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Manganese (Mn) and cerium (Ce) are known as reactive metals sensitive to marine redox conditions, and can therefore serve as useful proxies for paleoceanographic environments. Quaternary sedimentary records in the Arctic Ocean show a consistent cyclicity of Mn enrichments, but Mn sources, transportation and deposition patterns, and relationship to paleoclimatic conditions are not well understood. Sediment core ARC3-B85D from the Alpha Ridge with the estimated stratigraphy covering ∼350 kyr is used to investigate a coupled distribution of Mn and Ce in Quaternary Arctic Ocean sediments. By analyzing Mn and Ce distribution patterns in the core and surface sediments from the western Arctic Ocean and adjacent shelves, we investigate the conditions and dynamics of concurrent metal enrichments. Stratigraphic Ce and Mn patterns follow inferred glacial-interglacial cycles, with enrichments generally occurring during interglacial-type conditions with high sea levels. However, the relationships involved are not straightforward as highest Mn and Ce enrichments seem to occur closer to the end of interglacial/major interstadial periods, when sea levels were lowering from their highest positions. We conclude that the enrichment patterns are primarily defined by sediment dynamics controlling resuspension and transportation of reactive metals and their deposition in the central Arctic Ocean after diagenetic preconditioning on the shelves. We further infer that major transportation agents are sea-level affected cross-shelf and mid-depth ocean currents rather than sea ice as has been proposed earlier. Comprehending this coupled geochemical and sedimentary system is important for improving the chronostratigraphic framework for Quaternary deposits in the Arctic Ocean.
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INTRODUCTION

The fundamental challenge in Arctic paleoceanography is a lack of reliable chronostratigraphic age constraints, and thus the ability to compare Arctic Ocean sedimentary records to those from other oceans. The most widely accepted approach to constructing age models for Arctic Ocean Quaternary paleo-records is based on the apparently cyclic, glacial-interglacial changes in depositional environments reflected in sediment stratigraphy (e.g., Jakobsson et al., 2000; Polyak et al., 2004; Spielhagen et al., 2004; O’Regan et al., 2008; Stein et al., 2010). In this approach, brown, manganese (Mn) enriched layers in Arctic sediment cores were suggested to represent interglacials and major interstadials, important as potential paleo-analogs for comprehending the modern climate change.

Mn (oxyhydr)oxides, which are characteristic for brown layers, provide sorption sites for other metals, resulting in enrichments of reactive Fe, Co, Mo, Ni, and Rare Earth Elements (REEs), like Ce, which are closely related to Mn and should thus be equally sensitive to redox conditions (Moffett, 1990; Haley et al., 2004; März et al., 2011a). While the use of Mn as a proxy for interglacial conditions may be complicated by early diagenesis, application of this approach provides climatically meaningful age constraints for Quaternary sediments on orbital timescales (Jakobsson et al., 2000; Adler et al., 2009; Schreck et al., 2018; Wang et al., 2018). Insights into sedimentary Mn sources, geochemical nature, and deposition aid understanding the mechanisms of brown layer formation and their environmental meaning (März et al., 2011a; Macdonald and Gobeil, 2012; Löwemark et al., 2014; Sundby et al., 2015). Approaches for constraining the diagenetic effects on Mn remobilization have also been suggested (März et al., 2011a; Meinhardt et al., 2016). Despite these advances, we are still vague on the sources, transportation, and deposition of Mn and related metals in the Arctic Ocean. In this paper we analyze paired Mn and Ce records in a sediment core from the Alpha Ridge, as well as surface sediments from the western Arctic Ocean, focusing on Mn and Ce sources, sedimentary sinks, and relationship to paleoclimatic conditions. We offer an explanation for the observed metal distribution that is based not only on the sources but also on differential transportation modes, leading to new insights into the spatial and temporal dynamics of Mn enrichment in Arctic Ocean sediments.

BACKGROUND

Metal Enrichment in Arctic Sediments

A number of transition metals recorded in Arctic Ocean sediment cores, such as Cu, Ni, Co, and Mo, share the same trends as Mn over glacial-interglacial cycles, since they are scavenged by the Fe–Mn (oxyhydr)oxides that precipitate from the water column and pore waters, and become enriched at the seafloor during interglacial-type conditions (März et al., 2011a; Meinhardt et al., 2014). Cerium (Ce), a Rare Earth Element (REE), often shows concurrent variations with Mn in ocean waters and sediments and is considered to have a redox behavior similar to Mn (Glasby, 1973; Elderfield et al., 1981; Bau and Koschinsky, 2009). However, analyses of the REE patterns in marine pore waters indicate that Ce may precipitate from solution in the form of Ce oxides independently from Mn (Moffett, 1990; Haley et al., 2004). In situ observation further demonstrate that trivalent light REE are preferentially absorbed onto Mn (oxyhydr)oxides in ocean surface waters but are mostly desorbed again in the deep ocean (Tachikawa et al., 1997). Only trivalent Ce that gets oxidized to tetravalent Ce in the sinking process is finally buried, leading to sediments with a positive Ce anomaly (Ce/Ce∗, defined as the enrichment of Ce relative to its neighboring REEs La and Pr) (Tachikawa et al., 1997; Haley et al., 2014). Similar to Mn, in marine sediments Ce is expected to undergo early diagenetic remobilization once pore waters become oxygen-depleted as a result of organic matter degradation, which should lead to positive dissolved Ce/Ce∗ values. However, only few records of positive Ce anomalies have been reported from marine sedimentary pore waters within strongly reducing environments (Haley et al., 2004; Bau et al., 2014; Abbott et al., 2015), implying a simultaneous diffusion of dissolved Ce out of sediments, and/or its fast re-absorption/re-precipitation once pore water conditions are oxic again.

Based on previous studies, there are several geochemical properties that may cause Ce to behave differently from Mn. Unlike Mn, dissolved Ce occurs in seawater predominantly in strong carbonate complexes, which lower the activity of the free metal ion (Moffett, 1990; Johannesson et al., 2006). Further, Ce3+ has slower oxidation rates than Mn2+, enabling dissolved Ce to cross the oxygenated sediment-water boundary more easily (De Baar et al., 1983; Soyol-Erdene and Huh, 2013). In addition, Ce oxides tend to be reduced under less strongly reducing conditions than Mn (oxyhydr)oxides, followed by Fe (oxyhydr)oxide reduction, when dissolved oxygen reaches a threshold of estimated < 10 μmol/L (Elderfield and Sholkovitz, 1987; Haley et al., 2004).

