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The early Paleogene sedimentary record of the Sao Paulo Plateau holds the key to understanding the timing and mechanisms of the onset of Atlantic oceanic circulation, with implications for ocean – climate feedback systems. The timing and evolution of South Atlantic Ocean connectivity remain poorly understood, hindering a full understanding of modern circulation mechanisms. In this work, we develop an improved magnetostratigraphic age model for the late- Cretaceous to Eocene sedimentary record of Deep-Sea Drilling Project (DSDP) Site 356, located on the São Paulo Plateau at the edge of the Rio Grande Rise. The model constrains the timing of the beginning of Atlantic Ocean circulation, as the last obstacle to a connected Atlantic was removed. We use the age model to quantify sedimentary rates, and correlate with rock magnetic and published geochemical data to explore links between ocean current rearrangement and climatic anomalies. We find that periods characterized by variations in the magnetic properties of sediments and sedimentation anomalies in the Sao Paulo Plateau are reflected in carbon isotope events, supporting a possible link between ocean circulation and hyperthermal events.
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INTRODUCTION

Ocean circulation is one of the crucial factors driving the change of the climate in our modern world. Differences in temperature and salinity of seawater masses drive the thermohaline circulation, facilitating heat transport across the globe. One of the key components of the thermohaline circulation system is the Atlantic meridional overturning circulation (AMOC), which plays a fundamental role in Earth’s climate system. The AMOC is one of the largest heat pumps and high-latitude heat sinks (Grassl, 2001; Buckley and Marshall, 2016), unique in the global oceans. The heat transport by AMOC is responsible for the relatively warm climate of the Northern Hemisphere, accounting for up to 25% of the total northward heat transport (Bryden and Imawaki, 2001; Buckley and Marshall, 2016; Chen and Tung, 2018). It is also one of the most important carbon sinks (Battle et al., 2000; Gruber et al., 2002), thus its strength is one of the regulators of climate change, with implications for understanding the consequences of anthropogenic global warming. To better understand the interplay between oceans and climate, we need to focus on the evolution of thermohaline circulation and in particular the onset of the Atlantic Ocean Circulation (AOC), reaching back in the geological records to the birth of the Atlantic Ocean. In this study, we aim to contribute to the understanding of how the AOC developed by focusing on the Paleogene of the South Atlantic when the last submarine obstacles began to give way to a fully connected ocean, and the heat pump was initiated.


A Brief History of the South Atlantic

The South Atlantic Ocean resulted from the breakup of Gondwanaland. In its Central sector, situated between the Rio Grande – Walvis Ridge and the Ascension Fault Zone, the complex rifting can be simplified to several key episodes that occurred in the region during the Cretaceous time. According to Chaboureau et al. (2013), between Berriasian and Barremian times (141–129 Ma), rifting occurred in the northern half of the central South Atlantic. At that time, this region was a series of deep lakes, bordered by lateral highs (Pérez-Díaz and Eagles, 2017). From the upper Barremian to middle Aptian (128–116 Ma), the rifting extended southward, and so did the lake that reached the Rio Grande Rise – Walvis Ridge (RGR-WR) in the south. From the early Aptian, the realm was affected by brief marine influxes coming from the north, but by middle-upper Aptian, the whole region switched to an evaporitic regime (Chaboureau et al., 2013). The evaporitic phase of the South Atlantic ended after connectivity improved due to the development of a South-Central Atlantic passageway in the Albian-Cenomanian times (100 Ma).

While it is speculated that connections between the Brazilian Basin and Argentine Basin in the South Atlantic have existed in the form of shallow gateway(s), the south-north connectivity greatly improved by ∼80 Ma when it is estimated that the Vema Channel (marked A in Figure 1) was around 2000 m deep (Pérez-Díaz and Eagles, 2017). According to the same authors, connections over the Rio Grande Rise (black arrows in Figure 1) continued deepening during the Campanian-Maastrichtian (83–66 Ma) when in addition to the existing Vema Gap (marked A and B) the Hunter Gap (marked C) started opening. This may have initiated Southern Component Water formation in the oceans of the southern hemisphere and its northward circulation toward the North Atlantic across the Central Atlantic Seaway (Donnadieu et al., 2016). Ocean-climate changes starting at the end of the Cretaceous eventually lead to the establishment of thermohaline circulation as we know it today (Murphy and Thomas, 2013; Donnadieu et al., 2016). The breaching of the Rio Grande Rise – Walvis Ridge alignment continued to intensify, and by mid-Miocene (14.5 Ma) (Woodruff and Savin, 1989), it is thought that the connection would have expanded sufficiently to allow deep-water circulation between the Brazil and Argentine basins. The Walvis Ridge remains a partial barrier up to this day, partially blocking deep water circulation between the Cape and Angola Basins.


[image: image]

FIGURE 1. Location of the Sao Paulo Plateau drill core [Deep-Sea Drilling Project (DSDP) Site 356] in the general paleogeographic context of the South Atlantic (A), after Pérez-Díaz and Eagles (2017). Brazil Basin (BB) and Angola Basin (AnB) are bordered North by the Ascension Fracture Zone (AFZ) and South by the Rio Grande (RGR) – Walvis Ridge (WR) zone. South of this obstacle lay the Argentine Basin (AB), Cape Basin (CaB) and further toward the south the Falkland Plateau (FP), North Georgia Rise (NGR) and the Agulhas Plateau (AP) Red triangles represent hotspots: St Helena (HHp) and Tristan da Cunha (THp). (B) detail view of the drill core’s location, in the proximity of the Vema Gap (a,b) and Hunter Gap (c), the main oceanic passages across the Rio Grande Rise – Walvis Ridge system. Marked is also the International Ocean Discovery Program (IODP) Site 1262, discussed in the text.


The RGR-WR alignment is the last obstacle to be overcome for a fully connected South Atlantic. Its subsidence allowed deep-water circulation north toward the North Atlantic. Nonetheless, the exact age and progression of this major current rearrangement remains an open question, as various models suggest widely varying dates for this shift, from the Campanian (80 Ma) (Robinson et al., 2010; Robinson and Vance, 2012), Maastrichtian (71–66 Ma) (Frank and Arthur, 1999; Murphy and Thomas, 2013; Donnadieu et al., 2016) and mid-Paleocene (60 Ma) (Voigt et al., 2013). To help improve our understanding of the evolution of ocean circulation in the South Atlantic there is a pressing need to investigate sedimentary records with robust chronology and wide geographic coverage. The Paleogene succession from the Deep-Sea Drilling Project (DSDP) Site 356 Leg 39 in the São Paulo Plateau represents such a record.



