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ARTICLE INFO ABSTRACT

Keywords: Laminated diatomaceous sediments occur intermittently in the Bering Sea over the past 5 million years. A varve
Varve (annually deposited) origin for the laminae has been suggested, but there is currently no consensus. Here, we
Diatom report results of a study of two laminated intervals dating from ~528 ka and ~ 782 ka from IODP Site U1340 on
Rare earth element . . . . . . . .
o ; the Bowers Ridge. We combine conventional micropaleontological methods with scanning electron microscope
Sinking particle flux . ..
Bering Sea analysis that resolves the seasonal cycle of flux events recorded and demonstrates an annual origin for the
Pleistocene laminae. Resting spores of Chaetoceros spp., and more rarely of Thalassiosira antarctica represent early spring
blooms with the latter likely due to increased meltwater input. Diatom laminae containing concentrations of
Shionodiscus trifultus, Thalassiosira spp., Actinocyclus curvulatus, and Neodenticula seminae, represent flux from the
main spring-summer bloom episodes, with the latter indicating influx of seed populations from the North Pacific
Alaskan Stream. Concentrations of Coscinodiscus spp. in the uppermost part of the diatom laminae represent “Fall
Dump” sedimentation of these stratified-adapted diatoms in response to break down of summer stratification in
autumn/early-winter storms. The lithogenic laminae represent mainly winter deposition and rare earth element
analysis suggests provenance from the southern Bering Sea shelf and the Aleutian Arc. Productivity was high in
the studied intervals with total mass fluxes around 5 times higher than modern values. Variation in lamina
thickness and diatom composition contain periodicities of 2-8 years, as well as a bi-decadal variability likely
related to influence of the Pacific Decadal Oscillation.

1. Introduction

The Bering Sea contains one of the world’s most productive marine
ecosystems, driven by intense algal blooms fueled by abundant nutrient
supplies mainly from the sub-surface water column along the shelf-slope
(e.g., Mizobata et al., 2002). Primary productivity in the Bering Sea is
dominated by spring and summer blooms of the dominant phyto-
plankton, primarily diatom algae. The annual cycle of primary produc-
tion has been monitored by sampling of the surface ocean and by
sediment trap studies. Sediment traps have demonstrated seasonal pul-
ses of flux, with major diatom flux in the spring and summer and
terrigenous flux, primarily in the winter months (Takahashi et al., 2002;
Takahashi et al., 2000). Sedimentary records of such flux events have
the potential to record seasonal to interannual variability, where the
sedimentary record is undisturbed by bioturbation. Such records occur
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most often in marginal marine settings where reduced oxygenation has
limited benthic activity allowing individual flux events to be preserved
as sedimentary laminae (Schimmelmann et al., 2016).

Intervals of laminated sediment are, in fact, a frequent occurrence in
the Bering Sea sequences. Research on piston cores has recorded lami-
nated intervals within the warm intervals of Bglling Allergd and in the
earliest Holocene (Caissie et al., 2010, Cook et al., 2005, Kuehn et al.,
2014). IODP coring has demonstrated their intermittent occurrence
throughout the past 5 Ma (Takahashi et al., 2011; Schlung et al., 2013;
Knudson and Ravelo, 2015; Cassie et al., 2016; Kender et al., 2019).
Palaeotemperature records of the last 90 ka indicate that earlier lami-
nated intervals also coincided with warm, interstadial episodes where
elevated productivity and flux led to benthic anoxia and water column
denitrification (Schlung et al., 2013). The Bering Sea laminated intervals
correlate with widely recurrent intervals elsewhere in the circum-Pacific
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including the Santa Barbara Basin (Caissie et al., 2010; Cook et al., 2005)
and Baja California margin (Cartapanis et al., 2014). Initial explanations
for the laminated intervals called on teleconnections with Greenland
and/or changes in intermediate water ventilation (Kuehn et al., 2014;
Schmittner et al., 2007). However, an emerging consensus proposes that
the reduced oxygen conditions responsible for laminae preservation
originate in the warming associated with interglacial or intermediate
climates (Knudson et al., 2021; Praetorius et al., 2015). In this expla-
nation, a combination of physiologically enhanced plankton growth
driven by warming, together with iron fertilization from flooded conti-
nental shelves drove increased productivity. The increased productivity
and flux led to reduced bottom water oxygenation, inhibiting benthic
activity leading to the preservation of laminated sediment.

Previous studies of the Bering Sea laminated sediments have pro-
duced conflicting views on their origins. While sediment description and
sampling and X-radiography have shown these to be couplets of diatom-
rich and lithogenic sediment-rich laminae (Katsuki et al., 2014; Kuehn
et al., 2014), there has been no consensus as to their seasonal origin.
Based on bulk sedimentation rates for an interval spanning the Bglling
through early Holocene, Cook et al. (2005) proposed an annual origin,
but Caissie et al. (2010) working on the same interval in a different core
argued that bulk sedimentation rates were too low to support an annual
origin. Others have assumed an annual occurrence since it fits with the
modern flux cycle (Katsuki et al., 2014, Kuehn et al., 2014).

Our purpose in this contribution is to examine two laminated
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intervals recovered from IODP Site U1340 on the Bowers Ridge (Fig. 1).
A combination of conventional sampling and detailed Back Scattered
Electron Imagery (BSEI) of resin-embedded sediment is used to delineate
and characterize individual flux events. In this way we clarify the sig-
nificance of individual, often near-monospecific, diatom laminae and
use these to reconstruct the annual cycle of production and flux and to
inform palaeo-reconstructions.

2. Oceanographic setting and paleoceanographic context

In the modern Bering Sea, the exchange of sea surface water between
the North Pacific and the Bering Sea occurs via the Kamchatka Strait and
several passages between the islands of the Aleutian arc (Fig. 1a). The
Alaskan Stream, the greatest source of surface water flow into the Bering
Sea, enters the basin through the Aleutian Arc and flows eastward,
forming the Aleutian North Slope Current (ANSC). The ANSC turns
northwestward near shelf edge, forming the Bering Slope Current (BSC),
the primary current responsible for exchange with the continental
shelves (Stabeno et al., 1999). The water partially flows out to the Arctic
Ocean via the Bering Strait (the modern water depth ~ 50 m). However,
the shallow depths of the sill would have limited water exchange during
periods of low sea-level.