The sedimentary enrichments of Mn in the Arctic Ocean have been discussed in a number of publications from various perspectives (e.g., Jakobsson et al., 2000; Katsev et al., 2006; Löwemark et al., 2014), with much fewer studies addressing Ce records as well (Sangiorgi et al., 2008; März et al., 2011b). The stratigraphically long ACEX record from the Lomonosov Ridge in the central Arctic Ocean shows a pronounced positive Ce anomaly in the lower Miocene sediments interpreted to indicate the initiation of the deep water exchange with the Atlantic. However, no concurrent Mn enrichment was found, implying differences in the behavior of the two metals under variable redox conditions following the initial oxygenation of the Arctic Ocean (Sangiorgi et al., 2008; März et al., 2011b). No combined Ce–Mn records have been analyzed in more recent deposits characterized by strong glacial-interglacial cyclicity accentuated in sedimentary records by Mn enrichment in interglacial intervals. Based on estimates of the Arctic Ocean Mn budget and the exchange rates between the Arctic shelves and deep basins, sedimentary Mn variability has been explained by a combination of sea level changes and diagenetically induced sources for metal enrichment on the Arctic margins (Macdonald and Gobeil, 2012). Combined records of Ce and Mn, expected to have a somewhat different response to suboxic diagenetic conditions, have a potential to provide new insights into the drivers and mechanisms of Mn transport and deposition in the Arctic Ocean.

Sediment Transport and Deposition

Besides geochemical environments controlling initial oxidation and precipitation of reactive metals in the Arctic Ocean, sediment dynamics are also important for understanding transportation and depositional processes leading to Mn enrichments in seafloor sediments. Unlike other oceans, sedimentation in the Arctic Ocean is largely defined by sea-ice and/or icebergs transporting terrigenous sediments from continental margins to the ocean interior, where transportation pathways are primarily determined by the surface circulation. At present, the central Arctic Ocean is perennially covered by sea ice, but considerable areas on the surrounding margins become ice-free during summers, which facilitate massive sediment entrainment in the processes of new ice formation or anchor ice release (e.g., Nürnberg et al., 1994; Darby et al., 2011). The sediment-laden ice is generally transported by wind driven circulation via the anticyclonic Beaufort Gyre in the Amerasian Basin and the Transpolar Drift over the Eurasian Basin, with the transit across the Arctic Ocean usually taking 3–4 years (Figure 1; Rigor, 1992).
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FIGURE 1. Geographic setting of the study area and core locations. Core B85D (red star) is presented in this study; cores B85A, BN10, 8JPC and M03 (yellow circles) used for correlation are from Adler et al. (2009); Wang et al. (2013), and Wang et al. (2018), respectively. Orange and blue circles indicate Fe–Mn micro-nodule samples in the deep Arctic Ocean (Winter et al., 1997; Fagel et al., 2014) and Fe–Mn nodule samples on shelves (Baturin and Dubinchuk, 2011; Kolesnik and Kolesnik, 2015), respectively; green circles for water samples at 500 m depth from the Eurasian Basin (Westerlund and Öhman, 1992). Semi-transparent white areas show proposed maximal Pleistocene limits for Eurasian, Greenland, Laurentide, and East Siberia Ice Sheet (EAIS, GIS, LIS, and ESIS; Ehlers and Gibbard, 2007; Niessen et al., 2013). BG and TPD represent Beaufort Gyre and Trans Polar Drift, respectively; white dashed lines with numbers represent the number of years required for sea ice to reach the Fram Strait at present (Rigor, 1992); ACC and dashed lines with arrows represent Arctic coastal current; BSTF and black lines with arrows represent Bering Strait through flow Winsor and Chapman (2004).



While sea ice is believed to predominate sediment transportation and deposition in interglacial, modern-like environments (Polyak et al., 2010), iceberg rafting and other glacigenic processes played a major role during glacial intervals, when large, at least partially marine based ice sheets formed at the Arctic Ocean perimeter (Figure 1). However, the impact of glaciations on sedimentation in the Arctic Ocean was not straightforward, being controlled by a complex set of processes and paleogeographic settings. For example, the development of ice shelves in the central Arctic Ocean during glacial times, indicated by extensive seafloor data (Jakobsson et al., 2014, and references therein), may have strongly affected the surface circulation system and blocked sediment transportation in large areas, especially in the western Arctic (Polyak et al., 2009; Niessen et al., 2013; Jakobsson et al., 2016). Maximal sediments delivery to the central Arctic Ocean may have occurred during deglaciation intervals when circulation was not constrained by ice shelves, while the collapsing ice sheets provided massive inputs of icebergs and meltwater. Such events are marked in sedimentary records by peaks of coarse Ice Rafted Debris (IRD) traced to specific source regions, such as detrital carbonate layers indicative of North American (Laurentide) provenance (e.g., Clark et al., 1980; Bischof and Darby, 1997; Polyak et al., 2009; Stein et al., 2010). In addition, voluminous amounts of sediments were transported to the deep basins by glacial erosion on the shelves and downslope resedimentation, such as in debris flows (Niessen et al., 2013; Dove et al., 2014; Dong et al., 2017; O’Regan et al., 2017).

In addition to sea-ice and glacigenic sediment deposition, ocean currents may also play a significant role in sediment distribution across the Arctic Ocean. In particular, the Atlantic water running along the Arctic margins and submarine ridges at intermediate water depths may act as a sediment carrier by winnowing and redepositing fine-grained particles, possibly in combination with downslope brine movements into deep basins (Winkler et al., 2002; Dong et al., 2017; Dipre et al., 2018). However, the role of these processes in the overall Arctic Ocean sedimentation is not well understood. A periodic connection with the Pacific Ocean via the Bering Strait during high-sea-level intervals may also have a strong impact on sediment dynamics at the margins, especially in the western Arctic (e.g., Ortiz et al., 2009; Yurco et al., 2010; Yamamoto et al., 2017).

MATERIALS AND METHODS

Gravity sediment core ARC3-B85D (hereafter B85D) (147.080°W,85.140°N; water depth: 2060 m; Figure 1) was recovered from the Alpha Ridge, western Arctic Ocean, during the Third Chinese Arctic Expedition in 2008, along with a number of cores reported earlier (Wang et al., 2018), especially close to core B85A. This study focuses on the B85D sediments down to a depth of 1.3 m estimated to correspond to the upper and part of the middle Pleistocene, as discussed below. Lithostratigraphy of core B85D is typical for deep western Arctic Ocean sediments (e.g., Wang et al., 2018, and references therein) and shows no indication of turbidites. Besides samples from core B85D, 31 surface sediment samples collected during the Sixth Chinese Arctic Expedition in 2014 from the western Arctic and adjacent Bering Sea were analyzed to complement the existing major element and REE datasets across the Arctic shelves and deep basins (Nolting et al., 1996; Viscosi-Shirley et al., 2003; Astakhov et al., 2013).

The core was split along its axis, and XRF scanning was performed to obtain high-resolution Mn and Ca records at the Key Laboratory of Submarine Geosciences, State Oceanic Administration (SOA). Measurements were performed according to the approach suggested by Löwemark et al. (2011) with 2-mm downcore resolution and an exposure time of 5 s using the Mo-tube. After XRF scanning, the core was sampled in 1 cm increments and samples were dried at 40°C. A ground aliquot of 5 g was prepared for major element analysis by ICP-AES and REE analysis by ICP-MS at the State Key Laboratory of Marine Geology, Tongji University. Analytical precision was <5% for major and <8% for REE as checked with the national standard material of GSR-5, GSR-6 and GSR-9 after every 10 samples. For major elements (except partly evaporated Si) and REE in B85D samples, factor analysis was conducted using SPSS statistical software to evaluate the association of the REEs with different sedimentary phases. The Ce anomaly was calculated as Ce/Ce∗ = 2∗Ce/(La + Pr) (De Baar et al., 1983) to evaluate the enrichment of Ce relative to its neighbors La and Pr after the elements were normalized to the average compositions of the Post-Achean Australian Shale (PAAS) (Taylor and Mclennan, 1985).