The São Paulo Plateau – A Record of Early Atlantic Circulation

The sedimentary records of the São Paulo Plateau (SPP) are key to understanding the RGR-WR region and its evolution from a sill significantly restricting water mass exchange, to a submerged elevation as it is today. The plateau is located in the proximity of the former sill zone. The bordering topographic highs have ensured nearly uninterrupted sedimentation during the late Cretaceous – early Paleogene times, recording changes in the water mass circulation between the Central and South Atlantic. The SPP itself forms a triangular-shaped elevation above the seafloor, extending up to 950 km off the Brazilian coastline (Perch-Nielsen et al., 1977). The southern boundary is marked by an east-west trending ridge arising due to the presence of an extensional fault. Spreading of the South Atlantic initiated to the south of the plateau, with the Rio Grande Rise – Walvis Ridge (RGR-WR) system forming an elevated barrier restricting ocean circulation. Early stages of rifting began in the Aptian-Albian, which created a narrow, restricted basin favorable for the formation of evaporites. As a result, the majority of the SPP is underlain by salt deposits and diapirs. São Paulo Plateau (Site 356) was drilled during DSDP Leg 39, an Expedition developed to accommodate research along the path of the Glomar Challenger from the Norwegian Sea drilling season to an Antarctic and Southern Ocean drilling season in 1974 (Supko et al., 1977). Among other drilling objectives, an important scientific goal was to improve the understanding of paleocirculation and geological history of the South Atlantic through the analysis of sedimentary sections of the Ceará Rise, Brazil and Argentine Basins, Rio Grande Rise (RGR) and São Paulo Plateau (Site 356). The coring site is located at a water depth of 3175 m, on a relatively stable section of the SPP escarpment, with a rough topology attributed to either diapiric structures or underlying igneous basement (Kumar and Gamboa, 1979). The location of the site in an area of restricted circulation above the abyssal plain creates favorable conditions for preserving a record of environmental fluctuations, sensitive to even minor changes in sea level and changes in ocean circulation.

We develop a magneto-bio-stratigraphic study, bridging our paleomagnetic research with biostratigraphic and geochemical studies from published records. Despite Site 356 having been drilled in the 70 s, it remains a source of valuable geological and paleoenvironmental information. There has been extensive research conducted using the core, such as the studies of Kochhann et al. (2014), who developed an age-model for the upper Cretaceous and estimated sedimentation rates in the Turonian-Maastrichtian interval; Wanderley and Pedrosa (2017), who improved the nannoplankton zonations in the Paleocene of the core; or Krahl et al. (2017) who refined planktic foraminifera zonation in the Paleocene. The research listed above provides the biostratigraphic controls for our magneto-bio-stratigraphic age model. Other studies include work on Paleocene coccolithophores by Mai et al. (1998); the study on ostracodes from Sites 356 and 357 by Supko and Perch-Nielsen (1977), and geochemical investigations concerning the Oceanic Anoxic Event 3 (OAE3) levels of upper Cretaceous age (Herbin et al., 1987; Arai, 1988; Wagreich, 2012). These contain valuable paleoenvironmental information and are taken into account in the reconstruction of the evolution of the São Paulo Plateau. Our results from Site 356 contribute to a broader picture which is of interest across many different fields of research, such as the breakup of Gondwanaland (Avilla et al., 2002; Cogne et al., 2012), the formation of Cretaceous evaporites (Koutsoukos, 1992; Tedeschi et al., 2017; Silva et al., 2020), pre-salt oil reservoirs and source rocks (Buckley et al., 2015; Pietzsch et al., 2018; de Oliveira et al., 2019) and post-salt deformation processes (Guardado et al., 1989; Mohriak, 2003; Mohriak et al., 2008; Davison et al., 2012).



LITHOLOGICAL DESCRIPTION

The sedimentary record drilled in Site 356 has been divided into seven individual Units (Perch-Nielsen et al., 1977), starting with Albian pelagic sediments (unit 7) with significant contributions from nanoplankton and fine-grained terrigenous input (Thiede, 1977), followed by coarse clastic Coniacian – Mid Turonian mudstones and clay-pebble conglomerates (unit 6). The clastic unit is characterized by breccias and conglomerates with calcareous mudstone, zeolitic siltstone, ferruginous mudstone, and basalt pebbles and cobbles. The coarse unit is overlain by fine-grained sediments that range from marly calcareous chalks (unit 5), nanno and nanno-foram chalks (unit 4); silicified calcareous chalks (unit 3); calcareous- siliceous and siliceous-calcareous oozes (unit 2) and calcareous oozes (unit 1). The post-Coniacian (Late Cretaceous sediments) were deposited under oxic conditions in shallow waters and are expressed as relatively pure nannofossil and foraminiferal chalk, which continue into the upper Paleocene.

We focus on the 420–220 m bsf interval (Cores 30–11), corresponding to units 4 and 3 (uppermost Maastrichtian – Lutetian) (Perch-Nielsen et al., 1977; Figure 2). Unit 4 corresponds to the upper Cretaceous – Paleogene interval and contains well bedded and moderately burrowed alternation of chalks (10–100 cm thick) and oozes (max. 100 cm thick). The lowermost part of the sequence is represented by monotonous gray chalks of upper Maastrichtian age, that grade into white mottled chalks just before the K/Pg boundary. Following in the succession, the Danian is expressed by a 50-meter-thick section of calcareous ooze (Figure 2). While the sequence is fairly homogeneous, environmental changes are reflected in the color of the sediment (brown, red and green levels) and associated minor compositional changes (Thiede, 1977). However, this work does not rely on these changes in coloration, in the investigation of environmental changes during the Danian. Selandian sediments consist of gray-dark gray chalks and contain two slump levels. A large slump is found at the base of the Selandian (364 m), comprising several large olistostromes (0.8 4 m) of middle-early Maastrichtian age. A smaller slump is found in the upper Selandian, at 319.5 m, containing olistostromes of early Maastrichtian – Campanian age and suggesting that a nearby part of the plateau was undergoing erosion and experienced periods of significant slope instability in the Selandian. Unit 3 corresponds to the Eocene part of the section and consists of alternating chalks (bands of 10 cm to 1 m thickness) and oozes (up to 1 m thick sections) of light greenish-gray color (Perch-Nielsen et al., 1977).
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FIGURE 2. Biostratigraphic zonation and lithological characteristics of the Paleogene succession at the Deep-Sea Drilling Project (DSDP) Site 356, with a selection of images representative for the sedimentary succession, taken during DSDP Leg 39 and their corresponding initial descriptions (in italics) (Perch-Nielsen et al., 1977), with added observations. Pink markers in Unit 4 (S1–S4) indicate intervals where slumps have been described.


