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Abstract

High-resolution paleoceanography of the Plio-Pleistocene 
is important in understanding climate forcing mechanisms 
and the associated environmental changes. This is particu-
larly true in high-latitude marginal seas such as the Bering 
Sea, which has been very sensitive to changes in global cli-
mate during interglacial and glacial or Milankovitch time 
scales. This is due to significant changes in water circula-
tion, land-ocean interaction, and sea-ice formation. With the 
aim to reveal the climate and oceanographic history of the 
Bering Sea over the past 5 Ma, Integrated Ocean Drilling 
Program (IODP) Expedition 323 cored a total of 5741 meters 
of sediment (97.4% recovery) at seven sites covering three 
different areas: Umnak Plateau, Bowers Ridge, and the 
Bering slope region. Four deep holes range from 600 m to 

745 m spanning in age from 1.9 Ma to 5 Ma. The water depths 
(819 m to 3173 m) allow characterization of past vertical 
water mass distribution such as the oxygen minimum zone 
(OMZ). The results highlight three key points. (1) The first 
is an understanding of long-term evolution of surface-water 
mass distribution during the past 5 Ma including past sea-ice 
distribution and warm and less eutrophic subarctic Pacific 
water mass entry into the Bering Sea. (2) We characterized 
relatively stagnant intermediate water mass distribution 
imprinted as laminated sediment intervals that have been 
ubiquitously encountered. Today, the OMZ impinges upon 
the sediments at ~700–1600 m water depths. In the past, the 
OMZ appears to have occurred mainly during interglacial 
periods. Changes in low oxygen-tolerant benthic foramini-
feral faunas clearly concur with this observation. (3) We also 
characterized significant changes between glacial episode of 

terrigenous sedimentary supply and inter-
glacial episode of diatom flux.

Introduction and Goals

The rate and regional expression of 
recent global warming is difficult to under-
stand and even more difficult to predict 
because of the complex nature of the cli-
mate system, whose components interact 
nonlinearly with various time lags and on 
various timescales. Paleoclimatic and 
paleoceanographic studies provide oppor-
tunities to study the dynamics of the cli-
mate system by examining how it responds 
to external forcing (e.g., greenhouse gases 
and solar radiation changes) and how it 
generates internal variability due to inter-
acting Earth-system processes. Of note is 
the amplified recent warming of the high 
latitudes in the Northern Hemisphere 
(Solomon et al., 2007), which is presumably 
related to sea-ice albedo feedback and tele-
connections to other regions; both the 
behavior of sea ice-climate interactions 
and the role of large-scale atmospheric and 
oceanic circulation in climate change can 
be studied with geologic records of past cli-
mate changes in the Bering Sea.

Science Reports Science ReportsScience Reports 

Figure 1. Map illustrating the locations of the seven sites drilled and cored during IODP 
Exp. 323 in the Bering Sea, along with cross-sections of the passes with volume transport 
(Sv) in the Aleutian Island arc and the Bering Strait. Note that the horizontal and vertical 
scales of the Bering Strait are twice that of the Aleutians (from Stabeno et al., 1999; 
Takahashi, 2005).
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of the Bering Strait gateway region may have affected North 
Pacific and global conditions.); and (5) to constrain global 
models of subseafloor biomass and microbial respiration by 
quantifying subseafloor cell abundance and pore water 
chemistry in an extremely high productivity region of the 
ocean. We also aim to determine how subseafloor commu-
nity composition is influenced by high productivity in the 
overlying water column.