Aliquots of the samples were washed over a 150 μm sieve. Residues were dried at 40°C and weighted after removing foraminifera for coarse grain content used as an estimate for IRD, although grains of other origins, such as Fe–Mn micronodules, may occur at some intervals. Planktic and benthic foraminifera species Neogloboquadrina pachyderma sinistral and Cibicidoides wuellerstorfi were counted, respectively. For accelerator mass spectrometry (AMS) 14C dating, ∼7–10 mg of well-preserved specimens of N. pachyderma sinistral were picked from the >150 μm fraction in four samples at 0–1 cm, 3–4 cm, 6–7 cm, and 32–33 cm depth. AMS 14C ages were determined at Beta Analytic Inc., Miami, FL, United States. The reported 14C ages were used without a reservoir correction, which is poorly understood in the Arctic Ocean. While not very accurate, this approach provides a general age constraint for the youngest sediments. Lithostatigraphy coupled with the major element contents, IRD and foraminiferal abundances were used to constrain the age of B85D sediments by correlation to neighboring cores from the Alpha Ridge with a developed age model (Wang et al., 2018).

RESULTS

General Stratigraphy

Core B85D is characterized by sediment color cycles of interlaminating, generally brown and gray layers, representing cyclic changes in lithologic components and, thus, depositional environment (Figure 2). Four distinct groups of brown layers can be observed, at the depths of 0–4, 32–57, 65–95, and 103–119 cm. The upper boundaries of these layers are typically sharp, whereas the lower boundaries are disturbed by bioturbation, similar to cores reported elsewhere from the western Arctic Ocean (e.g., Polyak et al., 2004; Löwemark et al., 2012). Some thin sediment intervals display a distinct light yellowish to pinkish coloration, which allows us to identify them as the PW (pink-white) layers described in multiple studies from the western Arctic Ocean and attributed to glacigenic deposition of detrital carbonates from the Arctic Canada (Clark et al., 1980; Polyak et al., 2004; Stein et al., 2010; Cronin et al., 2013). The most prominent PW layers near the core top, at 46–52 cm, and at 96 cm were identified as PW3, PW2, and PW1, respectively (Figure 2).
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FIGURE 2. General stratigraphy and sedimentary proxies investigated in core B85D, including Mn, Ca, and Ce XRF data, coarse grains (IRD) > 150 μm, and planktic and benthic foraminifera N. pachyderma (sin) and C. wuellerstorfi. Gray bars indicate groups of brown lithostratigraphic layers indicated by circle with number from group 1 to group 4; yellow bars indicate major Ca peaks; W3, PW2, and PW1 indicate pink-white layers. High-resolution Ca and Mn counts from XRF scanning are indicated by black lines; 2 cm-interval Ca and Mn content (%) from ICP-AES after total digestion by green and brown filled circles, respectively. Ce/Ce∗ represents Ce anomaly indicated by red filled circles. The photographs exemplify proxies investigated in the >150 μm fraction. Carbonate clasts next to the Ca curve are shown with their major element composition and Ce anomaly values.



The coarse grain (>150 μm) content in core B85D ranges from 0.5 to 14.7%, with the average of 4.4% (Figure 2). Above 78 cm depth, coarse fraction, consisting mostly of detrital grains, displays a close relationship to sediment color cycles, with generally high coarse grain content in gray layers and low in brown layers. The highest coarse grain content occurs at 32 cm depth at the top of a brown layer, showing a jump from less than 2% to almost 15%. Below 78 cm depth, coarse fraction is mostly composed of Fe–Mn micro-nodules. The main detrital ingredients of Fe–Mn micro-nodules are clay, quartz, feldspar and carbonate grains as well as foraminifera shells, which are coated and cemented by authigenic Fe–Mn (oxyhydr) oxide precipitates.

Planktic foraminifera N. pachyderma sinistral and benthic C. wuellerstorfi are the dominant calcareous foraminifera > 150 μm. The depth distribution of these foraminifera is characterized by high abundances in the brown intervals of 0–12, 32–57, and 65–78 cm (Figure 2). The maximum abundance of N. pachyderma sinistral is up to 7250 no/g with an average of 2328 no/g in the brown layers. C. wuellerstorfi has generally lower abundances of 8 no/g average, with a maximum of 37 no/g. Above 78 cm depth, near-zero abundance of foraminifera is generally found in the gray layers, while sediments below this level contain practically no foraminifera at all.

Major Element Contents

Core Sediments

The Mn and Ca contents measured by different methods (XRF scanning and ICP-AES) display the same trends in the core depth profiles (Figure 2). Mn contents fluctuate along with the sediment color cycles, ranging from 0.04 to 0.5% with an average of ∼0.2% and the highest values found in the brown layers (Supplementary Table S1). All gray layers have a baseline Mn content of ∼0.05%. The most pronounced changes in Mn content plummeting from the highest to lowest values occur at the top of brown layers, while the increases in Mn at the bottom of brown layers are more gradual (Figure 2).

Total calcium content is characterized by a series of peaks occurring both in the groups of brown layers and in the gray layers, but are most common for transitional intervals (Figure 2). The highest peaks of Ca content are associated with coarse carbonate grains. Overall, variations in Ca content do not appear to be systematically related to Mn distribution (Figure 2).

Mn in Surface Sediments

Manganese contents in 31 surface sediment samples analyzed in this study are combined with published data as shown in Figure 3. Due to a large difference in sedimentation rates (e.g., Polyak et al., 2009; Stein et al., 2010), surface sediments analyzed may cover the time periods from 10s of years on the shelves to 1000s of years in the central Arctic Ocean, representing near-modern to average Holocene conditions, respectively. Early data on Mn content in surface sediment over the Arctic Ocean interior (Belov and Lapina, 1961), with more details added later for the Barents and Kara seas (Gurevich, 1995) and for the Laptev Sea (Nolting et al., 1996), provide a broad view of Mn geographic distribution (Figure 3A). This distribution indicates several important features: (1) the highest Mn contents (>0.5%) are confined to a prominent zone extending along the East Siberian margin and the Eurasian flank of the Lomonosov Ridge, closely following the mid-depth Atlantic water circulation; (2) low Mn contents (<0.2%) characterize large areas on the shelves and the central Amerasian Basin; (3) Mn distribution on the shelves is uneven and somewhat water depth-related; (4) no elevated Mn contents are found along the Gakkel Ridge, an active spreading zone.
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FIGURE 3. Distribution of Mn and the Ce anomaly (Ce/Ce∗) in surface sediments. (A) Generalized map of Mn distribution in the Arctic Ocean (from MnO data: Lapina and Belov, 1959; Belov and Lapina, 1961), Barents and Kara seas (from MnO data: Gurevich, 1995), and Siberian shelves (Nolting et al., 1996, and this study). Black and blue dots indicate data points for the central Arctic Ocean and Siberian margin, respectively. Numerous data points (not shown) were also used for the Barents-Kara shelves (Gurevich, 1995). Green arrows show mid-depth Atlantic water circulation (Rudels et al., 2004). Dotted box shows the location of inset for panels (B,C). (B) Details of Mn distribution on the western Arctic shelves and adjacent basin. Yellow and black dots indicate data points from this study and from literature (Nolting et al., 1996; Astakhov et al., 2013), respectively. (C) Ce/Ce∗ distribution on the western Arctic shelves and adjacent basin. Yellow and black dots indicate data points from this study and from literature (Viscosi-Shirley et al., 2003; Astakhov et al., 2013), respectively. Ce anomaly calculated using La and Nd contents. Brown contours in (B,C) indicate 50 and 100 m isobaths.