Biostratigraphic studies have confirmed the existence of sedimentation gaps in the uppermost Maastrichtian – Lutetian interval, either very short, such as a missing (P0) foram zone (∼100 kyr) at the Cretaceous- Paleogene boundary (Krahl et al., 2017), or large gaps (up to ∼7 Myr) from the Selandian/Thanetian boundary to mid-Ypresian (Perch-Nielsen et al., 1977). This study carefully considers the limitations posed by existing slump deposits. The main focus of this paper is the Danian-Selandian interval and the sedimentation rate changes during that period, with the uppermost Maastrichtian and the Ypresian-Lutetian serving as references for pre- and post- early Paleogene sedimentary environments.



MATERIALS AND METHODS

Natural remanent magnetization (NRM) was measured to compute the characteristic remanent magnetization (ChRM) and build a polarity sequence to correlate with the Geomagnetic Polarity Time Scale (GPTS). This was used to build an age model and calculate sedimentation rates. Later, a set of detailed environmental magnetism experiments (magnetic susceptibility, anhysteretic and isothermal remanent magnetizations, first-order reversal curve diagrams, Curie balance tests) were performed to characterize the sedimentary succession. Using our novel age model, we were able to correlate our obtained results with adjacent sites and discuss the implications.


Demagnetization Protocol and Construction of Magnetostratigraphic Age Model

Natural remanent magnetization is the remanent magnetization of a rock or sediment. It consists of a primary component – the ChRM, acquired during the formation of the rock or sediment, and often additional overlapping secondary components of later acquired magnetizations. Alternating field demagnetization (AF) technique is employed to isolate the primary component. It involves exposing the sample to a well-symmetrical alternating field that linearly decreases to zero in a magnetically shielded, null-field, environment. Multiple alternating field steps are used to completely demagnetize the specimen. This way, the secondary components may be removed, allowing us to identify the ChRM and reconstruct the magnetic field at the time of the formation of the sample. The stack of remanent magnetization results is plotted for each specimen and interpreted to extract the ChRM and corresponding paleomagnetic inclination value.

From Site 356 of DSDP Leg 39, a total of 297 oriented half core samples were requested from IODP (sample requests: 037143-IODP and 071140-IODP). They were collected at MARUM (Bremen, Germany) and transported to the University of São Paulo, where they were subsequently cut into 7-cm3-cubes to be used for magneto-chronology, rock, and environmental magnetism experiments. The specimens were split into two sets and measured in São Paulo (Brazil) (n = 220) and in Utrecht (Netherlands) (n = 77). Paleomagnetic measurements were performed at Instituto de Astronomia, Geofísica e Ciências Atmosféricas of the University of São Paulo (USPMAG) in a magnetically shielded room with an ambient field of <200 nT. Stepwise alternating field demagnetization (AF) procedure was performed in a RAPID system 2G Enterprises DC SQUID cryogenic magnetometer (noise level 5 × 10-12Am2) in vertical position, with a built-in coil system (Kirschvink et al., 2008). AF demagnetization was achieved by applying increasing alternating field steps up to 100 mT, with increments of 2.5 mT for the 0–15 mT interval and increments of 5 mT for the 15–100 mT interval.

Another set of samples was demagnetized and measured for cross-comparison at Fort Hoofddijk Paleomagnetic Laboratory, Utrecht University. Alternating field demagnetization was performed up to a maximum of 250 mT, with field increments of 5 mT for the 0 50 mT interval, 10 mT for the 50 100 mT interval, 20 mT for the 100 160 mT interval and two supplementary steps of 200 and 250 mT on a robotized horizontal 2G Enterprises DC SQUID cryogenic magnetometer (noise level of 3 × 10–12Am2) (Mullender et al., 2016). Results from the demagnetization experiments were processed using principal component analysis (Kirschvink, 1980) implemented in Remasoft 3.1 paleomagnetic data analyzer software (Chadima and Hrouda, 2006).



Rock Magnetic Measurements

To characterize the magnetic properties of the sediments, a series of rock magnetic experiments were carried out. Anhysteretic remanent magnetization (ARM) and isothermal remanent magnetization (IRM) were measured at USPMAG after the demagnetization procedure. An axial ARM was imparted using a peak alternating field of 100 mT with a bias DC field of 0.05 mT. For the IRM measurements, a pulsed field of 1 T was applied to the samples to obtain the saturation isothermal remanent magnetization (SIRM). Subsequently, a backfield of 0.3 T was applied and measured. The data were then used to calculate the S-ratio (Bloemendal et al., 1992) and KARM, representing ARM intensity divided by the bias field value to become a field-independent parameter, referred to as anhysteretic ARM susceptibility (due to its analogy with the low-field susceptibility) (Moskowitz, 2007).

Magnetic susceptibility was measured at the Centro Oceanográfico de Registros Estratigráficos (CORE) at the Oceanographic Institute of the University of São Paulo (IO USP) using an AGICO MFK1-KA Kappabridge (sensitivity 1 × 10-8 SI) at the operating frequency of 976 Hz and applied field of 200 A/m. A subset of samples (n = 17) were selected for detailed rock magnetic characterization using a Vibrating Sample Magnetometer (VSM) Micromag 3900 Princeton-Lakeshore Cryotronics at IO USP. First Order Reversal Curves (FORC) were acquired for each of the samples and processed in the FORCinel software package (Harrison and Feinberg, 2008) using VARIFORC smoothing (Egli, 2013).

Thermomagnetic measurements of the induced magnetization (J-T curves) were conducted with a modified horizontal translation-type Curie balance with a drift of ∼5 × 10-9Am2 at Fort Hoofddijk (Mullender et al., 1993). A field cycled between 100 and 300 mT was applied to powdered sediments (∼70 mg). Multiple heating runs (at a heating rate of 6°C/min) and cooling runs (at a cooling rate of 10°C/min) were performed between room temperature and steps of 150°, 250°, 350°, 450°, 525°, and 700°C.