Seven sites whose terrigenous and biogenic components 
capture the spatial and temporal evolution of the Bering Sea 
through the Pliocene and Pleistocene* were successfully 
drilled with a total core length of 5741 m during Exp 323 
(Expedition 323 Scientists, 2010; Takahashi et al., 2011; 
Fig. 1; Table 1). Additionally, Exp 323 collected a rich archive 
of information regarding the role of microbes on biogeo- 
chemical cycles in ultra-high-productivity environments, the 
postdepositional processes that impact geochemical, litho-
logic, and physical properties of the sediment, and past 
oceanic chemistry preserved in pore waters. This paper pre-
sents background on environmental setting and important 
scientific questions concerning the Bering Sea, followed by 
pertinent highlights of the scientific findings of Exp 323 
mostly obtained onboard JOIDES Resolution during the 
cruise. 

Geological and Physical Setting 

With an area of 2.29x106 km2 and a volume of  
3.75x106 km3, the Bering Sea is the third largest marginal 
sea in the world, surpassed only by the Mediterranean and 
South China seas (Hood, 1983). Approximately half of the 
Bering Sea is a shallow (0–200 m), neritic environment, with 
the majority of the continental shelf spanning the eastern 
side of the basin off Alaska from Bristol Bay to the Bering 
Strait (Fig. 1). The northern continental shelf is seasonally 
ice-covered, but little ice forms over the deep southwest 
areas. In addition to the shelf regions, two significant topo-
graphic highs have better CaCO3 preservation than the  

deep basins. First is the Shirshov Ridge, 
which extends south of the Koryak Range 
in eastern Siberia along 170°E and separa-
tes the southwestern part of the Bering Sea 
into two basins, Komandorski (to the west) 
and Aleutian (to the east). Second is the 
Bowers Ridge, which extends 300 km north 
from the Aleutian Island arc (Fig. 1). The 
Aleutian Basin is a vast plain 3800–3900 m 
deep with occasional gradually sloping 
depres-sions as deep as 4151 m (Hood, 
1983). 

Prior to IODP Expedition 323 (Exp 323 hereafter), little 
was known about the sedimentology and climate history of 
the Bering Sea outside of a few piston core studies (Cook 
et al., 2005; Okazaki et al., 2005; Katsuki and Takahashi, 
2005; Takahashi et al., 2005) and Sites 188 and 185 (Scholl 
and Creager, 1973), which were drilled by the Deep Sea 
Drilling Project (DSDP) in 1971 with old drilling technology 
and poor recovery. Past studies using piston cores in the 
Bering Sea indicated that, while current conditions in the 
Bering Sea promote seasonal sea-ice formation, during the 
Last Glacial Maximum (LGM) conditions sustained peren-
nial or nearly perennial sea-ice cover (Tanaka and Takahashi, 
2005), attesting to the potential utility of sedimentary 
records in the Bering Sea to examine past sea-ice distribu-
tions. In paleoceanographic studies of the North Pacific, the 
Bering and Okhotsk seas have been implicated as sources of 
dense oxygenated intermediate water that possibly impacted 
oceanic and climate conditions throughout the Pacific on 
glacial-interglacial (Gorbarenko, 1996; Matsumoto et al., 
2002) and millennial (Hendy and Kennett, 2003) timescales. 
In addition, changes in Bering Sea environmental conditions 
could be related to sea-level and circulation changes, which 
alter flow patterns through narrow straits that connect the 
Bering Sea to the Arctic Ocean to the north and the Pacific 
Ocean to the south. The lack of pertinent Bering Sea mate-
rial prevented the evaluation of these and other ideas for a 
long time.

The scientific objectives of Exp 323 are as follows: (1) to 
elucidate a detailed evolutionary history of climate and sur-
face ocean conditions since the earliest Pliocene in the 
Bering Sea, where amplified high-resolution changes of cli-
matic signals are recorded; (2) to shed light on temporal 
changes in the origin and intensity of North Pacific 
Intermediate Water (NPIW) and possibly deeper water mass 
formation in the Bering Sea; (3) to characterize the history 
of continental glaciation, river discharge, and sea ice forma-
tion in order to investigate the link between continental and 
oceanic conditions in the Bering Sea and on adjacent land 
areas; (4) to investigate linkages through comparison to 
pelagic records between ocean/climate processes that occur 
in the more sensitive marginal sea environment and proces-
ses that occur in the North Pacific and/or globally (This 
objective includes evaluating how the ocean/climate history 
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Table 1. Summary of drilled results  for IODP Exp 323 in the Bering Sea.

