloides
bulloides
bulloides

Age™C (years BP)

120 + 30
970 + 30
2,360 + 30
3,980 + 30
6,200 + 30
8,790 + 30
12,840 + 50
16,170 + 60
16,310 + 60
16,690 + 50
17,810 + 80
19,420 + 70
18,820 + 60
20,470 + 80
22,350 + 80
28,300 + 140
28,970 + 150
31,280 = 190
36,950 + 330
40,730 = 500

Age reversal
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InTi/Ca  InFe/Ca  %CaCO,  %FF E F. Gephyrocapsa  Subtropical ~ Nrato  EPP

huxleyi  profunda spp.
in TiCa - 0942 0627  -0522 -0.133 0.486 -0.266 0.132 0.160
in Fe/Ca 0.942 - 0548 -0484 -0.126 0.459 -0.277 0.128 0.141
% CaCOs -0477 -0.503 - -0172 0430 -0.053 -0.357 0.210 0043 0077
% FF 0.627 0.548 -0.172 - -0.632 -0.129 0551 -0.085 0114 0.166
E. hudeyi -0522 -0.484 0.430 -0.632 - 0217 -0.898 0.152 -0203  -0.252
F. profunda -0.133 -0.126 -0.053 -0129 0217 - -0.601 0.152 -0998  -0.971
Gephyrocapsa spp. 0.486 0.459 -0.357 0551  -0.898 -0.601 - -0.274 0597 0615
Subtropical -0.266 -0.277 0.210 -0085 0152 0.152 -0.274 - -0188  -0.158
N ratio 0.132 0.128 0.043 0114 -0203 -0.998 0597 -0.188 - 0.966

EPP 0.160 0.141 0.077 0.166 =-0.252 -0.971 0.615 -0.158 0.966 =
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Station ID Sample # Lat. S° Long. W° Watermass Water depth (mbsl) Temp. (C°) Salinity 0, (ml/1) Density kg/m?®
Transect 2

M125-24-2 24 21° 55,924’ 39°54,122' AAIW 872 4.66 34.36 4.55 1027.206
M125-25-2 25 21° 55,924’ 39°51,508' AAIW 960 4.15 34.35 4.58 1027.254
M125-29-9 29 21°48,732' 39°32,031" NADW 2019 3.49 34.95 5.42 1027.799
M125-34-1 34 21° 56,960’ 39° 53,112’ AAIW 876 4.65 34.35 4.56 1027.202
M125-35-2 35 21° 58,607’ 40° 00,282' SACW 430 12.53 35.14 4.56 1026.596
Transect 6

M125-72-2 72 14°12,774’ 38°36,528' NADW 1738 4.15 34.95 5.06 1027.727
M125-77-2 v 14° 23,200 38°43,551" NADW 1394 4.18 34.73 4.04 1027.5561
M125-78-2 78 14° 24,356’ 38°50,070" AAIW 845 5.31 34.40 4.29 1027.166
M125-80-3 80 14° 24,559 38°53,307" SACW 422 11.22 34.97 4.24 1026.713
Transect 7

M125-93-2 93 10° 24,285’ 36° 23,840' AAIW 955 4.04 34.44 4.05 1027.337
M125-95-2 95 10° 56,728" 36° 12,348' NADW 1901 3.92 34.96 5.31 1027.763
M125-102-2 102 10° 40,032" 36° 03,953’ NADW 1256 4.14 34.71 4.06 1027.539
M125-107-1 107 10° 41,489 36°09,142' AAIW 924 4.00 34.40 4.00 1027.309

AAIW. Antarctic Intermediate Water: NADW. North Atlantic Deep Water: SACW. South Atlantic Central Water.
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In Fe/Ca

% CaCO;
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Depth (cm)

25.5
44.5
60.5
67.5
75.5
90.5
120.5
150.5
159.5

If not specified, data are from Meier et al. (2021).

Lab code
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