RESULTS


Demagnetization Results

We obtained ChRM directions for 297 samples of both reversed and normal polarities. The demagnetization diagrams (Figure 3) reveal different types of magnetic behavior. In some samples, a weak, viscous overprint, without coherent directions, is present, generally removed by 15 mT. A second component that we consider the ChRM is demagnetized at fields between 15 and 45 mT, accounting for 30–70% of the sample intensity. A limited subset of 17 discrete samples develop a third type of behavior at fields above 45 mT, described as an unusual “NRM curling-up” (Fu et al., 2008) during AF demagnetization, associated with an increase of magnetization. Such behavior has been generally associated with a laboratory-induced gyroremanent magnetization (GRM) effect, which is characteristic of greigite (Snowball, 1997). The ChRM component was calculated from four or more consecutive field steps between 15 and 45 mT, using principal component analysis (Kirschvink, 1980). In order to provide a better understanding of the ChRM obtained, the data were grouped into two qualitative categories:


[image: image]

FIGURE 3. Key types of magnetic behavior illustrated with Zijderveld diagrams and magnetic intensity plots. Samples (A–C) are considered reliable NRM carriers due to their stable directions during the demagnetization process, while samples (D–F). are examples of problematic demagnetization: sample (D) does not demagnetize, sample (E) acquires a magnetic field in the course of demagnetization and sample (F) exhibits an erratic behavior during demagnetization.



(1)Q1; high-quality directions, representing samples with a maximum angular deviation (MAD) up to 7° (Figure 4, black dots), and
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FIGURE 4. Magnetostratigraphy and magnetic susceptibility results from DSDP Site 356.



(2)Q2; low-quality directions, comprising samples with abnormal orientations that do not demagnetize, deflect from a direction toward the origin, or have a MAD higher than 7° (Figure 4, white dots). We adopted the high-quality results from samples in the first group (n = 182, representing 60.67% of total samples) in the development of the polarity pattern for the section. Samples in the latter category (n = 118, representing the remaining 39.33% of the samples) were discarded and not used in the determination of polarity, but have been calculated and plotted to highlight areas where the ChRM is poorly preserved. Results obtained from the late Cretaceous-Eocene record from the São Paulo Plateau comprises 15 polarity intervals, seven normal and eight reversed (Figure 4).



The average magnetic inclination for the samples in group Q1 is 23.1°. We use the E-I method (Tauxe et al., 2008) on the online platform Paleomagnetism.org to detect and correct for inclination shallowing on directions of the São Paulo samples. After unflattening (Supplementary Figure S1), the average inclination changes from to 29.94° (after unflattening).



Magnetic Properties of Sediments at Site 356

The variation in low-field magnetic susceptibility is reflected in the magnetic mineralogy of the sample. Figure 5E shows a plot of volumetric susceptibility (κ) vs. the susceptibility of ARM (κARM), often used as a magnetic grain size proxy. While κ is a measure of the concentration of magnetic material within a sample, most sensitive to superparamagnetic (SP) grains (<0.03 μm) and large grains (<10 μm), κARM is strongly grain-size dependent, exhibiting highest values for the finest particles (Opdyke and Channell, 1996; Hillaire-Marcel and De Vernal, 2007). The properties are quite varied within the core, with Danian samples having the highest concentration of particles within the single-domain (SD) grain size range, considered ideal magnetic recorders. This is supported by FORC diagram signatures. Sample 4017 has a central ridge with a moderate degree of vertical spread indicative of slightly interacting SD grains, with peak coercivities at ∼40 mT (Egli, 2013). On the other hand, the lowest concentration and largest grain sizes are shown by Eocene samples. The FORCs show low coercivities below 20 mT. Samples 4197 and 3946 have intermediate values in the scatter plot, their FORC signatures showing overlapping features of a low coercivity central ridge suggesting an SD component, and a high coercivity lobe extending up to 200 mT. These kinds of high coercivity features can be indicative of hematite (Carvallo et al., 2006; Roberts et al., 2006). The downcore variations of the measured rock magnetic proxies are shown in Figure 6 alongside stable isotope measurements from the nearby Walvis Ridge (Kochhann et al., 2014). In the Danian and partially the Selandian stages, the S-Ratio shows high variability, indicating a changing composition of low and high coercivity minerals. The high coercivity is most likely due to the presence of hematite, as indicated by the FORCs.


[image: image]

FIGURE 5. Rock magnetic characterization of Site 356. (A–D) Selected First order reversal curve (FORC) diagrams from different stages: (A) Ypresian (2803), (B,C) Danian (4017, 4197) (D) Selandian (3946); (E) KARM/K plot (Banerjee et al., 1981; King et al., 1982) with marked locations of FORC diagrams; (F–G) Results of thermal experiments using a Curie Balance, for samples 3866 (Selandian) and 4404 (Danian). Purple lines indicate unblocking temperatures. Gray dotted lines represent the projected cooling curves at a given step. See text for interpretation.
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FIGURE 6. Stratigraphic correlations of Site 356 with global events. From the top: magnetic susceptibility and S-ratio for Deep Sea Drilling Program (DSDP) Site 356 obtained in this study, stage and magnetic polarity, and benthic δ13C from Barnet et al. (2019). Marked are the major recognized events reported in the literature discussed in the text: the Cretaceous-Paleogene boundary (blue) and suspected hyperthermal-like events (red): the Cretaceous-Paleogene boundary (K/Pg), the Dan-C2 event (Dinarès-Turell et al., 2014; Jehle et al., 2015), L.C29n (Barnet et al., 2019), M.27Cr (Barnet et al., 2019), Late Danian Events (LDEs) LDE1 and LDE2 (Sprong et al., 2012; Jehle et al., 2015; Deprez et al., 2017), L.C26r (Barnet et al., 2019), Danian/Selandian Transition Event (D/STE) (Arenillas et al., 2008), Early-Late Paleocene Event (ELPE) (Coccioni et al., 2019).