More details on Mn distribution are featured along the East Siberian margin and adjacent shelves and deep basins (Figure 3B). Very low Mn contents of less than 0.15% were obtained on the shallow (<50–100 m) shelves of the Chukchi and Beaufort seas with the adjacent northern Bering Sea, as well as the inner Laptev Sea. High values of >0.5% mostly occur at intermediate depths off the shallow margin, such as the Chukchi Plateau, while the deep Canada Basin has distinctly lower values of <0.3%. In the Laptev Sea, Mn values somewhat increase toward the outer northeastern shelf away from the Lena River delta, while no data is available for the East Siberian Sea.

REE and Ce Anomaly Patterns

The total content of REE (ΣREE) in core B85D ranges from 122 to 218 ppm with an average of 172 ppm, just slightly lower than 185 ppm in PAAS (Taylor and Mclennan, 1985). Cerium makes up the largest part of the REE content with up to 49%, higher than 43% in PAAS. As shown in the factor analysis results (Table 1), two leading factors extracted from twenty four variables of the REE and major elements explain variances of 67.6 and 18.9%, respectively. Factor 1 closely relates the REE to Mn and Fe, and thus represents precipitation of the labile forms of these metals. Factor 2, in contrast, is defined by elements related to terrestrial inputs including two major rock types, carbonate-dominated and silicate-dominated.

TABLE 1. Factor analysis results for REE and major elements in core B85D.
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Normalization of the REE values to chondritic composition indicates enrichment in light REE (LREE) and a strong depletion in Eu, typical for weathering of material similar in composition to the upper crust (Banner et al., 1988). In contrast, normalization to PAAS composition results in enrichments of Ce and middle REE (MREE). As shown in Figure 4, almost every sample displays the MREE enrichment independent of sediment lithology, while evident Ce enrichments characterize only Mn-rich brown layers.
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FIGURE 4. Rare Earth Elements patterns in core B85D. Sediments are classified into four groups based on Mn (0.2%) and Ca (4.3%) contents: (A) Mn-rich brown layers with average Ce anomalies of 1.17, (B) Gray layers with average Ce anomalies of 1.04, (C) Carbonate- and Mn-rich brown layers with average Ce anomalies of 1.18, and (D) Carbonate-rich gray layers with average Ce anomalies of 0.96. All REE values are normalized to PAAS. Gray lines indicate patterns in individual samples; red lines indicate the averages in different groups; dashed lines indicate the ratio of 1 where the sample’s REE content is equal to PAAS.



Based on their Mn and Ca distribution, major sediment layers can be classified into four groups: Mn-rich brown layers; carbonate- and Mn-rich brown layers; gray layers; and carbonate-rich gray layers. Each group has a characteristic REE pattern (Figure 4). Both brown layer types are characterized by strong Ce enrichments with average Ce anomalies of 1.17 and 1.18, respectively, as opposed to gray layers where the Ce anomaly does not exceed 1.04. The most unusual geochemical pattern characterizes carbonate-rich gray layers which do not only have the lowest ΣREE, but also a negative average Ce anomaly of 0.96 that represents the depletion of Ce compared to PAAS.

The down core record of Ce anomaly in core B85D broadly matches the Mn content, with the highest Ce anomaly values (up to 1.35) occurring in brown layers (Figure 2). Wherever low values in Ce anomaly occur in either brown or gray layers (as low as 0.83), they generally coincide with peaks in Ca content (Figure 2). Cerium anomalies were also measured in carbonate gravels picked at 40 and 87 cm core depth, showing Ce anomaly values as low as 0.75 and 0.49, respectively (Figure 2). It is important to note that unlike Mn content, the Ce anomaly is determined by comparing the content of Ce to La and Pr in the same sample, so the Ce anomaly values in bulk sediment are sensitive to the REE pattern of any terrestrial or biogenic material that contributes significantly to the sediment volume, e.g., carbonate gravel with very low Ce anomalies. Sharp shifts in the Ce anomaly are also typical for the top of brown layers, especially at 32 and 65 cm depth, similar to drastic decreases in Mn content at these levels.

Cerium anomalies measured in the 31 surface sediment samples were combined with published data (Figure 3C). As the REE data reported by Viscosi-Shirley et al. (2003) lack Pr contents, the Ce anomaly was calculated using La and Nd, which introduces a small bias of ∼0.002 in comparison to the values generated in this study using La and Pr. Overall, the distribution of the Ce anomaly in surface sediments displays two obvious boundaries: between the Chukchi and East Siberia seas, and between the Chukchi Sea and the deep Amerasian Basin (Figure 3C). The latter boundary is mostly consistent with the Mn distribution, with the negative Ce anomaly values extending a bit further basinwards. The Ce anomaly boundary between the Chukchi and East Siberian shelves cannot be compared to the Mn distribution due to insufficient data. Positive Ce anomalies are prevalent over the East Siberian shelf extending into the Laptev Sea, with a maximum of 1.34, exceeding Ce anomaly values in the deep basin.

DISCUSSION

Stratigraphic Patterns of Mn Distribution

Stratigraphy of sedimentary proxies, including physical properties, foraminiferal abundance, sediment color, and Mn and Ca content, is widely used to evaluate the age of Arctic Ocean records on glacial-interglacial timescales (e.g., Jakobsson et al., 2000; O’Regan et al., 2008; Cronin et al., 2013; Schreck et al., 2018; Wang et al., 2018). The proxy distribution in core B85D (e.g., Mn and Ca contents: Figure 5) shares the same downcore pattern with a nearby core B85A that has been tuned to the orbital time scale based on its Mn record (Wang et al., 2018), which allows us to splice the B85A age model to core B85D with some adjustments. We note that the cyclostratigraphic approach used in Wang et al. (2018) and earlier studies (e.g., O’Regan et al., 2008; Adler et al., 2009; Cronin et al., 2013) yet needs to be verified by independent chronostratigraphic constraints.
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FIGURE 5. Age model for core B85D facilitated by correlation to neighboring core B85A (Wang et al., 2018). Brown unit groups are highlighted by gray. Major Ca peaks are numbered Ca1 to Ca5. PF and BF indicate planktic and benthic foraminiferal abundances, respectively, in core B85A (Wang et al., 2018). Labels PW and pink bars indicate pink-white layers, with an estimated age of ∼110 ka for PW2 and ∼30–40 ka for PW3 (Polyak et al., 2009; Stein et al., 2010; Cronin et al., 2013). Green arrows with numbers indicate AMS14C ages. Marine Isotope Stages (MIS) (Lisiecki and Raymo, 2005) are shown by white/black bars as estimated for B85A (Wang et al., 2018) and B85D (this study).