The vertical distribution of dissolved oxygen concentration in the
Aleutian Basin shows that oxycline (strongest vertical gradient) lies
between 300 and 600 m depth (Panteleev et al., 2013) (Fig. 1b). The
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Fig. 1. Bathymetry map, climatological distribution of dissolved oxygen concentration in the Bering Sea, and the relationship of studied sample age and benthic d*®0
stack curve. (a) bathymetry map with four depth contours (50, 100, 1000, and 3000 m depth) based on the geographic data “The GEBCO_2014 Grid”, version
20,150,318, www.gebco.net. The directions of surface currents are indicated. Abbreviations: ASNC: Aleutian North Slope Current; BSC: Bering Slope Current. The
circular symbol in red is the drilling position of the studied core samples. The open circular symbol is the drilling position of IODP Exp. 323 mentioned in this paper.
The rectangular symbol is the position of sediment trap mooring Station AB. The circular symbols in blue, green, and brown over the shelf are the position of
referenced coring sites of Asahara et al. (2012) for REE analysis. The circular dash line is a distance of 500 km from the studied Site U1340. (b) Climatological
distribution of dissolved oxygen concentration based on World Ocean Atlas 2013 (Garcia et al., 2014) along longitudinal Section in 179.5E-178.5 W. The bar shows
the horizontal distance of 100 km. (c) The stack curve of benthic foraminifer §'80 (Lisiecki and Raymo, 2005) with the age position of studied laminated samples
(shown in red line). The shade in green represents interglacial MIS periods. The cross symbols represent the estimated age of the magnetic susceptibility events “CHI-
0" to “CHO-CC” (Lund et al., 2016). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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oxygen minimum zone with the lowest dissolved oxygen of ~0.5 mL/L is
around 600-1200 m depth in the central Aleutian Basin for modern
conditions (Roden, 1995; Panteleev et al., 2013). The radiolarian
assemblage in sediment cores from different depths (884-3182 m) in the
Aleutian Basin shows a change in vertical water mass structures for the
late Pleistocene (Tanaka and Takahashi, 2005). Millennial and glacial-
interglacial changes in the condition of minimum dissolved-oxygen
concentration and vertical migration/expansion on the lower limit of
the oxygen minimum layer are the important keys to forming discon-
tinuous varve sediments at the core site on the Bowers Ridge, as the
same as shown in laminated sediments along the shelf-slope of Bering
Sea (e.g., Schlung et al., 2013; Kuehn et al., 2014). Expansion of the
oxygen minimum zone is one of the key processes of ocean carbon
cycling (Baroni et al., 2020).

As a high latitude marginal sea with connections to both the North
Pacific and Arctic Oceans, the Bering Sea is a key influence on both local
and global ocean and climate change (Kender et al., 2018; Okazaki et al.,
2010). For example, flow of low salinity Bering Sea waters to the Arctic
Ocean may have preconditioned the climate system for late Pliocene
global cooling (Horikawa et al., 2015). Enhanced North Pacific Inter-
mediate Water (NPIW) formation during glacial restriction of Bering Sea
outflow may have influenced the global meridional overturning circu-
lation (Knudson and Ravelo, 2015). Furthermore, in the Pleistocene, sea
ice formation in the Bering Sea is thought to have acted as a control on
glacial NPIW formation (Detlef et al., 2018). The monitoring of such
changes in sea ice extent is aided by the use of diatom indicators (Cook
et al., 2005).

Diatoms are dominant phytoplankton in the Bering Sea, and their
production and settlement in the ocean interior are one of the important
processes of biogeochemical cycles (Takahashi et al., 2000, 2002). In the
modern Bering Sea, interannual variation of primary production
significantly reflects a change in hydrographic conditions such as sea
surface temperature and sea ice condition (e.g., Brown et al., 2011).
Decadal monitoring of settling particle flux in the Bering Sea shows
diatom dominance in the trapped sinking particles and interannual
variation of sinking particle flux and the particle contents (Takahashi
et al., 2000, 2002, Onodera and Takahashi, 2009). Diatom microfossil
assemblages had been applied in many paleoceanographic studies (e.g.,
Sancetta et al., 1985; Katsuki and Takahashi, 2005; Cassie et al., 2016).
The biogeography of diatom assemblage in the Bering Sea approxi-
mately corresponds to hydrographic variations (e.g., Sancetta, 1982;
Ren et al., 2014), and the relationships between diatom distribution and
climatic hydrographic conditions can be applied for micropaleontolog-
ical paleoceanographic studies. Because diatoms are the main contrib-
utors to sinking particles in the Bering Sea, it is expected that annual
variation in diatom accumulation rate and assemblage identified in
sediment laminae will reflect past hydrographic conditions and the
background environments on annual to decadal time scales.

2.1. Materials

Based on the sediment core description of IODP Expedition 323 in
the Bering Sea (Takahashi et al., 2011), the core samples with the clear
laminated structure were chosen from the Lithologic Unit I of Hole
I0ODP323-U1340A (53°24.0008'N 179°31.2973'W, 1294.7 m water
depth; Expedition 323 Scientists, 2011) located on the eastern slope of
the Bowers Ridge just under the oxygen minimum layer (Fig. la, b).
Lithologic Unit I is characterized by alternating layers of diatom ooze
and diatom silt. At least 37 sediment beddings of laminated (<1 cm)
structure was recorded in the visual core description for the Lithologic
Unit I at this hole (Takahashi et al., 2011). After the observation and
check of lamination quality, slab-shape samples for this study were
taken from the core intervals 10H-1 W (136-149 cm), 10H-2 (1-16 cm),
and 14H-1 W (60-75 cm and 73-88 cm) at the Kochi Core Center, Japan,
using the sampling method of Pike and Kemp (1996). The ages of studied
sediments are estimated as around ~528 ka and ~782 ka for Sections
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10H and 14H, respectively, based on the correlation of magnetic sus-
ceptibility events with Site U1343 where benthic foraminiferal oxygen
isotope stratigraphy was established (Takahashi et al., 2011; Asahi et al.,
2016; Lund et al., 2016). The studied laminated sediment from Section
14H-1 corresponds to the early period of Marine Isotope Stage (MIS) 19,
and that of 10H-1 and 10H-2 to the early MIS 13 (weak warming phase)
(Fig. 1). The sea level for ~782 ka was around 20 m lower than the
modern level (Batchelor et al., 2019), while the sea level for the sample
of Section 10H in the early MIS 13 was around —50 m lower (Batchelor
etal., 2019). The depth of ~50 m is nearly the deepest level of the Bering
Strait, and the shallower area of the eastern Bering Sea shelf was
probably land. Therefore, the climate condition, coastal configuration,
and hydrographic conditions at the core site were different between the
two studied sample periods.