The thermal runs on the Curie balance indicate the presence of at least two different magnetic minerals. Samples such as 3866 are characterized by thermally stable magnetic carriers, indicated by the reversible behavior during the intermediate heating-cooling cycles (150°, 250°, 350°, 450°, 525°C). The Curie temperature of ∼580°C (853 K) is indicative of stoichiometric magnetite (Gehring et al., 2009), but the curved nature of the heating curve (Figure 5), indicates a contribution from a paramagnetic clay minerals component (Opdyke and Channell, 1996). Sample 4404 is representative of samples with stronger magnetic intensity. It has a thermally unstable component, indicated by irreversible behavior with a loss of magnetic intensity at each of the intermediate heating-cooling steps, indicated by the gray dotted lines (Figure 5), and a thermally stable component (marked with orange dotted lines) characterized by slightly higher unblocking temperature at ∼630°C. This is close to the thermal ranges attributed to maghemite (890 K) (Gehring et al., 2009). In our case, the behavior fits type C maghemite as described by Liu et al. (2010) – a partially thermally reversible carrier with a measurable Curie temperature of 640°C (Ozdemir and Banerjee, 1984).

As maghemite is formed by weathering or low-temperature oxidation of spinels containing ferrous iron, commonly magnetite (Gehring et al., 2009), it is possible specimens exhibiting this behavior correspond to levels of magnetite oxidation (Chang et al., 2013). The magnetic mineralogy of the core comprises multiple magnetic minerals present in different grain sizes. Nonetheless, all of them have the potential to preserve a stable magnetic signal through geologic time and do not show signs of pervasive remagnetization or alteration.



Magneto-Bio-Stratigraphy

We use an integrated magneto-bio-stratigraphic approach to correlate the Sao Paulo Plateau record with the geomagnetic polarity time scale (GPTS). A selected set of foraminifera and nannoplankton zones and sub-zone boundaries derived from previous studies on Site 356 were used as tie-points in the age-depth correlation (Table 1). As a global reference, we use the TSCreator visualization of enhanced Geologic Time Scale 2016 database (Version 7.4; 2020) (Gradstein and Ogg, 2006), calibrated with the concise Geologic Time Scale 2016 (Ogg et al., 2016).


TABLE 1. Tie-points from previous studies used for the development of the age model for Site 356 in this study.

[image: Table 1]By cross-plotting the Paleogene nannozone boundaries from our section and the GPTS (Figure 7), we identify several reference chron’s that can be attributed to polarity zones of the GPTS (Table 2). Several polarity zones in the record lack sufficient data points for a robust correlation with the GPTS. In the case of zone N1, the obtained dataset has too few points to confidently be attributed to a normal polarity zone, and we refrain from doing so at this stage. The normal polarity zone N7 corresponds to nannoplankton zones NP13 and NP14, in contradiction with the GPTS, where a reverse polarity zone would be expected at the NP13/NP14 boundary. We consider that the interval corresponding to the reverse polarity zone is missing. Based on nannoplankton data, we subsequently split N7 in two zones, N7a corresponding to upper Ypresian, and N7b that corresponds to Lutetian, but lacking more data points, we refrain from further correlations. The following interval (R8) would belong to Lutetian as well, but given limited data points remains difficult to correlate. These intervals have been excluded from further interpretation, such as sedimentation rates calculations or age model development. We obtain 11 tie-points based on the magneto-stratigraphic correlation that can be used for developing an age model for the section (Table 2).
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FIGURE 7. Age model for Site 356 obtained by correlating the reversal pattern and biostratigraphic zonation from site 356 with the Geomagnetic Polarity Time Scale (GPTS 2012). Black lines magnetostratigraphic tie-points, while blue and green lines indicate biostratigraphic tie-points (based on foraminifera zones - blue, and nannoplankton zones – green).



TABLE 2. Magnetostratigraphic tie-points used in the age model for Site 356.

[image: Table 2]Using the newly obtained magnetostratigraphic tie-points and biostratigraphic zone boundaries (nannoplankton tie points) we calculated the linear sedimentation rates (LSRs) and developed an age model which allows the attribution of an age to the depth levels of our samples, enabling correlations between Site 356 and other records on the planet.



DISCUSSION


Magnetic Mineralogy and the Reliability of the Magnetostratigraphic Record

The magnetic mineralogy of the core is complex, as highlighted by the scatter and variability of different magnetic behaviors apparent in the FORC diagrams, heating experiments, and modified Zijderveld plots (Zijderveld, 2013). This is perhaps not unexpected considering the varied lithology throughout the early Paleogene in the São Paulo Plateau. The conditions at the end of the Maastrichtian change drastically from a carbonate dominated regime into a ferruginous mudstone characterized by alternating shades of brown and red, prevalent throughout the Danian, as shown by S-ratio variability (Figure 6). The late Danian is marked by slumps and localized mass transport deposits. In the Selandian conditions begin to stabilize, which is reflected in a shift in the lithology, which becomes dominated by dark deposits of marly nannoplankton chalk with few disturbances of the sedimentary sequence. The change in sedimentation regime is reflected in the magnetic mineral composition, with the S-ratio settling at higher values (∼0.75). Moving into the Eocene, the environment settles into calmer settings with less terrigenous input present in the light-colored silicious chalk. The shift between the different sedimentary regimes is reflected in the magnetic susceptibility curve (Figure 4). With the changing environmental conditions, the magnetic mineral composition changes. Iron oxides are highly sensitive to fluctuating bottom water oxygenation, and the changes in ocean circulation are reflected in magnetic mineral composition. The rapid rate of change is reflected in the sawtooth pattern, which characterizes the early Paleogene, suggestive of unstable bottom water conditions. In the early Paleogene, the alternating red-brown layers are dominated by hematite and biogenic magnetite, respectively (Figure 5). The Selandian seems to be somewhat transitional, with a contribution of both components. Hematite input diminishes by the Eocene, where the magnetic mineral assemblage seems to be dominated by weak low coercivity magnetite, highly dispersed in the carbonate matrix. Surprisingly, the hematite – biogenic magnetite levels exhibit maghemite-like signatures during thermal runs (Sample 4404 in Figure 5), suggesting a complex iron oxide mix that is not present in the samples where the thermal runs picks up magnetite and paramagnetic clay minerals signals (Sample 3866).

It is challenging to resolve the origin of the magnetic minerals identified in this study, and it is not the primary focus of this study to discuss the environmental implications. The main concern for the reliability of the magnetostratigraphy and constructed age model is the lack of significant overprinting of the ChRM through secondary alteration processes. The presence of hematite, in particular in tectonically active regions such as the SPP, is often indicative of hydrothermal activity and magnetic overprinting (e.g., Ohmoto, 2003). In the case of Site 356, this seems not to be the case. In the context of the magnetostratigraphy and polarity patterns, samples with different magnetic mineral composition (hematite vs. magnetite dominated samples) do not plot outside the general trend. This indicates that the alternating mineralogy does not affect the ability of the samples to carry ChRM, and there is no evidence for a delayed, secondary acquisition of magnetization. This implies that the maghemite and hematite components are most likely primary in origin, rather than diagenetic or hydrothermal.