The distribution of AMS14C datings and Mn and Ca patterns suggests that the top of core B85D is comprised by MIS3 sediments (brown group 1) (Figures 2, 5), while the younger stratigraphy is absent, possibly due to coring disturbance combined with very low sedimentation rates. The bottom of MIS3 was tentatively placed at the depth of a marked increase in foraminiferal abundance, preceding an increase in Mn (Figure 5). Identification of the broadly grouped interglacials MIS5, 7, and 9 is aligned with groups 2 to 4 of brown, Mn-rich layers (Figure 2), consistent with the B85A age model except for the placement of the bottom brown layer of group 3 into MIS8 (Figure 5). This adjustment is guided by the relation of a detrital carbonate layer PW1 to a glacial interval assigned by several authors to MIS8 (Stein et al., 2010; Dong et al., 2017). Global relative sea level pattern (e.g., Spratt and Lisiecki, 2016), also indicates an interval of anomalously high sea level within MIS8, probably corresponding to a pronounced interstadial.

Overall, our age model, largely adopted from core B85A (Wang et al., 2018), implies that the 1.3 m-long sedimentary record of B85D reaches back to estimated MIS10, approximately 350 ka (Figure 5). Based on a linear interpolation between the assumed MIS boundaries, the average sedimentation rate is ∼0.4 cm/kyr, with the largest variability affecting glacial intervals, consistent with earlier estimates for the Alpha Ridge area (Polyak et al., 2009; Wang et al., 2018).

In order to resolve details of the regional stratigraphic Mn distribution better than in the strongly compressed B85D record, we compare it with other Arctic Ocean records characterized by higher sediment accumulation due to their location closer to the continental margin or at the foot of submarine ridges, as well as possibly lesser sea-ice coverage toward the fringes of the Beaufort Gyre (Figure 1) (Polyak et al., 2009; Stein et al., 2010; Schreck et al., 2018). An increase in average sedimentation rates up to an order of magnitude is apparent on a core transect from the Alpha Ridge to southern Mendeleev Ridge and the adjacent Chukchi Basin closer to the East Siberian margin (Figure 6).
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FIGURE 6. Correlation of core B85D with earlier investigated records from the Alpha Ridge (BN10: Wang et al., 2018), Mendeleev Ridge (8JPC: Adler et al., 2009), and Chukchi Basin (M03: Wang et al., 2013). More structure is seen in the core stratigraphy with increase in sedimentation rates from the Alpha Ridge towards the Chukchi Basin. Pink bars with PW labels indicate pink-white detrital carbonate layers; gray bars labeled MIS1 to MIS9 indicate generalized interglacials and MIS3 interstadial; MIS5 substages 5a and 5c are also shown for core 8JPC. Note different core-depth scales.



As exemplified by core B85D, the strongest Mn enrichments in the stratigraphically compressed Alpha Ridge records appear to occur near the tops of interglacial/major interstadial intervals (Figures 5). Core BN10 located closer to the Transpolar Drift pathway at the distal end of the Mendeleev Ridge displays a Mn pattern similar to B85D, but with more discreet peaks, such as in the upper part of MIS5, when mean sea level fluctuated between -20 and -50 m (Figure 6) (Creveling et al., 2017). These peaks have been specifically defined as MIS5a and MIS5c in core 8JPC from the Mendeleev Ridge foot further south, where the stratigraphy shows yet more structure due to higher temporal resolution (Adler et al., 2009). The highest Mn peak in this record appears at MIS5c, seemingly contradicting the inference of increasing Mn contents toward the tops of interglacial intervals. However, if we consider higher sedimentation rates estimated for MIS5a in this core (7.5 cm/kyr vs. 1.8 cm/kyr for MIS 5c: Adler et al., 2009), the integral area of Mn curve versus age would still indicate higher fluxes during MIS 5a. Based on core M03 from the Chukchi Basin, the peak of Mn enrichment in MIS3 may also be inferred closer to the end of this interval (Wang et al., 2013). However, more investigation is needed for this interstadial that had sea level estimated as high as -40 m culminating around 40–50 ka (Pico et al., 2016).

Overall, we propose that the pattern of Mn distribution in compressed, sediment-starved records from the interior of the western Arctic Ocean exemplified by core B85D reflects a crude yet adequate pattern of Mn fluxes on glacial-interglacial time scales. While cores located closer to the continental margins provide more details, the actual Mn record may be distorted here by sediment dilution, especially during intervals of large glacigenic inputs (e.g., Schreck et al., 2018).

Origin of Mn and Ce in Arctic Ocean Sediments

Both Mn and Ce are sensitive to ambient redox conditions, but respond somewhat differently to oxygen depletion in marine waters and sediments. Below the ocean mixed layer, Mn2+ is oxidized three times faster than Ce3+, while in sediment pore waters Ce oxides are reduced prior to Mn oxides, and a combination of both processes determines the contents of both metals in the sediments (Moffett, 1990; Haley et al., 2004). Despite these differences in geochemical properties of Mn and Ce, as exemplified by core B85D, both metals express concurrent enrichments with a strong link to glacial-interglacial cyclicity, indicating common controls on their long-term deposition.

Most Mn in the Arctic Ocean (except for the Gakkel Ridge area) is delivered from rivers and coastal erosion (Guay and Falkner, 1997; Yunker et al., 2011; Macdonald and Gobeil, 2012). It has been suggested that Mn delivered in dissolved or suspended form is initially trapped on the extensive shelves (Macdonald and Gobeil, 2012), consistent with rather low Mn inputs in solution and suspended particulate material (SPM) coming directly from rivers (Rachold, 1999). Over time, Mn from riverine/coastal inputs will accumulate on the shelves. Due to relatively high primary production in these areas, sub- to anoxic conditions develop just below the sediment-water interface (Nolting et al., 1996; Gebhardt et al., 2005), leading to gradual dissolution of primary or diagenetic Mn species in sediments and re-precipitation of Mn (oxyhydr)oxides at the sediment-water interface, sometimes even with the diffusion of dissolved Mn into the bottom waters (e.g., Krauskopf, 1957; Sundby et al., 1986; Nolting et al., 1996; Laës et al., 2007; Middag et al., 2011). Transport of this re-precipitated Mn from the shelves ultimately leads to sedimentary Mn deposition in the Arctic Ocean interior. While sediments in the deep Arctic Ocean can also serve as Mn2+ sources due to early diagenetic remobilization, this process occurs in 10s of meters of these organic-poor sediments and thus should not have a considerable effect on Mn distribution in short records such as B85D (März et al., 2011a; Meinhardt et al., 2016).