3. Methods
3.1. Sediment preparation and diatom analysis

The sample slabs taken at the Kochi Core Center were sent to the
National Oceanography Center, Southampton, and the X-radiograph
images of sediment slab pieces were taken (Fig. 2a). Off-cuts of the slab
sample were embedded in epoxy resin using the methods of Pike and
Kemp (1996). Polished thin sections (PTS) of the embedded sediment
cut perpendicular to the laminae were made for observation using back-
scattered SEM images (BSEI) (Fig. 2b, c). Photo-mosaics of entire thin
sections were made by assembling BSEI using Adobe Photoshop
(Fig. 2c). The thickness of sediment lamination was measured as the
mean of five measurements for each layer on the BSEI mosaic (Fig. 2c).
Past settling particle flux was tentatively estimated from the mean
thickness of annual laminations (varve) and dry bulk density, using the
value of 0.37 g cm ™~ measured from the diatomaceous laminated sedi-
ment at Site U1342-4H-5, 29-31 cm (Takahashi et al., 2011). BSEI with
further high magnification were taken from the top to bottom of each
thin section (Fig. 2d) in order to identify the dominant diatom types in
each lamina (Fig. 3). On the available remains of the sample slab
including homogeneous sediment just below the laminated sediment,
mm-scale subsamples of sediment pieces (Fig. 2e) were taken for BSEI
topographic imagery (Fig. 4).

Cross-sections of diatom frustules and the diatom valves in thin-
section BSEI (Fig. 3) were counted for each lamina. The detailed BSEI
of polished thin sections (PTS) (Fig. 2d, 3) shows that there are some
distinctive cross-sections of diatom frustules/valves, so that identifica-
tion of a range of different taxa is possible. The diatom observation in
detail in BSEI of PTS was conducted by morphologically categorizing
encountered diatom cross-sections into 12 groups based on diatom
observation in smear slides (below) and in the topographic BSEI of
subsamples (Fig. 4; Table 1). Among major diatoms in the studied
samples, the genera Actinocyclus spp., Shionodiscus spp., and Thalassio-
sira spp. (except for T. antarctica resting spores) could not be readily
distinguished from each other in BSEI cross section and were treated as a
“discoidal” group. The category of “setae” refers mainly to the setae of
Chaetoceros spp. although the similar spine-like structures of other
diatom frustules might be included. The BSEI PTS counts assess the
diatom cross sections that comprise the cross-section area of the lamina.
This is distinct from the diatom assemblage in the smear slide (see dis-
cussion below).

To provide a more detailed taxonomic analysis, conventional optical
microscopy was also undertaken on smear slides of sediment sub-
samples. The samples taken for smear slides generally included a num-
ber of laminae since individual laminae were too thin to sub-sample.
Smear slides for diatom assemblage analysis (one slide for each sub-
sample) were prepared with the Mountmedia of Fujifilm Wako Pure
Chemical Corporation (refractive index = ~1.5) as a mountant.
Encountered diatom valves remaining 1/2 whole form were identified at
genus or species level at x1000 magnification. To estimate the diatom
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Fig. 2. Applied back-scattered SEM image (BSEI) observation. (a) taking soft-X ray photograph on the sediment sample slab of U1340A-10H-1 W, 134-149 cm. (b)
preparation of thin sections and the correspondence of lamination with the original sediment slab (a). (c) making a compiled mosaic of enlarged BSEIs (dashed box
size) over the thin section with five columns of short lines showing identified lamination boundaries to measure lamina thickness. (d) taking detail BSEI from the top
to bottom of the thin section to observe the dominant diatom type in each lamina. (e) subsampling of a few mm thick sediments along with lamination, and the BSEL
The small lines and numbers between (a) and (b) show the boundary and ID of subsamples.

assemblage (relative abundance of major diatom taxa) in the sub-
samples, the counted number of diatom valves was usually >200 valves
for each subsample.

It is important to emphasize the distinction between the diatom
analysis of the smear slides and of the BSEI of polished thin sections
(PTS). The smear slide analysis using conventional methods including
optical microscopy represents a traditional method, but the smear slides
involve taking a sediment sample that includes several laminae and
generally several mm. On the other hand, the BSEI of PTS analysis in-
volves resolving diatom composition on a scale of 1/10th mm or less. In
this way, the BSEI often resolve individual seasonal-scale flux events
dominated by a single or a few taxa, whereas the smear slides homog-
enise may flux events, and so act to “average” the composition over a
significant time interval that is likely to encompass several years.

The shortcoming of the BSEI method is that the diatom valves are
generally seen in cross section which can make the identification of
individual taxa difficult. To aid BSEI identification (Fig. 3), subsamples
of laminae are taken for topographic SEM analysis (Fig. 4). Furthermore,
because some taxa are similar in cross section, they cannot be distin-
guished in BSEI, hence the “discoidal” group described above that pools
three taxa.

3.2. Rare Earth Element (REE) analysis

The dry bulk sediments (0.22-45.09 mg) from the subsamples were
dissolved in a 3:1 mixture of ultrapure concentrated HNO3 and HF
(TAMAPURE-AA-100 from Tama Chemicals, Ltd., Tokyo) for >24 hon a
hotplate (130-140 °C). Rare earth elements (REEs) were separated by a
conventional cation-exchange resin column (Mitsubishi diaion CKO8P,
75-150 pm) using 1.7 M HCI and 6 M HCL as the eluent (Yamamoto
et al., 2005; Horikawa et al., 2015). The sample solution was then re-
dissolved with an In-spiked dilute ultrapure nitric acid solution (2%

HNO3), and the REE concentration was determined with a Thermo
Scientific ELEMENT 2 sector field inductively coupled plasma mass
spectrometer (SF-ICP-MS) at the University of Toyama. The relative
standard deviation (n = 3) of the REE concentration measurements for
the reference rock material (BCR2) was <3%, and the difference from
the reference value was <5% for all REEs except for La (14%). The REE
concentrations were not corrected.

Core-top REE composition and downcore neodymium (Nd) isotopic
compositions in the Bering Sea vary in response to the changes in rela-
tive contributions of sediment from the Aleutian Arc or Alaska sources,
and thus REE and Nd isotopic compositions have been used to recon-
struct paleoceanographic conditions (Asahara et al., 2012; Horikawa
et al., 2015). According to the core-top REE data by Asahara et al.
(2012), the Europium anomaly (Eu/Eu*) can be used for identification
of sources of clastic detrital sediments in the Bering Sea. A high Euro-
pium anomaly (Eu/Eu*) of ~1.0 is observed near the Aleutian arc, while
lower ratios of 0.85-0.88 are measured in the Chukchi Sea and off the
Mackenzie Delta in the Beaufort Sea. Intermediate Eu/Eu* ratios of
0.90-0.93 and 0.93-0.98 are observed in northern and southern areas of
the Eastern Bering Sea shelf, respectively (Asahara et al., 2012). In
addition, this study also examined differences in REE patterns based on
the ratio of light REEs to high REEs (LREE/HREE), as Asahara et al.
(2012) did for La/Lu in their evaluation of the origin of the lithogenic
matter in the sediments. The calculated LREE/HREE based on the
dataset of Asahara et al. (2012) shows that the LREE/HREE of the
northeastern shelf is ~6.9 whereas that of the southeastern shelf is ~3.5.