Area
IODP Site Number

Water Depth 
(mbsl)

Depth DSF 
(m)

Age 
(Ma)

Average 
Sedimentation 
Rate (cm k.y.-1)

Umnak Plateau
U1339 1868 200 0–0.8 28

Bowers Ridge
U1340
U1341
U1342

1295
2140
  819

605
600
128

0–5.0
0–4.3
0–1.2*

12
12
4.5

Bering Slope
U1343
U1344
U1345

1953
3173
1008

745
745
150

0–2.4
0–1.9
0–0.5

35
45
29

*Bulk of sediment samples were <1.2 Ma (top 41 mbsf) in age except for the Middle Miocene 
diatoms located in the samples from directly above the basaltic basement rocks.

*Note: In this paper we opt to continue using the last major 
published timescale, in which the base of the Pleistocene is 
defined by the Global Boundary Stratotype Section and Point 
(GSSP) of the Calabrian Stage at 1.806 (1.8) Ma (Gradstein et al., 
2004).
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Three major rivers flow into the Bering Sea; the 
Kuskokwim and Yukon rivers drain central Alaska, and the 
Anadyr River drains eastern Siberia (Fig. 1). The Yukon is 
the longest of the three rivers and supplies the largest 
discharge into the Bering Sea. Its discharge peaks in August 
because of meltwater and is about equal to that of the 
Mississippi. It has a mean annual flow of 5x103 m3 s-1 (Hood, 
1983).

Today, a substantial amount of water is transported in and 
out of the Bering Sea across the Aleutian Island arc and the 
Bering Strait through passes (Fig. 1). Water mass exchange 
with the Pacific through the Aleutian Islands, such as 
through the Kamchatka Strait, is significant, linking Bering 
Sea conditions to the Pacific climate. The Alaskan Stream, 
an extension of the Alaskan Current, flows westward along 
the Aleutian Islands and enters the Bering Sea partially 
through the Amchitka Strait and to significant extent 
through the Near Strait west of Attu Island in the eastern 
Aleutian Islands (Fig. 1). A part of the Subarctic Current also 
joins the Alaskan Stream, resulting in a combined volume 
transport of 11 Sv (0.011 km3 s-1) (Ohtani, 1965). 

Bottom and intermediate water in the Bering Sea origina-
tes from the North Pacific. After flowing into the Bering Sea 
it is slightly modified by the mixing of relatively fresh, warm 
water with very small amounts of bottom water formed 
within the Bering Sea today (Warner and Roden, 1995). 
Nutrient concentrations of North Pacific origin are high 
compared to all other regions in the global oceans; this 
explains the high productivity in the surface layers and 
consequent very low oxygen concentrations in intermediate 
and deep water masses of the Bering Sea today (Fig. 2). The 
oxygen and nutrient composition of the Bering Sea waters is 
further modified by denitrification (Lehmann et al., 2005) 

and respiration of organic matter in the water column 
(Nedashkovskiy and Sapozhnikov, 1999). Respiration and 
the development of an OMZ are particularly intense at water 
depths of ~1000 m (Fig. 2). 

Much of the Pacific water entering the Bering Sea is 
matched by outflow through the Aleutian Islands. The most 
significant outflow is through the Kamchatka Strait, which 
has a maximum depth of 4420 m (Stabeno et al., 1999) 
(Fig. 1). If some component of NPIW or deep water formed in 
the Bering Sea in past times, particularly when sea level was 
lower, it would have flowed out through the Kamchatka Strait 
or a secondary outlet near the Commander-Near Strait at 
2000 m (Fig. 1). 