In contrast to Mn, prior studies have not put a specific focus on the source and deposition of Ce in the central Arctic Ocean, just pointing out that REE are largely delivered by continental weathering (Johannesson and Zhou, 1999; Rachold, 1999). Data from core B85D indicate that Ce (among other REE) precipitates together with Mn and other redox-sensitive elements rather than being derived directly from terrestrial sources (Table 1 and Figure 2). There has been a longstanding debate whether Mn (oxyhydr)oxides are carriers of REE, and specifically of Ce. Leaching experiments carried out on samples from Chesapeake Bay show that REE are not released when Mn (oxyhydr)oxides dissolve (Haley and Klinkhammer, 2002), while a similar study on sediments from the Fram Strait indicates that Mn (oxyhydr)oxides serve as important carriers for REE (Maccali et al., 2013). Although it has been demonstrated that Ce cannot be built into the crystal lattice of Mn (oxyhydr)oxides (Haley et al., 2004), our sedimentary data show that Ce record is associated with Mn and is strongly enriched in the Fe–Mn micro-nodules from the brown layers (Figure 7A), consistent with earlier results from the Alpha Ridge area (Winter et al., 1997). These patterns suggest that the behavior of Ce in the Arctic Ocean is not different from the rest of the world ocean in that dissolved Ce3+ tends to be oxidized in the water column (Westerlund and Öhman, 1992) and enriched in the sediments under oxic depositional conditions. The question is where sedimentary Ce in the Arctic Ocean comes from and how it is deposited and enriched in specific stratigraphic intervals.
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FIGURE 7. Comparison of REE patterns between different sediment components: (A) Fe–Mn oxides leached from micro-nodules at the Alpha Ridge (FL-286 and FL443 from Winter et al., 1997, 12MC from Fagel et al., 2014), compared with that in the brown layer bulk sediments from B85D; (B) waters at 500 m depth in the Eurasian Basin (Westerlund and Öhman, 1992), with the REE ratio between two sites displayed to indicate lateral fractionation of Ce from the margins to the central Arctic Ocean; (C) suspended particle material in rivers and volcanic material (Fagel et al., 2014); (D) Fe–Mn nodules from the Kara Sea (Baturin and Dubinchuk, 2011), Chukchi Sea (Kolesnik and Kolesnik, 2015), and East Pacific Ocean (Jiang et al., 2009).



In this study, we attempt to track the origin of Ce in the Arctic Ocean by comparing the Ce anomaly distribution in core B85D and in surface sediments from the potential source areas on the Siberian to Alaskan shelves. Dissolved REE inputs from rivers, lakes, and meltwater around the Arctic Ocean are characterized by negative Ce anomalies, becoming more negative toward the central Arctic Ocean as Ce3+ is being oxidized and precipitated out of the water column (Figure 7B; Westerlund and Öhman, 1992; Tepe and Bau, 2015). Cerium anomalies in riverine SPM range from negative values originating from the Mackenzie River and the Okhotsk-Chukotka volcanic belt to weakly positive anomalies from the East Siberian rivers (Figure 7C; Fagel et al., 2014). These patterns indicate that pronounced positive Ce anomalies in the central Arctic Ocean sediments cannot originate from direct terrestrial inputs of Ce in solution or SPM without additional mechanisms for Ce3+ enrichment, such as by diagenesis on the shelf.

Reduction of Ce oxides in sediments and the following re-precipitation at the sediment-water interface may be indicated by positive Ce anomalies in surface sediments on the Siberian shelves (Figure 3). In contrast, strong negative Ce anomalies occur in Fe–Mn nodules from the shelves (Figure 7D). These nodules, widely distributed on the Arctic shelves, are partly covered with sediment, different from typical hydrogenous nodules with strong positive Ce anomalies but similar to diagenetic nodules with negative Ce anomalies (Baturin and Dubinchuk, 2011; Kolesnik and Kolesnik, 2015; Menendez et al., 2017). The link between the partial burial of Fe–Mn nodules into the sediment and their negative Ce anomalies is related to the differential diagenetic behavior of Mn and Ce. While Mn2+ released from buried sediments during diagenesis is re-oxidized at the sediment-water interface to form and grow Fe–Mn nodules, any released Ce3+ remains in solution for a longer time due to its slower redox kinetics, and can escape adsorption by or co-precipitation on the nodules. What this comparison of Ce anomalies in bulk surface sediments (Figure 3) and Fe–Mn nodules (Figure 7D) shows is that suboxic diagenetic processes lead to a remobilization of Mn and Ce, but slightly different redox kinetics can cause a certain degree of separation between them during re-precipitation under oxic conditions. The latter might explain why there is an overall agreement but no linear relationship between the Ce anomalies and Mn contents in surface sediments (Figure 3). This pattern also suggests that while both Ce and Mn distribution is related to early diagenetic processes, there are other factors that may determine their close relationship in paleo-records, such as in core B85D over the past 350 ka.

Regarding the re-distribution of Mn and Ce, the question remains on where the dissolved Ce3+ and Mn2+ were oxidized to ultimately generate the repeated enrichments in the central Arctic Ocean sediments. There is no evidence that diagenetically released, dissolved Mn2+ can overcome the redox barrier in the water column and be directly transported to the central Arctic Ocean without being oxidized and precipitated as Mn (oxyhydr)oxides, except for Mn2+ in the surface water delivered by rivers and sustained by photo-reduction (Middag et al., 2011). According to the distribution of Mn and Ce in recent to sub-recent surface sediments (Figure 3), geochemical conditions favorable for Ce and Mn precipitation widely exist on the continental margins under interglacial-type conditions. If the diagenetically released Ce3+ and Mn2+ were transported immediately after they diffused out of the shelf sediments, a deficiency of metal accumulations on the shelves would be expected in order to account for Mn and Ce enrichments in the central Arctic Ocean sediments. In contrast, Mn and Ce adsorption to fine-grained sediment particles or incorporation into Fe–Mn oxide micro-nodules provide a reasonable explanation for metal accumulations in the Arctic Ocean, consistent with the water column data (Tachikawa et al., 1997; Kondo et al., 2016). Overall, the reported patterns of Mn and Ce distribution in Arctic sediments are consistent with the notion that diagenetically released Ce3+ and Mn2+ are oxidized and precipitated at the sediment-water interface on the shelves before being transported to the central Arctic Ocean (Nolting et al., 1996; Gebhardt et al., 2005; Macdonald and Gobeil, 2012; Kondo et al., 2016).