3.3. Cyclicity analysis
The cyclicity in the lamina thickness and diatom composition in PTS

was checked using the statistics software “R” and the package for the
continuous wavelet analysis “WaveletComp 1.17 (Roesch and
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Fig. 3. Back-scattered SEM images on thin sections. Scale bars = 20 pm except for (b), (e), and (f) showing 40 pm. The dominance of (a) Neodenticula seminae and
Shionodiscus, (b) Actinocyclus, (c) Thalassiothrix, (d) Chaetoceros resting spores, (e) Eupyxidicula, (f) Coscinodiscus, (g) Thalassiosira antarctica resting spores and (h)
lithogenic material. The arrow in (b) and (f) shows a cross-section of diatom frustule in cell division.
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Fig. 4. Back-scattered topographic SEM images on the surface of the crack of laminated subsamples. Scale bars = 10 pm except for (f) showing 20 pm. (a) Neo-
denticula seminae and Shionodiscus, (b) Actinocyclus and Shionodiscus, (c) Thalassiothrix, (d) Chaetoceros resting spores, (e) Eupyxidicula, (f) cross-section of Coscino-
discus, and (g) framboidal pyrites on diatom valve of Shionodiscus.
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Table 1
Diatom taxa/ categories identified in cross section in BSEI of polished thin
sections (PTS) of resin-embedded sediment.

Diatom taxa/ categories in BSEI cross
section

comment

Neodenticula

Discoidal (taxa that could not be easily
distinguished from each other in cross
section)

Thalassiothrix

Setae (spines)

Chaetoceros spp. resting spores

Eupyxidicula

Coscinodiscus

Odontella

Asteromphalus

Thalassiosira antarctica resting spores

Proboscia and Rhizosolenia spp.

Others

Includes the genera Actinocyclus spp.,
Shionodiscus spp. and Thalassiosira spp.

Mainly the setae of Chaetoceros spp.

Rhizosolenid diatoms

Schmidbauer, 2018). The dataset on diatom PTS was detrended with the
“loess.span” setting (a« = 0.75) in the WaveletComp. The p-value was
calculated with a MA(1) model. In cases where the organic lamina had
been divided into some sub-layers, these were combined to form one
lamina before the cyclicity analysis to keep the even time interval as
annual data which is a couplet of organic and lithogenic layers (the
varve).

4. Results
4.1. Structure and thickness of laminated sediments

Detailed BSEI of polished thin sections of resin-embedded sediment
revealed a regular alternation between laminae comprised of pure
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diatom ooze, with laminae rich in lithogenic material (Fig. 5). Although
many of the studied laminations are parallel, some laminations are un-
clear by the slight bioturbation including that of benthic foraminifers.
There was no evidence for discontinuities or micro-unconformities in
the sequences. There was also no evidence of bottom current activity,
such as erosive contacts or current winnowing effects. Overall, the
detailed BSEI fabric analysis appears to indicate the presence of unin-
terrupted sequential flux events.

The thickness of studied lamina facies is approximately 29.2 and
12.0 cm for Sections 10H and 14H, respectively. The studied sample for
Section 10H was divided into two parts by core cutting between Sections
10H-1 and 10H-2 (Fig. 6a, b). The disturbed core-cutting part between
the sections is not recovered by another hole because other drilling holes
at Site U1340 did not reach the depths of the studied age interval
(Takahashi et al., 2011). The lamination for Section 14H was interrupted
by 27 mm thickness of homogenous sediment (Fig. 6e, f).

The number of identified laminations is 514 and 230 for Sections
10H and 14H, respectively. The thickness of lamination varied from 0.16
to 1.69 mm with a mean thickness of 0.57 + 0.27 mm (1SD) and the
median of 0.51 mm for Section 10H, and from 0.12 to 2.33 mm with the
mean of 0.52 + 0.30 mm (1SD) and the median of 0.44 mm for Section
14H (Fig. 6b, f). The mean thickness of the diatom laminae (0.61 + 0.30
mm) for Section 10H is slightly larger than that of the lithogenic-rich
layer (0.54 + 0.29 mm, p < 0.05). The mean thickness of the diatom
and lithogenic-rich laminae for Section 14H is almost the same (diatom
layer: 0.52 + 0.34 mm, lithogenic layer: 0.53 + 0.26 mm). Planktic
foraminifer shells were abundant in a few biogenic laminations. Tem-
poral abundant settlement of planktic foraminifera shells and volcanic
ash might contribute to some of the unusual thick laminations.

Winter
Fall

oscinodiscus
Eupyxidicula

mall centrics Summer

& diatom

hash

Lithogenic Winter
Actinocyclus Summer
Thalassiothrix|

Fig. 5. Detail of changes in flux through an annual cycle. The left panel shows alternation of lithogenic and diatom laminae. The right panel shows changing diatom

flux within one annual cycle.
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respectively. Values denoted as n are normalized by CI-chondrite (Anders and Grevesse, 1989). The upper and lower panels show the results for Sections U1340A-

10H and 14H, respectively.

4.2. Diatom Ooze laminae

The ooze laminae most commonly comprise concentrations of intact
diatoms of a single or a few dominant species with other more minor
species in subordinate amounts (Figs. 3, 4). In some instances, it is
evident that diatom cells were undergoing active division (Figs. 3b, f).
Some of the diatom ooze laminae are composite with sub-laminae of
differing species (Fig. 5). Up to three sub-laminae of different diatom
flora were recorded. In such cases, the lower sub-lamina commonly
include resting spores, while the upper laminae may contain large
Coscinodiscus. In some laminae there is a variable, but generally minor
component of fragmented diatom material. There is also commonly a
very minor component of terrigenous material, mainly very fine silt and
clay.

4.3. Lithogenic laminae

The lithogenic laminae are poorly sorted and comprise mainly clay
and fine to very fine silt (<16 pm) with minor medium silt (<32 pm).
This is mixed with variable amounts of diatomaceous material which is
often fragmented. Larger grains of coarse silt up to, but never exceeding
fine sand (<250 pm) occur more rarely and are commonly present in the
lithogenic laminae or may also occur as isolated grains within the dia-
tomaceous laminae. In some cases (Fig. 7), the coarser silt or sand grains
occur along the same level, evidently recording synchronous deposition.
These layers of coarser grains commonly occur associated with or just
below the main lithogenic lamina in the sequences. The layer of coarse
grains shown in Fig. 7 separate biogenic laminae of different diatom
composition.

Fig. 7. General view and detail of a train of isolated fine sand and silt grains.
The grain with prominent cleavage is a K-feldspar, the others are mainly altered
volcanic grains including calcic plagioclase and pyroxene with chlorite and
clay. Note the difference in diatom flora below and above the grains.

