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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.
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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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