Patterns of Mn and Ce Mobilization, Transport, and Deposition

Since the supply of oxidized Mn and related metals like Ce from the shelves controls its deposition in the deeper Arctic Ocean, sea level must be a critical factor in sedimentary Mn dynamics. During interglacials/major interstadials, relatively high sea levels keep large shelf areas under water, thus enabling diagenesis-induced remobilization of reactive metals and their export to the ocean interior. However, as discussed above, the strongest Mn and Ce enrichments in sediment records appear to occur not at the beginning or culmination of interglacial environments, when sea levels were rising and reaching the maxima, but toward the end of these intervals under falling sea levels (Figure 8). To resolve this counterintuitive relationship between sea level and the stratigraphic pattern, we need to consider not only the sources but also the transportation dynamics for Mn and related metals over glacial-interglacial cycles for evaluating the use of Mn cyclicity for orbital tuning.
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FIGURE 8. Comparison of Mn and Ce/Ce∗ enrichment patterns in core B85D with global sea level changes over the last 350 ka (sea level data from Spratt and Lisiecki, 2016). Sea levels over –60 m below modern and corresponding Mn enrichments > 0.15% and Ce anomalies > 1.1 are shown in blue, red, and yellow, respectively. Corresponding time intervals (interglacials/major interstadials) are highlighted in gray. Pink bars indicate PW layers. Dashed arrows indicate the pattern of metal enrichments towards the end of generalized interglacial intervals and the corresponding decreasing trend in sea level.



It has been suggested that the major mechanism transporting sediments from the shelves to the central Arctic Ocean is related to sea ice (e.g., Nürnberg et al., 1994; Eicken et al., 2000; Darby, 2003; Darby et al., 2011), including export of Mn (oxyhydr)oxides (Holemann et al., 1999; Schoster, 2005). Recent data from Arctic sedimentary records also indicate a potentially considerable role of currents operating at different depth levels in the transportation of fine sediments (e.g., Dong et al., 2017; Dipre et al., 2018). These processes are likely to be strongly affected by changes in sea level. Broad and shallow Siberian shelves (Laptev, East Siberian, partly Chukchi and Kara seas) with prevailing water depths of <50–70 m are especially sensitive to sea-level fluctuations. Another hydrographic constraint is provided by the Bering Strait with a sill depth around 50 m, which to a large extent controls circulation and sea ice conditions on the Chukchi shelf and the adjacent western Arctic Ocean (e.g., Winsor and Chapman, 2004; Spall et al., 2018). Furthermore, Bering Strait opening/closing events have been suggested to affect not only circulation in the Arctic Ocean, but also in the North Atlantic, and thus the global climate on various time scales (Hu et al., 2015 and references therein). The Barents Sea, while overall considerably deeper than the Siberian shelves, can also be impacted by large sea level variations, which notably affect the distribution of Atlantic water branches between the Barents shelf and the Fram Strait (Schauer et al., 2002).

Distribution of Mn and Ce in surface sediments shows different patterns for the Chukchi Sea with the adjacent northern Bering Sea and Beaufort Sea, in comparison with the East Siberian and Laptev Sea shelves (Figure 3). On the Chukchi shelf and nearby areas with shallow water depths < 50–100 m affected by cross-shelf currents (Winsor and Chapman, 2004; Spall et al., 2018), Mn content is as low as <0.15%, that is within the range of the background lithogenic signature (Macdonald and Gobeil, 2012). This pattern indicates that a large portion of exchangeable Mn produced by diagenesis in these areas is being transported into the Arctic Ocean, consistent with Mn contents up to >1% in sediments on the outer Chukchi margin and adjacent borderland (Figure 3). SPM-mediated transportation of labile Mn off the Chukchi margin has been supported by direct observations on water column samples (Kondo et al., 2016). The location of these samples in the area of an especially strong cross-shelf circulation extending to the Canada Basin (Spall et al., 2018) provides a clear evidence of current transportation of exchangeable Mn into the interior Arctic Ocean. Similarly, Mn distribution in the Kara Sea indicates its removal from the shallow southern part of the shelf, except for the Yenisey River estuary area, and deposition in the deep troughs opening to the Arctic Ocean (Gurevich, 1995). In contrast, relatively high labile Mn contents occur on the outer Siberian shelves indicating the prevalence of its accumulation over export in these, mostly shallow areas with an extended sea-ice cover and generally low hydrodynamic activity (Figure 3; Gurevich, 1995; Nolting et al., 1996). Cerium anomaly on the western Arctic margins has a similar distribution, with low values characterizing the Chukchi Sea region and higher values on the adjacent borderland and on the Siberian shelves (Figure 3).

Overall, the geographic distribution of these exchangeable metals suggests that their main modern/recent sources to the western Arctic Ocean are the Chukchi, Beaufort and Bering seas with much less inputs from the Siberian shelves. This provenance does not appear to be consistent with the prevalent pattern of sea ice transportation. While practically all of the Arctic shelves can provide sea-ice transported sediments (Darby, 2003; Darby et al., 2011), the Laptev and East Siberian Seas are considered as major sources (e.g., Nürnberg et al., 1994; Eicken et al., 2000, 2005), with the role of the Chukchi and Beaufort shelves possibly increasing with the retreat of perennial ice in the warming climate (Eicken et al., 2005). In particular, the outer shelf area near the New Siberian Islands characterized with very high export of ice-entrained sediment (Eicken et al., 2000) has elevated Mn contents (Figure 3). On the other hand, the observed metal distribution is well consistent with the shelf circulation system with an overall sluggish circulation on the Siberian margin, whereas, Bering Sea originating currents impact the Chukchi and adjacent Beaufort shelves and propagate to the Canada Basin (Winsor and Chapman, 2004; Spall et al., 2018). The impact of currents on the seafloor is also demonstrated by sediment studies indicating that coarser sediments occupy the shallow Chukchi shelf, whereas finer-grained deposits occur on the outer margin (Darby et al., 2009; Kolesnik and Kolesnik, 2015). In addition to cross-shelf currents, turbidity plumes caused by brine injections or sediment instabilities may transport sediments downslope (Haley and Polyak, 2013; Saint-Ange et al., 2014).

There is less up-to-date information available for the distribution of Mn in the interior of the Arctic Ocean. However, early data collected from the Soviet ice camps (Belov and Lapina, 1961) show a characteristic pattern with maximal Mn values occurring on the slopes of the Siberian margin and oceanic ridges along the pathway of mid-depth Atlantic-derived water (Figure 3A). Examination of the depth distribution of these sites shows that they are actually located at the lower edge or even slightly deeper than the core of the Atlantic water (∼200–900 m), consistent with the expected deposition of fine particles transported or resuspended by the current. Although sparse in the Arctic, reported velocity measurements of the slope boundary current along the Eurasian margin range between 1 and 5 cm/s (Coachman and Barnes, 1963), sufficient for transportation of fine particles in suspension. Modeled velocities for the ocean interior are lower than 1 cm/s (Zhang et al., 1998), but higher values have been measured over submarine ridges, consistent with the observed nepheloid layers (Hunkins et al., 1969). Recent sediment core and geophysical studies further indicate past current-controlled erosion/deposition regimes in the deep Arctic Ocean, such as north of the Chukchi margin (Hegewald and Jokat, 2013; Dipre et al., 2018), which implies a potentially strong effect of the mid-depth circulation on the exchangeable metal (re)distribution during those times.