The unidirectional northward transport of water masses 
(0.8 Sv) from the Bering Sea through the Bering Strait to the 
Arctic Ocean contributes to the salinity and biogeochemical 
contrast between the Pacific and the Atlantic. The Bering 
Strait region is one of the most biologically productive 
regions in the world (Sambrotto et al., 1984). Much of this 
biologically produced organic matter and the associated 
nutrients flow into the Arctic Ocean because of the northward 
current direction. This may profoundly influence the present 
dominance of carbonate production in the Atlantic versus 
opal production in the Pacific, as described by models of 
basin-to-basin fractionation (Berger, 1970) and “carbonate 
ocean vs. silica ocean” (Honjo, 1990). Flow through the 
Bering Strait, which is ~50 m deep today (Fig. 1), was 
certainly different at times of lower sea level or enhanced 
perennial sea-ice cover. The closing of this gateway and the 
accompanying changes in ocean and river flow through time 
could have caused changes in global patterns of circulation 
or in nutrient and salinity distributions. 

Ages and Sedimentation Rates 

Among the three drill sites explored in the Bowers Ridge 
region, both of the deepest holes drilled—Hole U1340A 
(605 m uncompressed core depth below seafloor (CSF-A), 
hereafter meters below seafloor (mbsf) and Hole U1341B 
(600 m mbsf)—represent the time spans from the Holocene 
to the Pliocene, back to ~5 Ma and 4.3 Ma, respectively 
(Table 1; Fig. 3). Note that the 4.3 Ma bottom age of Hole 
U1341B has been revised by an onshore study from the 
shipboard data (~5 Ma; Expedition 323 Scientists, 2010; 
Takahashi et al., 2011). The expedition’s initial goal of 
penetrating to ~5 Ma was adequately accomplished at  
Site U1340, despite the failure of the extended core barrel 
(XCB) cutting shoe in Hole U1340A, which target depth of 
penetration was 700 m. In the gateway region sites (at the 
Bering slope), two deep holes were drilled: Holes U1343E 
(744 m mbsf) and U1344A (745 m mbsf). Hole U1343E 
reached ~2.4 Ma, where as Hole U1344A reached ~1.9 Ma 
(Figs. 3 and 4). Also note that the 2.4 Ma bottom age of Hole 
U1344A has been revised by an onshore study from the ship-
board data (2.1 Ma). At other drill sites, the bottom ages of 

Figure 2. Vertical profiles of [A] temperature and [B] dissolved 
oxygen along the transect on 180° meridian line in the Bering Sea 
(data from World Ocean Atlas (2005); figures drawn by Ocean Data 
View).

A

B



Scientific Drilling, No. 11, March 2011  7

Science Reports

the sedimentary sequences based on biomagnetostratigra-
phy are as follows: Site U1339 at Umnak Plateau reached 
0.74 Ma, Site U1342 at Bowers Ridge reached 1.2 Ma (with 
the exception of the middle Miocene sediments just above 
the basement), and Site U1345 at Bering slope reached 
0.5 Ma (Table 1).

The sediments recovered from Bowers Ridge display high 
mean sedimentation rates (~12 cm k.y.-1 at Sites U1340 and 
U1341) without apparent hiatuses, and are generally appro-
priate for high-resolution Pliocene–Pleistocene paleocean-
ographic studies with adequate calcareous benthic forami-
niferal preservation in the Pleistocene, but lower preservation 
in the Pliocene. On the other hand, sediments at these sites 
are generally barren of planktonic foraminifera and calcare-
ous nannofossils except for the section between ~2.5 Ma and 
~3 Ma. The abundance of all siliceous microfossils is gener-
ally high, enabling good biostratigraphy and paleoceano-
graphic reconstruction. Furthermore, the upper part of Site 
U1340 (~20–150 m uncompressed core composite depth, 
CCSF-A) had obvious soft-sediment deformation due to 
mass movement possibly caused by local seismic activity. 
Although such deformation hinders the continuous recon-
struction of late Pleistocene high-resolution paleoceanogra-
phy at this site, information from other drill sites can readily 
fill the gap. 