Nonetheless, some samples have clear magnetic overprints, evident in the Zijderveld diagrams. In particular, some exhibit gyroremanent-like behavior (Sample 4390 in Figure 3). Although most commonly associated with greigite-bearing sediments (e.g., Snowball, 1997). It is interesting to note that all the samples which show GRM like properties during the demagnetization plot within the anomalous Danian interval (red dots in Figure 6). Coinciding with peaks in κARM, they cluster in intervals of high magnetic susceptibility and S-ratios approaching 1. This indicates the predominance of SD magnetite in these intervals, in agreement with magnetite-maghemite Curie temperatures. Oxic conditions are at odds with the presence of greigite. Specimens which show gyroremanent behavior have polarities consistent with adjacent samples. The selected range of fields used for calculating the polarity pattern (low-medium fields) are not affected by gyroremanence. Despite the potential challenges in demagnetizing all samples completely, they carry significant information which is consistent with near-ideal samples. We therefore consider the magnetostratigraphy highly reliable. An exception are samples at the Cretaceous-Paleogene boundary, which do not carry any significant paleomagnetic information (Sample 4404 in Figure 3). Low intensities and spiderweb type Zijderveld diagrams point toward the possible dissolution of magnetic minerals due to acidification of oceans, commonly reported at the K/Pg (Hull et al., 2020). Another potential mechanism of loss of ChRM could be the physical disturbance of sediments as an immediate consequence of the impact. Evidence of such has not been reported at such southern latitudes to date to the best of our knowledge. To shed further light into the K/Pg interval, a high resolution geochemical and rock magnetic study would be required.



Sedimentary Anomalies and Trends Across the Paleogene

Sedimentation rates and sedimentation anomalies can point to key changes in ocean circulations and sea-straits dynamics and have been observed in other regions of the planet such as near the Gibraltar straits, in the North Atlantic (e.g., Hernández-Molina et al., 2014) or, on a larger scale, throughout the Southern Ocean (e.g., Dutkiewicz et al., 2016). -1562449187-1562449187We plot sedimentation anomalies, such as gaps or mass transport deposits extracted from direct core observations or seismics, that are more straightforward and provide an insight about moments of instability or change in the depositional regime of the basin together with the sedimentation-rates estimation, that can contribute with qualitative supplementary information.

Several sedimentation anomalies (Figure 8) have been reported from 356 (Perch-Nielsen et al., 1977). After the K/Pg, the section contains a small sedimentation gap (∼100 kyr) evidenced by the missing P(0) nannoplankton zone. Another sedimentation anomaly, characterized by slumps and sedimentary gaps, occurred before the Danian-Selandian boundary and, according to the nanno- and foram sub-zones P3a and P3b boundaries (Kochhann et al., 2014), corresponds to a time window between the top of the LDE and the base of the Selandian stage. Smaller slumps have also been reported in the middle of the Selandian interval, while the largest sedimentation gap begins at 59 Ma, roughly corresponding with the onset of the Early Late Paleocene Event (ELPE), and lasts until 51 Ma (Figure 8).
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FIGURE 8. Sedimentary rates for the Sao Paulo Plateau from the late Cretaceous to early Eocene. Blue color indicates values obtained in this study; purple is from Kochhann et al. (2014). Key anomalous intervals are marked and labeled. Sedimentary gaps marked in red.


In addition to these anomalies, the sedimentation rates for the Paleogene, coupled with previous biostratigraphy based sedimentation rates for the Cretaceous of Kochhann et al. (2014) shows a big picture of sedimentation trends in this region of the Atlantic Ocean in the 50–90 Ma interval (Figure 8). During the Cretaceous, sedimentation rates in the São Paulo Plateau were relatively low and largely constant with two exceptions: (1) the Santonian, when sedimentation rates more than quadrupled, broadly coinciding with the Oceanic Anoxic Event 3 (OAE3) (Herbin et al., 1987; Wagreich, 2012); and (2) the latest Maastrichtian, when sedimentation rates increased again. The Danian appears to be characterized by an increase in sedimentation, interrupted by discrete short-lived anomalies, while the Selandian seems to be increased by higher sedimentation rates but the reduced chronological tie-points limits the interpretations for this interval.

The Danian contains a set of discrete intervals of either extremely high or extremely low sedimentation rates. We find that these are tied to the occurrence of well-known periods of rapid climate shifts, often reported as proposed hyperthermal events (Coccioni et al., 2012; Sprong et al., 2012; Dinarès-Turell et al., 2014; Jehle et al., 2015; Deprez et al., 2017; Barnet et al., 2019).



Evidence for a Changing Climate

Although the study of early Paleogene Carbon Isotope Excursions (CIE) and hyperthermals are somewhat overshadowed by the more spectacular End-Cretaceous Chicxulub cataclysm and the subsequent Cretaceous-Paleogene Extinction event, robust work has been conducted to determine the amplitude and duration of these climatic anomalies in the early Paleogene time. Our understanding of early Paleogene climate anomalies is based on key reference sites such as Walvis ridge (Leg 208, in particular, Hole 1262) in the South Atlantic (Barnet et al., 2019), Shatsky Rise (in particular Hole 1209) in the Central Pacific (Westerhold et al., 2011), Zumaia (Spain) in the North Atlantic (Dinarès-Turell et al., 2014), Gubbio-Contessa (Italy) in the western Tethys (Coccioni et al., 2012, 2019; Sinnesael et al., 2016; Figure 9), North-Eastern Desert and Sinai region (Egypt) in the south Tethys (Schulte et al., 2013), Boltysh crater lake (Ukraine) continental Eurasia in north Tethys (Gilmour et al., 2014) and Wombat plateau (IODP Leg 122, Hole 761) in the Indian Ocean (Quillevere et al., 2002). A particular feature of the early Paleogene climate anomalies (CIEs and hyperthermal events) is that unlike their Eocene counterparts, the Paleogene climate anomalies are much more complex and often consist of multiple minor events, creating a sawtooth-like appearance in climatic and rock magnetic proxies, similar to behavior also described in the Early Paleogene in the Tethyan region (Coccioni et al., 2012). In some instances, these anomalies have been interpreted as “multiple events anomalies,” for example, Middle-Lower Danian Multiple Event (MLDME) in the Gubbio-Contessa sections (Sinnesael et al., 2016). In other settings, the same anomalies have been interpreted as discrete individual events (Barnet et al., 2019). This lead to the existence of different terminologies for synchronous anomalies, also due to the fact that the geographical distribution is not uniform, and some events are restricted to a certain region, such as it appears to be the case of the Dan-C2 event (Westerhold et al., 2011).
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FIGURE 9. Danian anomalies in the sedimentary record. Please note the discordant trends that correspond to the Dan-C2 event in carbon isotopes curves from Atlantic, Pacific and Tethys regions [(A) from Dinarès-Turell et al. (2014)] and the environmental magnetism results from South Atlantic [(B) site 356, this study] and Tethys region [(C) Gubbio, after Coccioni et al., 2012] and the geographic location of the compared sites [(D) after Littler et al., 2014].