Glacial-interglacial sea-level changes should have dramatically impacted Mn and Ce transportation and deposition. In the process of initial sea level lowering with the onset of glaciation, sediments that accumulated on the shelves during the interglacial can be flushed into the ocean, as shown for various continental margins (e.g., Milliman and Syvitski, 1992). This should have involved the metal-enriched deposits on the Siberian shelf formed due to a restricted removal during interglacial conditions as discussed above. The flushing of these deposits during sea-level fall can explain the stratigraphic pattern of Mn and Ce in the Arctic Ocean interior with peaks occurring near the top of interglacial/major interstadial intervals (Figure 8). Further sea level lowering should have terminated metal export from the shelves as the closing of the ∼50 m-deep Bering Strait shuts down circulation in the Chukchi Sea, while sea level fall below ∼50–70 m exposes nearly all of the Siberian shelves, thus precluding their hydrographic exchange with the Arctic Ocean.

There is practically no data on circulation conditions in the Arctic Ocean during low sea levels. It is reasonable to infer that resuspension on the outer shelf and formation of downslope turbidity plumes intensified, especially with the growth of ice sheets at the Arctic periphery. Circulation of the submerged Atlantic layer should be affected by the shallowing of the Barents Sea, which would reroute the Atlantic water flow through the Fram Strait, potentially leading to shallower circulation in the Arctic Ocean (e.g., Schauer et al., 2002). Further regression and ice-sheet growth could potentially minimize the Atlantic inflow, especially with the formation of extensive ice shelves and their grounding on submarine ridges, notably the trans-Arctic Lomonosov Ridge (Jakobsson et al., 2016). This, together with the lack of exchange with the shelves can account for a deficiency of Mn and related metals in glacial stratigraphic intervals in Arctic Ocean sediment cores.

It is intriguing that the depths of ∼50–70 m, critical for the Arctic shelf-ocean exchange, correspond to the highest gradients in global sea level glacial/interglacial variations (Figure 8), suggesting a potential role of the Arctic Ocean in this variability. Indeed, numerical simulations indicate the impact of the Bering Strait opening/closing on the circulation in the North Atlantic, and thus on the global climate (Hu et al., 2015). While this connection needs more investigation, the coherence of major transitions in the global sea level and in the Arctic Mn and Ce records may provide an important criterion for their synchronization. Nevertheless, the apparent non-linear relationship of the Mn and Ce contents with the sea level during interglacials indicates that the cyclostratigraphic approach to Mn records can be used only for generalized discrimination between glacial and interglacia/major interstadiall intervals. The same pattern may also complicate chronostratigraphic tuning of other proxies, such as microfossil abundances (Marzen et al., 2016), which closely co-vary with Mn in Artic Ocean sediments (Polyak et al., 2004, 2013; Cronin et al., 2013; Wang et al., 2018). More insights into the nature and dynamics of Mn enrichments are needed to comprehend their relationship with the global climatic and sea-level changes, which may aid a better tuning of Mn stratigraphic records.

SUMMARY AND CONCLUSION

The aim of this study was to gain a better understanding on the paleoceanographic significance of Mn in Quaternary Arctic Ocean sediments, where this labile metal forms consistent enrichment cycles as demonstrated by numerous studies (e.g., Jakobsson et al., 2000; Polyak et al., 2004; Stein et al., 2010; Wang et al., 2018). Distribution of Mn along with a concurrent occurrence of Ce, an REE metal that complements the Mn dynamics, was investigated in surface sediments from the Arctic Ocean and adjacent shelves as well as in sediment core ARC3-B85D from the Alpha Ridge. The sediment stratigraphy of this core was constrained by correlation to nearby cores with an earlier developed age model (Wang et al., 2018) resulting in an age span for B85D estimated as ∼350 kyr (Marine Isotope Stages 3–10). Despite a compressed nature of this 130 cm-long record, its major lithostratigraphic features on glacial-interglacial time scales are consistent with other sedimentary records throughout the western Arctic Ocean. Both Mn contents and Ce anomalies show a distinct stratigraphic pattern with overall low/high values in glacial/interglacial intervals, respectively, where the general co-variation of Ce with Mn was demonstrated for the first time. Within this stratigraphic variability, presumably corresponding to the global climatic and sea-level cycles, the peak values of both Mn and Ce appear to occur near the end of interglacial/major interstadial intervals.

The understanding of this paleoceanographic pattern is facilitated by analyzing the distribution of Mn and Ce, expressed as Ce anomaly (Ce/Ce∗), in surface (modern/submodern) sediments from the continental shelves and the central Arctic Ocean, with most details captured for the Siberian margin. Multiple studies indicate that Mn imported from rivers and coastal deposits undergoes a diagenetic transformation on the Arctic shelves, but the dynamics of its further transportation and deposition, including cyclic enrichment in the interglacial sediments, were not well understood. Likewise, high positive Ce anomalies in the B85D record cannot be easily explained as under modern conditions Ce in the Arctic Ocean can form only negative to weakly positive anomalies. It has been suggested that Mn (oxyhydr)oxides are largely transported by sea ice formed over the shallow shelves (Holemann et al., 1999; Schoster, 2005). However, the pattern of Mn and Ce distributions in surface sediments also suggests a new interpretation highlighting the role of currents on labile metal transportation. This pattern notably features low concentrations of both Mn and Ce in the Chukchi Sea and on the adjacent shelves of the Bering and Beaufort seas, in contrast to considerably higher values along the outer Chukchi and East Siberian margin and adjacent oceanic ridges and plateaus. A similar picture is observed for Mn in the Kara Sea, with high concentrations in the deep troughs. This pattern is more consistent with the larger impact of hydrographic circulation rather than sea-ice transportation, especially in relation to the Bering Strait throughflow and resulting cross-shelf currents (e.g., Spall et al., 2018). The transport of labile metals by currents is now confirmed by direct observations in the Chukchi Sea (Kondo et al., 2016). Available data on further Mn distribution in the Arctic Ocean indicate highest values along the slopes of the continental margin and oceanic ridges, in an apparent agreement with the flow of the mid-depth circulation of Atlantic origin. We thus infer that transportation of Mn and related labile metals from the shelf and their eventual deposition in the Arctic Ocean is primarily mediated by cross-shelf and mid-depth oceanic currents, with potential contribution from other processes such as sea ice and downslope turbidity plumes. Further investigation of the modern and past mid-depth circulation is key for a more conclusive explanation of the exchangeable metal sedimentation in the Arctic Ocean.

The proposed transport and depositional system has to be radically affected by glacial-interglacial sea-level changes, especially with respect to the shallow Siberian shelves and the Bering Strait. Sea-level falls below ∼50–70 m depths should have entirely stopped both the Bering Strait throughflow and the hydrographic and sediment-dynamic interaction between most of the Siberian margin and the central Arctic Ocean. This sea-level impact can explain the cyclic glacial-interglacial distribution of Mn and Ce in the deep-sea Arctic sediment cores. We further attribute the increase of Mn and Ce values toward the top of interglacial/major interstadial intervals to flushing of the accumulated shelf sediments with their high labile metal contents by the falling sea level. This interpretation implies that a conventional cyclostratigraphic approach to sedimentary Mn enrichments can adequately approximate general glacial-interglacial cycles, but may not be used as a more accurate chronostratigraphic tool. Tuning of the Arctic Ocean Mn records to global climatic/sea-level variations might be improved by our comprehension of the Arctic labile metal geochemistry and related sediment dynamics in the stratigraphic perspective.
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