In the region of the Arctic gateway sites proximal to the 
Bering slope, the observed sedimentation rates were over-
whelmingly high: Hole U1343E had sedimentation rates of 
21–58 cm k.y.-1 and Hole U1344A had rates of 29–50 cm k.y.-1. 
Sedimentation rates were so high, in fact, that drilling 
reached ages of only 2.4 Ma and 1.9 Ma, respectively, despite 
penetration to 745 m mbsf at each site. Such high sedimenta-
tion rates stem from the deposition of silt and clay transpor-
ted by the Yukon and other rivers as well as the terrigenous 

Science Reports

Figure 3. Age vs depth plots showing varying sedimentation rates 
observed at Sites U1339–U1345. The dashed line at the bottom of 
Site U1340 indicates the extrapolated bottom age based on the ages 
found further above.

sediments once deposited on the shelf. In spite of the high 
percentage of terrigenous material, pertinent biotic proxies 
including benthic foraminifera and siliceous microfossils are 
adequately preserved, enabling future paleoceanographic 
studies. Therefore, the overall coverage of excellent cores to 
~5 Ma in the Bowers Ridge region and ~2 Ma in the gateway 
region allows detailed, continuous high-resolution paleo-
ceanographic studies relevant to global climate change. 

Depositional Environments and Lithology

The seven sites drilled during Exp 323 provide a continu-
ous high-resolution record of the evolution of marine sedi-
mentation in the marginal Bering Sea (Fig. 4). Overall, the 
sediments recovered in the Bering Sea are a mixture of three 
components: biogenic, siliciclastic, and volcaniclastic. Other 
accessory lithologies identified include authigenic carbon-
ates (dolomite Fe-rich carbonates and Mg calcite), barite and 
sulfides. The most prominent sedimentary features observed 
were decimeter- to meter-scale bedded alternations of sedi-
ment color and texture, reflecting alternations in lithology 
between more siliciclastic and more biosiliceous deposits 
(Fig. 4). The sediments were generally highly bioturbated. 
However, fine laminations preserving alternations between 
millimeter-scale laminae of biogenic and terrigenous mate-
rial were also present in several of the drilled sites (Fig. 5). 

The distributions of the sedimentary components and 
sedimentary structures, and their variability both within 
and between the Exp 323 sites account for changes of the 
biogenic, glaciomarine, terrigenous, and volcanogenic sedi-
ment sources and the environmental conditions present 
during sediment deposition. The scales of these lithologic 
variations indicate that sedimentation in the Bering Sea has 
recorded long-term trends that include the critical period of 
reorganization of Earth’s climate from the warm early 
Pliocene, and the transition into the ice ages. The physio-
graphic settings of the different sites, their water depths, 
and their locations relative to the sediment source areas 
account for the marked regional differences in sediment 
composition, especially between the Pleistocene sections of 
the Bowers Ridge and the Bering slope sites. 