In this study, we correlate DSDP Site 356 with a proximal sedimentary record from the South Atlantic Walvis Ridge site (IODP Hole 1262) (see Figure 1). Both sites lie in the same region of the South Atlantic and belong to the RGR-WR system in the Cretaceous-Paleogene; however, they were separated by submarine obstacles of the Atlantic rift zone. The deep channels connecting the Brazil and Argentine Basins influenced the two sites in different ways. While Site 356 is more proximal to the deepest passage at the time, the Vema Gap (A and B in Figure 1), Site 1262 is distal, ∼2000 km away from the nearest channel. We thus expect small differences between the WR and SPP, nonetheless reflecting the same history of the evolution of the South Atlantic Ocean. Lacking stable isotope data (δ13C and δ18O) for Site 356, we opt to compare the magnetic susceptibility and environmental magnetic parameters from Site 356 with the geochemical record of Site 1262.

Magnetic susceptibility is sensitive to the concentration of magnetic grains, their size, and mineralogy (Hatfield and Stoner, 2013). Though often controlled by the sum of various processes (detrital input, ocean current transport, diagenesis, etc.), they are often driven by changes in climate. S-ratio provides some insight into the magnetic mineralogy, quantifying the relative concentration of antiferromagnetic minerals in mineral mixtures (Bloemendal et al., 1988; Liu et al., 2007). The lower the S-ratio, the higher the contribution of hematite and goethite; when S-ratio approaches maximum values, the magnetic mineralogy is interpreted to be dominated by low coercivity minerals (magnetite or maghemite). κARM/κ is a magnetic grain size proxy. A closer look at the correlation between ODP Site 1262 Walvis Ridge (Barnet et al., 2019) and DSDP Site 356 reveals that anomalous magnetic susceptibility and S-ratio levels match CIEs and hyperthermals reported in the Walvis Ridge: Dan-C2 (Jehle et al., 2015), L.C29n (Barnet et al., 2019), M.C27r (Coccioni et al., 2012), LDE (Westerhold et al., 2011; Deprez et al., 2017) and D/STE (Arenillas et al., 2008). The aforementioned climate anomalies correspond to peaks in magnetic susceptibility, recovery trends in the S-ratios that follow extreme low values and high values of κARM/κ. The L.C26r (Barnet et al., 2019) is difficult to identify and might be missing form 356 due to local slumping (Perch-Nielsen et al., 1977). The slumps likely induced an offset in our age model, visible as slight delays of LDE, when compared with the Walvis Ridge data. No similar anomalies can be correlated with ELPE (Coccioni et al., 2019) due to the presence of a large sedimentation gap, the onset which can be confidently correlated with ELPE, indicating a change in sedimentation occurred at the time.

We identify a series of intervals, characterized by anomalous values of the magnetic properties, that all consistently correlate with significant high- and low- sedimentation rates, or occur in the vicinity of sedimentary anomalies (Figure 8) and seem to correspond to the Dan-C2, L.C29n, M.C27r, LDE and D/STE carbon isotopic events. This seems to suggest that the anomalies may be linked to changes in deep-water circulation and/or water column instability near the Vema gap. Most anomalies occur during the Danian stage, fitting the model proposed by Voigt et al. (2013) for the onset deep-water circulation into the North Atlantic, and the model of a transition to a more connected Atlantic Ocean proposed by Batenburg et al. (2018). Deep-water circulation would be affected by the opening and enlargement of the deeper sectors of the Vema and Hunter passageways in the Rio Grande Rise region, outlined in Figure 1.

An expanded comparison of stable isotope ratios and magnetic properties throughout the Danian interval (Figure 9), reveals that the magnetic anomalies are not completely reflected in the magnetic susceptibility, showing that secondary indicators (e.g., S-Ratio) are necessary to depict a fuller picture of the anomalous magnetic properties of sediments during the CIE. That is due to the occurrence, during the CIEs, of diverse magnetic minerals that are not entirely revealed by magnetic susceptibility properties. It also appears that the early Danian CIE and magnetic anomalies are less coherent compared with the late Danian expressions, probably due to a phase of instability the water column in the South Atlantic region, either driven by the incipient deep-water circulation through the new passage (e.g., upwelling, stratification) or due to external factors such as climate anomalies (e.g., CIE and hyperthermals) disrupting the emerging ocean circulation pathways.



Dan-C2 – A Marker for Paleocirculation Change?

High-resolution studies on key sites form the Atlantic Walvis Ridge (Barnet et al., 2019) and the Pacific Shatsky Rise (Westerhold et al., 2011) show that the Early Paleocene Dan-C2 event is not a typical global hyperthermal, but rather a regional expression whilst the remaining Paleogene CIE are global and appear to be orbitally paced, occurring during maxima in the 405-kyr cycle (Barnet et al., 2019). From an ocean circulation perspective, our results indicate that during the Early Paleogene, the Rio Grande Rise – Walvis Ridge alignment was overcome, and deep-water currents from South Atlantic toward the North Atlantic were established. The geographical distribution of the Dan-C2 anomalies (Kroon et al., 2007; Quillevere et al., 2008; Westerhold et al., 2011; Coccioni et al., 2019) matches the areas that would be affected by the northward flow of South Atlantic deep waters. This raises the question of whether Dan-C2 may actually be an expression of this connectivity change in the South Atlantic. Throughout the Danian and Selandian time, the São Paulo Plateau records instability of magnetic properties and magnetic carriers in the sediments and sedimentation anomalies that match the chronology of CIEs and hyperthermals.