4.4. Diatom composition and REE

4.4.1. Marine Isotope Stage 13 (Section 10H-1 and -2)

According to diatom BSEI PTS analysis (because no smear slide
subsamples are available for the Section 10H-2), major diatom taxa in
the initial period of laminated sedimentation were Chaetoceros and
Thalassiothrix (Fig. 8c). The temporal increase of Neodenticula seminae
higher than 20% started after ~28 varve numbers from the initial
lamination of this section. The “discoidal taxa” in diatom BSEI PTS
analysis are Thalassiosira (except for T. antarctica resting spore), Shio-
nodiscus, in addition to Actinocyclus (Figs. 6¢, 8c). In the smear slide
diatom assemblage (Fig. 6), the relative abundance of Fragilaripsis
cylindrus + F. oceanica increased in the upper part of the studied interval
for Section 10H-2 (Fig. 6¢). Rhizosolenia, Proboscia and Chaetoceros
resting spores in the diatom assemblage of smear slides were minor
compared to their relative abundances in Section 14H-1 as shown below
(Fig. 6¢, g), except in the uppermost part.

The REE ratios were conducted for a limited number of subsamples
(Figs. 6, 9). The ratios of Eu/Eu* (0.88-1.07) and LREE/HREE
(3.07-4.53) suggest that much of the lithogenic matter had been sup-
plied from both the Aleutian Islands and the southern Bering Sea shelf.

4.4.2. Marine Isotope Stage 19 (Section 14H-1)

The diatom assemblage in smear slide subsamples of the earlier part
for Section 14H was characterized by the common occurrence of the
Rhizosolenia + Proboscia group in addition to temporal increases of
Chaetoceros resting spores, Paralia sulcata, and Thalassiosira antarctica
resting spore (Fig. 6g). Neodenticula seminae was partially dominant for
the lower part of Section 14H-1 subsamples, and then their dominance
was continuously observed in the upper part of Section 14H-1 (Fig. 6g).
The relative abundances of Thalassiosira and Shionodiscus in the diatom
assemblage of smear slides from Section 14H-1 were lower than those in
Section 10H-1 (Figs. 6¢, g). In the smear slide subsample near the initial
lamination (corresponding to varve #2.5-5), oceanic diatom N. seminae
was a relatively minor component in the diatom assemblage whereas
cold-water taxa such as Fragilariopsis oceanica, F. cylindrus, and Chaeto-
ceros spp. resting spores were relatively abundant. Thalassiosira
antarctica resting spore was common around the initial laminated period
(~ Varve #10).

Diatom BSEI PTS counts showed that the dominant species was
variable, commonly changing on time scales of a few years to decades.
The dominant taxa in BSEI PTS counts were the discoidal group (Acti-
nocyclus spp., Shionodiscus spp., Thalassiosira spp. except for T. antarctica
spore) with Neodenticula seminae, Thalassiothrix group, and setae of
Chaetoceros spp. (Fig. 8f). Thalassiosira antarctica resting spore was
temporally abundant at the lower part, which was also observed in the
subsample smear slide (Fig. 6g). Paralia sulcata was temporally domi-
nant in BSEI at varve numbers of ~14-15 and ~ 31 (Fig. 8f).

The REE data for this MIS19 interval showed that Eu/Eu* ranged
from 0.85 to 1.06 (Fig. 6h, 9). The mean of Eu/Eu* ratio in the lower
laminated part (0.94 + 0.04) was slightly lower than that in the upper
part (0.98 & 0.04). The LREE/HREE ranged from 1.97 to 4.61 (Fig. 6h,
9). This is again consistent with supply from both the Aleutian Islands
and the southern Bering Sea Shelf.

4.5. Cyclicity

There was no clear periodicity in time series fluctuation of lamina
thickness throughout each laminated section. However, detrended
accumulated thickness showed a period of ~19 years (p < 0.01) for the
lower part of 14H-1 (Fig. 10c-e). The accumulated thickness for other
parts showed longer decadal variations although the statistical
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significance on the periodicity was not obtained due to the short dura- (Fig. 11). In Section 10H-1 a sustained periodicity of ~26.5 years for
tion of the laminated section (Fig. 10). Thalassiothrix was clear (Fig. 11a). A bi-decadal periodicity in this sec-
The PTS diatom assemblage also showed distinct periodicities tion for the recurrence of Thalassiothrix abundance is also evident from
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the diatom BSEI PTS count plots (Fig. 8c). Neodenticula also showed a
periodicity of ~30 years. Neodenticula and setae in Section 14H-1, also
partly showed decadal periodicity (Fig. 11). In all records there are non-
stationary (more discontinuous) periodicities in the 4-8 year and quasi-
biennial bands.

12

5. Discussion
5.1. Annual/ varve interpretation for the diatom-lithogenic couplets

5.1.1. Diatom Laminae

The diatom laminae evidently represent flux from active surface
blooms or concentrations. The typical dominance of one or a few species
in individual laminae emphasize the key taxa involved in driving the
bloom events. The Chaetoceros spp. resting spores represent flux from
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early season spring blooms, which might be different from the modern
situation showing a seasonal flux maximum in late spring - early summer
in the Aleutian Basin as a possible reflection of nutrient-rich water
advection from the Aleutian Island passes (Onodera and Takahashi,
2009). The main spring and summer blooms comprise, often near
monospecific, concentrations of vegetative cells of Shionodiscus trifultus,
Thalassiosira spp., Actinocyclus curvulatus, and Neodenticula seminae. The
evidence of active division in some of the cells present, including those
of S. trifultus and Coscinodiscus spp. (Figs. 3b, f) highlights the healthy
bloom dynamics. Also present in bloom concentrations in some laminae
are Rhizosolenia spp., Proboscia spp., Thalassiothrix longissima, and
Eupyxidicula spp. (Fig. 5), and these species likely indicate stronger
summer stratification (Kemp et al., 2000). The presence of abundant
intact cells evidences minimum involvement of zooplankton so that it is
likely that the laminae represent “self-sedimentation” events that would
have occurred towards the end of spring/ summer bloom events when
nutrients were running out, especially so, in the case of laminae domi-
nated by resting spores (Figs. 3d, g). The composite laminae that include
layers or sub-laminae of different diatom taxa likely record a seasonal
succession of diatom production (Fig. 5). The common occurrence of
large Coscinodiscus spp. in the upper (later) flux layer likely records the
breakdown of stratification with the advent of winter storms in a “fall
dump” flux (Kemp et al., 2000).

5.1.2. Lithogenic laminae

The clay and fine silt component are likely the product of hemi-
pelagic settling and this would be more active during the period of
winter storms and enhanced river runoff (Mesquita et al., 2010). How-
ever this would be unlikely to contribute grains larger than around 40
pm (Hebbeln, 2000). It is therefore necessary to provide an explanation
for the presence of sand up to, but not exceeding fine sand grade (250
pm).