The results of Exp 323 suggest that the history of sedi-
mentation in the Bering Sea is broadly characterized by 
three main sedimentary phases that occurred between 
~5 Ma and ~2.7 Ma, ~2.7 Ma and ~1.74 Ma, and ~1.74 Ma to 
recent (Fig. 4). The oldest portion of the sedimentary record 
(~5 Ma to ~2.7 Ma) was retrieved only at Bowers Ridge Sites 
U1340 and U1341. As illustrated by the age vs depth curves, 
sedimentation rates during the early middle Pliocene were 
relatively high (Fig. 3) and characterized by diatom ooze 
with minor amounts of diatom silt, sponge spicules, and 
vitric ash. Although the Pliocene sediment is commonly bio-
turbated, distinct intervals characterized by extensive lami-
nation also occur. The oldest laminated intervals (<3.8 Ma) 
were observed at Site U1341, although the origin of the lami-
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Holocene (1.74 Ma to recent). Lithologies and sedimentation 
rates vary between the different sites, as indicated by a 
basin-wide comparison of the evolution of sedimentation in 
the Bering Sea during this period (Figs. 3, 4). The lowest 
sedimentation rates (only 4.5 cm k.y.-1) were observed at Site 
U1342, where laminated foraminifera-rich diatom ooze beds 
alternate with silty clay beds at timescales ranging in the 
Milankovitch band (Fig. 5). The same temporal interval 
corresponds to a much thicker section at Sites U1340 and 
U1341, where the bedding alternations are less distinct and 
the abundance of IRD is higher. Although lamination is 
common at Sites U1342 and U1340, laminae are virtually 
absent at the deeper Site U1341. At the Bering Sea slope site, 
sedimentation rates are about three times higher than at the 
Bowers Ridge sites. At Sites U1339, U1343, and U1344, 
siliciclastic-rich beds and mixed siliciclastic-biogenic beds 
alternate cyclically. The sections are pervasively bioturba-
ted, and laminated intervals are rare. Overall, sedimentation 
on the Bering slope is characterized by higher influence of 
(1) siliciclastic material delivered by ice sheets and (2) ter-
rigenous sedimentation derived from the continental shelf 
and slope, which are indented by some of the largest subma-
rine canyons in the world. However, because of their prox-
imity to the continents, it is not clear whether the sediments 
characterized by high siliciclastic content are recording 
periods of ice sheet expansion (stadials) or increased runoff 
(interstadials). IRD is a common feature at all sites during 
this time period, and it increases significantly in sediments 
younger than 1 Ma, as is also observed in coeval sediments 
from the North Pacific based on the results of Leg 145 
(Krissek, 1995).

nations, and whether they represent primary or secondary 
processes is unknown. Notably, especially in the deeper 
parts of the record, compaction or diagenetic phase transfor-
mations might have created secondary sedimentological fea-
tures, overprinting the primary ones. Isolated ice rafted 
debris (IRD) pebbles were observed in sediments older than 
3.8 Ma only at Site U1340. Limited dropstone occurrence 
prior to 2.7 Ma was also reported at two sites drilled in the 
northern Pacific during Leg 145 (ODP Sites 881 and 883) 
and in the Yakataga Formation in Alaska (Lagoe et al., 1993), 
which suggests the development of Alpine glaciers prior to 
the onset of Northern Hemisphere glaciation (NHG) 
(Krissek, 1995).

The middle section of Sites U1340 and U1341 
(~2.7–1.74 Ma) is characterized by beds of diatom ooze with 
minor amounts of calcareous nannofossils and foramini- 
feral ooze alternating with diatom silt beds. The latter are 
composed of subequal proportions of siliciclastic (silt-sized 
quartz, feldspar, and rock fragments and/or clay) and 
biogenic components and minor volcaniclastic components. 
Dropstone occurrence is common—indicating a peak in 
siliciclastic deposition that has also been observed at Leg 145 
sites—and coincides with the beginning of NHG. However, 
the dramatic drop in paleoproductivity recorded at Site 882 
(Haug et al., 1999) is not present at the Bowers Ridge sites 
where, conversely, the biogenic component is high throug-
hout the late Pliocene and Pleistocene. 