CONCLUSION

We studied the sediments of DSDP Site 356 Leg 39, set on the São Paulo Plateau on the edge of the Rio Grande Rise in the South Atlantic. The position of the site next to the last obstacles to unrestricted ocean circulation meant that it preserves a sedimentary record of the onset and development of the Atlantic Ocean Circulation. We developed a new, improved age model with magnetostratigraphy for the Latest Maastrichtian – Early Lutetian interval (68–46 Ma) to shed light on the time interval where the RGR-WR was progressively breached, constraining the sedimentary rates as an indicator of bottom current activity. We find sharp anomalies in the early Paleogene, coinciding with rapid fluctuations in the magnetic properties of the sediment. Correlations with known hyperthermal events documented in the nearby Walvis Ridge indicate a potential link between climatic anomalies and paleocirculation. Drastic changes in the general sedimentation trends begin after the Dan-C2 anomaly, which we interpret as an indirect result of the change in connectivity following the breach of southern deep waters across the RGR-WR. We hypothesize that Dan-C2, given that it does not represent a true hyperthermal event, it rather marks a drastic change in bottom water conditions following the initiation of a deepwater connection in the South Atlantic Ocean, as the Atlantic Ocean Circulation gradually replaces the Tethys circum-equatorial oceanic circulation and ultimately leads to the onset of the modern Atlantic Meridional Overturning Circulation.
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Nr Site 356 Polarity zone Event CODE Depth (mbsf) Age (Ma) Biblographic refference
1 P15/NP14 boundary anno 222.345 46.29 Perch-Nielsen et al., 1977
2 P14/NP13 boundary anno 238.4275 49.11 Perch-Nielsen et al., 1977
3 ELPE event CIE 295 59.24 Barnet et al., 2019

4 P6/NP5 boundary anno 304.365 59.54 Perch-Nielsen et al., 1977
5 P4/P3 boundary Foraminifera 314.35 60.73 Gradstein and Ogg, 2006
6 P3a/b boundary Foraminifera 363.24 61.3 rahl et al., 2017

7 P5/NP4 boundary anno 364.735 61.51 Perch-Nielsen et al., 1977
8 P3/P2 boundary Foraminifera 377.24 62.297 Gradstein and Ogg, 2006
9 P2/P1 boundary Foraminifera 385.24 62.597 Gradstein and Ogg, 2006
10 P4/NP3 boundary anno 388.08 63.25 Perch-Nielsen et al., 1977
11 P1c/b boundary Foraminifera 391.77 rahl et al., 2017

12 P1 b/a boundary Foraminifera 402.77 X rahl et al., 2017

13 P3/NP2 boundary anno 405.1 64.81 Perch-Nielsen et al., 1977
14 P1/Pa boundary Foraminifera 409.25 65.719 rahl et al., 2017

15 P2/NP1 boundary anno 409.43 65.47 Perch-Nielsen et al., 1977
16 KPG boundary event 411.75 66.063 Gradstein and Ogg, 2006
17 CC25/CC26 boundary anno 416.0725 67.84 Perch-Nielsen et al., 1977
18 Racemiguembelina fructicosa LO Foraminifera 412.25 66.4 ochhann et al., 2014

19 Abathomphalus mayaroensis LO Foraminifera 415.25 66.35 ochhann et al., 2014

20 Gasserina gansseri LO Foraminifera 415.25 66.49 ochhann et al., 2014

21 Pseudoguembelina hariaensis F Foraminifera 440.67 67.3 ochhann et al., 2014

22 Globotruncana linneiana LO Foraminifera 44516 68.37 ochhann et al., 2014

23 Abathomphalus mayaroensis F Foraminifera 443.51 69.18 ochhann et al., 2014

24 Racemiguembelina fructicosa FO Foraminifera 443.51 70.14 ochhann et al., 2014

25 Pseudoguembelina palpebra FO Foraminifera 462.83 71.75 ochhann et al., 2014

26 Gasserina gansseri FO Foraminifera 459.78 72.97 ochhann et al., 2014

27 Globotruncana aegyptiaca FO Foraminifera 462.83 74 ochhann et al., 2014

28 Radotruncana calcarata LO Foraminifera 485.27 75.71 ochhann et al., 2014

29 Globotruncanella havanensis F Foraminifera 464.32 75.94 ochhann et al., 2014

30 Radotruncana calcarata FO Foraminifera 489.77 76.18 ochhann et al., 2014

31 Contusotruncana plummerae FO Foraminifera 518.27 79.2 ochhann et al., 2014

32 Globotruncanita elevata FO Foraminifera 545.27 83.64 ochhann et al., 2014

33 Dicarinella asymetrica LO Foraminifera 542.27 83.64 ochhann et al., 2014

34 Dicarinella concavata LO Foraminifera 542.27 83.64 ochhann et al., 2014

35 Dicarinella asymetrica F Foraminifera 649.77 86.66 ochhann et al., 2014

36 Dicarinella concavata FO Foraminifera 681.27 91.08 ochhann et al., 2014

FO indicates first occurrences, LO last occurrences.
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Nr Site 356 Polarity zone Polaity CODE
1 R8 Reversed
2 N7B Normal

3 N7A Normal

4 R7 Reversed
5 N6 Normal

6 R6 Reversed
7 ELPE GAP

8 R5 Reversed
9 N5 Normal
10 R4 Reversed
11 N4 Normal
12 R3 Reversed
13 N3 Normal
14 K/Pg GAP

156 R2 Reversed
16 N2 Normal
17 R1 Reversed
18 N1 Normal

GPTS Correlation

C20r
C21
C22n
C22.r
C23.n
C23.r
ELPE
C26r
C27n
C27r
C28n
C28r
C29n
K/Pg
C29r
C30n
C31r
X

Depth (mbsf)

223.13
238
248.49
276.65
286.975
287.94
295
372.895
373.4
390.795
400.4825
406.775
410.165
411.75
412.95
414.19
416.305

Age of base (Ma)

X

X
49.714
50.778
51.774

59.24
62.221
62.517
63.494
64.667
64.958
65.688
66.063
66.052

67.61

Reference chron’s have been attributed to polarity chron’s of the GPTS.
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d. SPP_4197 Normal polarity sample with
a second component (overprint), partially
demagnetised
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f. SPP_4404 Sample with scattered directions
at the Cretaceous- Paleogene (KPg) boundary
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