The likely mechanism for the 250 pm cut-off is the formation of
turbid ice by suspension freezing and subsequent sediment entrainment
(Smedsrud, 2001). This involves the formation of frazil ice crystals in
turbulent supercooled water that is typically generated in autumn or
early winter storms (Kempema et al., 1989; Smedsrud, 2001). The newly
formed frazil ice crystals scavenge sedimentary particles suspended by
the storm waves and rise to the surface to form a sediment-laden gran-
ular ice that may then freeze further to give turbid ice (Fig. 12). Ex-
periments have shown that no grains larger than fine sand (250 pm) can
be suspended by frazil ice with larger grain sizes settling with the ice to
the sea bed (Smedsrud, 2001). This same 250-ym cut-off in our litho-
genic material suggests the same mechanism. Significantly, newly
formed slush ice is highly mobile and is capable of rafting several hun-
dred km from source in the modern Arctic (Sherwood, 2000; Meese
etal., 1997), so that such material would easily have reached the Bowers
Ridge site. The presence of very labile grains including altered igneous
material such as calcic plagioclase and pyroxenes with chlorite and clay
(Fig. 7) further indicates minimal transport and is also consistent with a

Early Winter

( Storm
sediment suspended

Frazil ice lifts
fine sediment

Turbid slush ice

Ice
Concentration

!
Wave —p- )
{

Orbital
Sediment Velocities

Concentration

Long range rafting of turbid slush ice

Fig. 12. Cartoon showing the formation of turbid ice adapted from Smeds-
rud (2003).
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rafting origin, likely from the Aleutian arc. Lithogenic material of similar
grain size, ascribed to the same origin has been described in diatom ooze
of Cretaceous age from the Alpha Ridge of the Arctic Ocean (Davis et al.,
2009).

Interestingly, granulometric studies of recent sediments from the
Bowers Ridge and from the Shirshov Ridge, define 3 lithogenic sediment
particle size end members. Two identified end member components are
primarily clay and silt and are ascribed to hemipelagic sedimentation
sourced primarily from riverine input (Murdmaa et al., 2019; Wang
et al., 2016, 2021). Both these groups define a third end member in the
coarse silt to fine sand range. Murdmaa et al. (2019) ascribe this fraction
to rafting of fast ice, while Wang et al. (2016, 2021) adopt winnowing by
bottom currents. Neither of these mechanisms can account for our SEM
sediment fabric observations, since fast ice would contain abundant
material coarser than fine sand which is not present in our intervals.
Moreover, winnowing would result in sorting of the particles, whereas
the coarse silt and fine sand we observe is clearly unsorted. It may be
that the coarse silt/ fine sand fraction in these recent Bering Sea sedi-
ments are, in fact, due to rafting of turbid ice.

5.1.3. Summary of the annual flux cycle

We may now combine the interpretations of the diatom and litho-
genic laminae to reconstruct the annual flux cycle in the two intervals
(Fig. 13). Early season blooms are evidenced by the occurrence of
laminae dominated by the resting spores of Chaetoceros spp. and more
rarely of Thalassiosira antarctica that generally occur immediately above

Bowers Ridge Seasonal Flux Cycle
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Early season blooms of T

Chaetoceros spp.

s )

(®)  Spring/ Summer
Main season blooms of
Shionodiscus trifultus,
Thalassiosira spp.
Actinocyclus,
Neodenticula seminae

(© Late Summer
Blooms within subsurface
chlorophyll maximum of

Coscinodiscus spp.

(@) Autumn/ early Winter
Storms break down stratification ‘e 4 ) 4 ) 4 )
“Fall Dump” sedimentation of Cel N N
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Fig. 13. The reconstructed seasonal cycle showing the succession of distinct
flux episodes that combine to give the diatom-lithogenic lamina couplets. The
right-hand panels are schematic plots of temperature with depth indicating the
seasonal development and breakdown of water column stratification.
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the winter lithogenic lamina (Fig. 3d, g, 4d). Where abundant (Fig. 6;
Fig. 8f), the presence of T. antarctica, likely indicates enhanced melt-
water influence during the spring bloom (Krawczyk et al., 2012). Blooms
of Chaetoceros spp. are typical of spring productivity in high northern
latitudes, although at Station AB in the modern Aleutian Basin (Fig. 1)
they tend to occur later in the summer (Onodera and Takahashi (2009).
The diatom laminae containing concentrations of vegetative cells of
Shionodiscus trifultus, Thalassiosira spp., Actinocyclus curvulatus, and
Neodenticula seminae, represent flux from the main spring-summer
bloom episodes and are typical of modern summer blooms in the
Bering Sea and North Pacific (Takahashi et al., 2000, 2002; Onodera and
Takahashi, 2009). The presence of N. seminae, indicates influx of seed
populations from the North Pacific Alaskan Stream (see discussion in
6.2.1, below). The common occurrence of dividing cells of these taxa
(Fig. 3b, f) suggests sedimentation of actively blooming populations,
possibly in response to disruption of stratification by occasional summer
storms. Concentrations of Coscinodiscus spp. generally occur near in the
uppermost part of the diatom laminae (Fig. 5) likely representing flux
driven by autumn or early winter storm events disrupting summer
stratification in “Fall Dump” events (Kemp et al., 2000). In some cases,
Coscinodiscus spp. also occur associated with the lower parts of the
lithogenic laminae (Figs. 5, 6), likely signifying early winter flux. The
coarsest component of the lithogenic material (fine and very fine sand)
was contributed by rafting of turbid ice generated by early winter storms
(Fig. 13d). The finer component of the lithogenic layers includes sedi-
ment suspended by winter storms and input by rivers that formed
hemipelagic settling plumes distributing silt and clay material
throughout the Bering Sea.

The overall particle settling flux for the studied intervals was
significantly higher than that in modern conditions. Annual daily mean
on total settling particle flux for the both periods is estimated as at least
~1 g m2 day ! based on the varve thickness and sediment dry bulk
density as 0.37 g cm > obtained from diatomaceous laminated sediment
at Site U1342 on the northern top of the Bowers Ridge (Takahashi et al.,
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Fig. 14. Box plots on annual mean of daily total mass flux for comparison of
this study and the modern data obtained at Station AB for 1991-1998 and 2003
(Fig. 1, Takahashi et al., 2000, 2002, 2012a,b). Whiskers show the largest and
the smallest data in an inner fence of the box plots. The data outside the inner
fence are shown as the circular symbol and the star symbol for the data over the
outer fences. The rhombic symbol represents the mean value.
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2011) (Fig. 14). Compared to the modern settling particle flux moni-
tored at Station AB (Fig. 1), the estimated settling flux of total mass flux
(TMF) for the studied intervals was ~5 times greater. This further
confirms the greatly enhanced productivity during these laminated in-
tervals and fits the models that associate lamina preservation with
reduced bottom water oxygen due to enhanced productivity and flux
during these episodes (Knudson et al., 2021; Praetorius et al., 2015). The
coefficient of variance for the estimated TMF (38.6 and 62.6 for 10H and
14H, respectively) was larger than that of modern TMF (28.2). This
suggests larger interannual variability in the past TMF, probably as a
reflection of more changeable hydrographic conditions in the upper
water column compared to the modern situation.