All sites drilled during Exp 323 preserve a record of sedi-
mentation ranging from the early Pleistocene through the 
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Figure 4. Lithostratigraphic summary of Exp. 323 drill sites. Natural gamma radiation (NGR: counts s-1) data are plotted in black at the right side 
of the lithology columns (values increase to the left). Laminations are denoted by red horizontal lines. Note that there are many different styles of 
laminations; future work will determine which laminations are primary features, and which are secondary. 
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mid-Pleistocene Transition (MPT). Analogous to 
sea-ice-associated diatom and dinoflagellate taxa, a clear in-
creasing trend in abundance of intermediate water-dwelling 
radiolarian taxa at the MPT is also observed at Sites U1343 
and U1344. This is consistent with the interpretation that the 
surface water became gradually more affected by the forma-
tion of sea ice as climate progressively cooled; in the pres-
ence of sea ice, surface-dwelling radiolarians disappeared, 
and as a consequence, the relative percentages of intermedi-
ate water dwellers such as Cycladophora davisiana were 
higher (Abelmann, 1992b; Okazaki et al., 2003). 

At Sites U1343 and U1344, which are located closer to the 
southern boundary of today’s seasonal sea-ice maximum 
extent than the Bowers Ridge sites, a dramatic change in the 
dominance of dinoflagellate cyst assemblages from autotro-
phic to heterotrophic taxa is evident at ~1.2–1.5 Ma. This 
suggests that sea-ice formation occurred well before the 
time when the abundance of sea-ice taxa significantly 
increased at ~1 Ma. Along with significant increases of both 
sea-ice dinoflagellates and diatoms (e.g., T. antarctica spo-
res) at ~1 Ma at both sites, there is a rather significant drop 
in the abundance of the typical pelagic diatom Neodenticula 
seminae. All of these biotic events are within the time inter-
val of the MPT, which spans from ~1.2 Ma to 0.8 Ma and 
marks the transition from 41 k.y. obliquity ice volume cycles 
to longer ice age cycles that vary at ~100-k.y. frequencies. 

As noted above, the Bowers Ridge and Bering slope 
regions show distinct differences in the extent of sea-ice 
cover throughout the last ~2.4 Ma. The extent of sea-ice 
cover of the latter was substantially greater than that of the 

History of Sea-Ice Development

One of the most striking findings of Exp 323 is the general 
sea-ice distribution history of the Bering Sea for the past 
5 Ma. As described earlier, the first sign of sea ice is the pres-
ence of pebbles, which are thought to be transported as IRD 
starting at >3.8 Ma at Site U1340 (Fig. 4), indicating the 
formation of sea ice or iceberg transportation to the Bowers 
Ridge region. The bulk of the evolution of sea-ice distribu-
tion has been interpreted from shipboard analyses of sea-ice 
diatoms and sea-ice-related dinoflagellate taxa and to a 
lesser extent by other diatom taxa and intermediate 
water-dwelling radiolarians. 

The details of sea-ice evolution are derived from changes 
in the relative abundance of sea-ice diatom taxa, which are 
represented mainly by Thalassiosira antarctica spores 
(Abelmann, 1992a) and sea-ice dinoflagellates. The first 
signs of sea ice diatoms and dinoflagellates are subtle 
increases in their abundances at Bowers Ridge Site U1340, 
starting at ~3.4 Ma for dinoflagellates and ~2.7 Ma for dia-
toms, coincident with NHG (Maslin et al., 1996). Later than 
~2 Ma the sea-ice assemblage signals become progressively 
stronger into the present, up to values of ~10%–20% of the 
total respective assemblages. In contrast to the Bowers 
Ridge sites, sea-ice cover at the Bering slope sites is mark-
edly severe, indicated by significantly higher sea-ice assem-
blage percentages. Sea-ice diatom values range from ~10% to 
50% during the latest Pliocene and increase from ~30% to 70% 
during the Pleistocene. Notably, sea-ice diatom and dinoflag-
ellate assemblages clearly show a significant increase in 
both abundance and amplitudes of variability around the 
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Figure 5. Photographs of Cores 323-U1342A-1H through 6H, bulk of sediments above the underlain volcanic basement rocks, showing ubiquitous 
occurrences of laminated sediments with horizontally banded features. Site U1342 is located at shallow water depth of 819 m, within today’s OMZ 
(see Fig. 2).
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former because of the proximal locations of the three Bering 
slope sites, which are most prone to perennial sea-ice cover 
in the Bering Sea. The spatial differences in sea-ice cover 
today are mainly attributed to the surface water circulation 
pattern; this spatial difference appears to have persisted for 
at least 2.4 Ma, implying that the surface water circulation 
patterns were comparable as well.