5.1.4. Lamination and climatic cyclicity

Some cyclicities estimated in the lamina thickness and BSEI PTS
diatom composition may reflect variation in climate and ocean dy-
namics. Sub-decadal monitoring of sinking diatom flux at Station AB
shows the possible relationship between the diatom sinking flux and
mixing layer depth in annual mean data (Onodera and Takahashi,
2009). In the modern ocean, six groups of periodicities have been found
in the range from about 3 to about 32-years (Seip and Grgn, 2019). The
estimated cyclicity of ~19 years in the lamina thickness might reflect
ocean dynamics. Lunar tidal mixing with 18.6 years periodicity is
important for long-term sea surface temperature change in the modern
North Pacific (Osafune et al., 2014).

In the upper part of the MIS 13/ 10H sequence there is a strong and
persistent 26.5 year periodicity for Thalassiothrix, and a bi-decadal
occurrence of Thalassiothrix maxima is also evident in this section
from the diatom BSEI PTS abundance plots (Fig. 8c). This suggests some
bi-decadal variation in the degree of stratification and/or frontal zone
activity. In the same interval, Neodenticula also shows there is also a ~
30 year periodicity. This suggests a periodic increase in penetration of
Alaskan Stream waters (see 6.2.1, below). A 20-30 year period is typical
of the Pacific Decadal Oscillation (PDO) (Gedalof et al., 2002). The
positive phase of the PDO strengthens the Alaskan Stream (Yang et al.,
2020) and this would likely increase flow through the Aleutian Islands
bringing increased Neodenticula. The strengthened Alaskan Stream also
brings enhanced northward heat transport driving surface warming and
density decrease in the Bering Sea (Yang et al., 2020), and the subse-
quent increase in stratification would favour Thalassiothrix.

The non-stationary quasibiennial and 4-8 year periodicities seen in
the diatom BSEI PTS likely reflect ENSO influence. A study of thickness
variability of laminae from X-ray images in sediments of Bglling Allerpd
age from the Bering northern continental slope gave a periodicity of 11
years ascribed to solar influence on ice melt and productivity (Katsuki
et al., 2014), but there was no corresponding signal in our sequences.

5.2. Paleoclimatic and hydrographic reconstruction from diatom
assemblages

5.2.1. Significance of Neodenticula seminae as an environmental indicator

In the modern Aleutian Basin, the dominant diatom species in
settling particles at Station AB (Fig. 1) is usually Neodenticula seminae,
with occasional and short-lived dominance of Chaetoceros resting spores
(Takahashi et al., 2000, 2002; Onodera and Takahashi, 2009). Neo-
denticula seminae is an Alaskan Stream indicator and its abundance in the
Bering Sea evidences strong penetration of Alaskan Stream waters
through the passes of the Aleutian Islands. By contrast, in glacial-age
Bering Sea sediments, the relative abundance of N. seminae is typically
<10% due to more limited access through the depth-restricted passes at
times of lowered sea level. Lower SST in glacial age might also function
as a barrier to northern habitat limit of N. seminae because the recent
common occurrence of N. seminae in the Nordic and Labrador Seas has
been limited warmer than ~8 °C summer sea-surface temperature
(Matul and Kazarina, 2020). In the last deglaciation progressively
increasing abundances are seen attaining values consistently >30%
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from 8 ka. (Caissie et al., 2010). We therefore use the relative abundance
of N. seminae together with other diatom indicators to enable environ-
mental reconstruction.

5.2.2. Interval 14H-1, MIS 19

During MIS 20 an ice sheet was present in southwestern Alaska with
extensive ice also fringing the Aleutian Basin on the Koryak mountains
(Batchelor et al., 2019) and there is biomarker (IP5s5) evidence for sea ice
presence over the Bowers Ridge (Detlef et al., 2018). In the earliest part
of the lower laminated interval the intermittent occurrence of Tha-
lassiosira antarctica resting spores (up to 38%) and Fragilariopsis oceanica
and F. cylindrus with abundances of 10-15% suggests the influence of a
winter sea-ice margin (Figs. 3g; 6, 8f). Based on the modern biogeo-
graphic relationship between % F. oceanica + F. cylindrus in surface
sediments and distance from the winter ice margin (Ren et al., 2014),
this would put the contemporaneous sea ice margin within 500 km of the
site (Fig. 1a) before rapidly receding thereafter. Just before the start of
the lower laminated section, common occurrences of Rhizosolenia and
Proboscia which are adapted to stratified waters (Kemp et al., 2000) are
consistent with the input of meltwater (Fig. 6). The changes in diatom
relative abundance in this interval fit the transition from glacial to
interglacial, with abundances of N. seminae increasing from 10 to 30% in
the lower section to 30-80% in the upper part evidencing increased
penetration of Alaskan Stream waters concomitant with rising sea level
and the possible decrease of shelf water advection (Fig. 6). This suggests
that this interval progresses well into the termination.

Intermittent, elevated abundances (10-30%) of Paralia sulcata also
occur in the lower laminated interval. Paralia sulcata is rare in the
modern diatom flora on the Bowers Ridge (station AB, Onodera and
Takahashi, 2009) but is common in the world’s shallow seas including
the modern Bering Sea shelf (Sancetta, 1982; Lopes and Mix, 2018) as it
has tychopelagic ecology. In keeping with the interpretation of Cassie
et al. (2016) for the MIS 11 sediments at Site U1345, this may indicate
lateral input of shelf waters. The analyzed REE compositions (Eu/Eu* of
~0.95 and LREE/HREE of 1.97 to 4.61) suggest that much of lithogenic
materials were also transported from the southern shelf side of the
Bering Sea and the Aleutian Islands. This source is consistent with the
mineralogy of the coarser lithogenic sediment that include altered
igneous grains (Fig. 7).

Although the time span of the homogenous interval separating the
two laminated sections is uncertain, its duration might be ~165 years
based on the age model from the studied core sections. Similar to the
diatom assemblage in the initial part of the lower laminated interval, the
upper laminated interval contains initial higher abundances of Rhizo-
solenia group and Actinocyclus curvulatus (Fig. 6g) suggesting stratified
surface waters prior to the onset of lamina preservation. The elevated
abundances of N. seminae (30-80%) in the upper laminated interval
indicates increased influence of the Alaskan Stream and this is consistent
with Eu/Eu* values (~1.0) of REE (Fig. 9) that also suggest the inten-
sified input of North Pacific waters via the Aleutian passes. Negligible
amounts of P. sulcata demonstrate reduced input from shelf waters. The
reduced abundance of Chaetoeros resting spores in the upper interval is
consistent with reduced coastal influence to be expected with increasing
sea level.

5.2.3. Interval 10H-1, 2 early MIS 13

Smear slide samples were not taken for the lower laminated interval
but estimates from diatoms counted from BSEI were made (Fig. 8c). In
the first 30 years abundant Thalassiothrix and low abundance of
N. seminae suggests stratified surface waters with minor input of Pacific
water from the Aleutian passes. Thereafter, increased abundance of
N. seminae evidences stronger influence of Alaskan Stream waters. While
Thalassiothrix may be characteristic of stratified surface waters, its mass
sedimentation often occurs at frontal zones (Kemp et al., 2006). Other
diatom-based palaeoceanographic studies of the Bowers Ridge on
glacial-interglacial time scales propose the existence of a frontal zone

15

Marine Micropaleontology 186 (2024) 102323

between the seasonal sea ice zone and the open waters (Katsuki and
Takahashi, 2005; Stroynowski et al., 2015), so it may be that such a
frontal zone promoted the mass flux of Thalassiothrix observed here.

In the upper part of this interval (Fig. 6¢), there is a marked reduction
in the relative abundance of N. seminae, indicating decreased influence
of the Alaskan Stream. There is also a concomitant increase in the sea ice
indicators Fragilariopsis oceanica and F. cylindrus, to values of around
10%, suggesting the presence of a sea ice margin <500 km from the site.
There is also an increase in the occurrence of thicker lithogenic laminae
in this interval, testifying to increased rafting of turbid ice. These in-
dicators are consistent with further cooling during this episode, with
lowering sea levels and/or increased shelf water advection around the
Bowers Ridge leading to reduced penetration of Alaska Stream waters.
The 20-30 year periodicities in Thalassiothrix and Neodenticula abun-
dance discussed above, likely represent intervals where a strengthened
Alaskan Stream was better able to penetrate to the Bering Sea.

This interval is within a period where there is no pebble-sized IRD
present in IODP Expedition 323 sites from the Bering Sea shelf (Dadd
and Foley, 2016), and we find no particles coarser than 250-pm, sug-
gesting the absence of rafting of glacial or fast ice. Nevertheless, the
thick lithogenic laminae and REE provenance data that we find attest to
recurrent rafting of turbid ice from either or both of the Aleutian Islands
and the shallower regions of eastern Bering Sea Shelf through this
interval.

At the same time as the cooling, there is an increase in the abundance
of Chaetoceros spp. resting spores attesting to high productivity. The
occurrence of Odontella, a neritic taxon, present in the modern, on or
near the Bering shelf (Sancetta, 1982) together with the presence of
Paralia sulcata evidence increased shelf influence with lowering sea
levels. The evidence of high productivity is consistent with evidence
from the northernmost Bowers Ridge at this time, where benthic fora-
minifera assemblages from site U1342 show high productivity during
the early MIS 13 (Kender et al., 2019). The overall polarity of change
within this interval with initial warming and cooling at the top is
consistent with the initial warming followed by centennial-millenienial
scale cooling in the early part of MIS 13 (Fig. 1).

One key difference with the 14H flora is the greater abundance of
Shionodiscus trifultus, typically consistently between 10 and 30% in the
10H sequence, but generally <5% in 14H. Shionodiscus trifultus is an
indicator of summer stratification (Sancetta, 1983), that may be
enhanced by the presence of a dicothermal layer (Cassie et al., 2016).
This suggests that the less warm, 10H interval, was characterized by
more intense summer stratification, possibly enhanced by meltwater
input. The greater abundance of Coscinodiscus spp. as well as of Rhizo-
solenia and Proboscia (Fig. 6¢), all “Fall Dump” taxa (Kemp et al., 2000)
further suggests elevated late season productivity in the stratified
waters.

6. Conclusions

Laminated sediments from the Bowers Ridge of the Bering Sea have
been examined using a combination of conventional micropaleonto-
logical methods with scanning electron microscope analysis. The
analyzed intervals dated from ~528 ka, corresponding to early MIS 13,
and ~ 782 ka to early MIS 19. Diatom indicators suggest that the site was
likely within 500 km of an ice margin only in the earliest and later part
of the MIS 13 laminated interval and in the earliest part of the MIS19
interval consistent with the inferred polarity of climate change in this
intervals. There is no lithogenic material larger than fine sand in size
indicating an absence of rafting of glacial or fast ice during both in-
tervals, but there is recurrent evidence for regular rafting of turbid ice.
Productivity was high in both intervals with total mass fluxes around 5
times higher than modern values supporting current views that lamina
preservation in Bering Sea sediments was due to increased productivity,
organic matter flux and resulting depletion of oxygen in bottom waters.
Input of lithogenic matter was abundant compared to the today’s level,



J. Onodera et al.

and the origin of lithogenic matter was the southern shelf of the Bering
Sea and the Aleutian Arc.

Detailed analysis of SEM images enables a paleo-sediment trap
reconstruction of flux events and reveals the seasonal cycle of diatom
productivity and lithogenic flux. Early season spring blooms are repre-
sented by the resting spores of Chaetoceros spp. and more rarely, Tha-
lassiosira antarctica. The main spring and summer blooms comprise,
often near monospecific, concentrations of vegetative cells of Shiono-
discus trifultus, Thalassiosira spp., Actinocyclus curvulatus, and Neo-
denticula seminae. Elevated concentrations of S. trifultus likely indicated
episodes of enhanced stratification, while increased abundances of
N. seminae indicate enhanced input from the North Pacific Alaskan
Stream during times of reduced land ice and elevated sea level. High
abundances of the stratified-adapted Coscinodiscus spp. in the uppermost
part of the diatom laminae evidences the action of autumn storms that
break down stratification resulting in mass sedimentation in the “Fall
Dump” of diatoms. Some lithogenic material may co-occur with the
Coscinodiscus spp. indicating contemporaneous sediment suspension.
Indeed, the action of autumn or early winter storms is also indicated by
the presence of the coarse silt to fine sand component (40-250 pm) in
the lithogenic laminae. This size fraction, with a cut off above fine sand,
uniquely indicates rafting of turbid ice that results from the uplift of
lithogenic particles by frazil ice in turbulent super-cooled waters. Much
of the finer clay and silt fraction was likely input from hemipelagic
suspensions arising from river input and conventional storm activity.

Some distinct periodicities occur in lamina thickness variation and in
diatom occurrence. The strongest and most persistent periodicities in the
20-30 year band likely represent the influence of the Pacific Decadal
Oscillation on strengthening the Alaskan Stream and driving increased
penetration of warmer waters to the Bering Sea. The cyclicity in the
quasibiennial and 4-8 year bands in may reflect an influence of climate
variability driven by El Nino events. Variability in diatom floras also
suggests a decadal-scale variability in the intensity of stratification and
frontal zone activity.
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