Changes in Biological Productivity and 
Subarctic Pacific Water Mass Entry

Based on the spatial distributions of long-term temporal 
changes of three diatom taxa (Coscinodiscus marginatus, 
Neodenticula, and Actinocyclus curvatulus), it is clear that the 
influence of subarctic Pacific waters, which are relatively 
warm and less eutrophic than Bering Sea waters, has typi-
cally been strongest at the Bowers Ridge sites, followed by 
the Umnak site. The weakest influence of this warm water 
mass has occurred at the Bering slope sites. The same pat-
tern was found by Katsuki and Takahashi’s (2005) study of 
past water mass circulation patterns, which they inferred 
from sea-ice distributions over the last glacial period. The 
wide-ranging records from Exp 323 indicate that as climate 
cooled through the Pleistocene, pelagic water influence at all 
the sites progressively weakened. Furthermore, the sites 
closest to straits through which pelagic water flows into the 
Bering Sea have consistently higher abundances of subarctic 
diatom species than those downstream of the counterclock-
wise circulation pattern of the surface water masses. 

From the bottom of the holes upward at the Bowers Ridge 
sites, a marked drop in C. marginatus was seen at ~2.8 Ma at 
Site U1341 and at ~2.6 Ma at Site U1340. This can be inter-
preted as resulting from a sharp reduction in supply of nutri-
ents due to the development of upper layer stratification. It is 
apparent that the diatom taxon C. marginatus requires a rela-
tively high nutrient supply and tolerates low light intensity. 
This is substantiated by the fact that (1) today this diatom 
taxon dwells in the lower euphotic zone off Spain (Nogueira 
et al., 2000; Nogueira and Figueiras, 2005), and (2) it occurs 
during early winter (November–January) in the subarctic 
Pacific and the Bering Sea based on time-series sediment 
trapping (Takahashi, 1986; Takahashi et al., 1989; Onodera 
and Takahashi, 2009). This timing of 2.8–2.6 Ma coincides 
approximately with the so-called end of “opal dump” 
observed in the subarctic Pacific at ~2.7 Ma, which is coinci-
dental with the onset of NHG (Maslin et al., 1996). Although 
the reduction in C. marginatus around the time of NHG per-
sisted, an overwhelmingly continuous presence of diatom 
ooze and interbedded diatom ooze and silt sediments accu-
mulated throughout the Pliocene–Pleistocene in the Bering 
Sea. This clearly suggests that a high amount of opal sedi-
mentation continued after the onset of NHG well into the 
Pleistocene. 

The 5-Ma long-term trend of Neodenticula (N. kamtscha-
tica, N. koizumii, N. seminae, and Neodenticula sp.) in the 

Bowers Ridge region shows the following patterns. Generally 
higher percentages of Neodenticula in total diatoms are 
observed from the base of the holes towards younger ages 
until ~2.8–2.7 Ma. After that, there is a decline in Neodenticula 
with sizable fluctuations, indicating that surface water strati-
fication progressively developed as the climate cooled from 
the Pliocene into the Pleistocene. As surface waters became 
increasingly stratified, especially after ~0.9 Ma with 
Milankovitch-scale 100-k.y. climatic cyclic regimes, N. 
seminae declined with the emerging sea-ice diatoms.

Changes in Bottom and Intermediate Water 
Conditions 

In order to elucidate the history, temporal variability, and 
intensity of NPIW and deepwater formation in the Bering 
Sea and its links to surface water processes, the insights pro-
vided by the investigation on benthic foraminifera and mid-
water radiolarians are prerequisites. The Bering Sea sites 
ranged from 818 m to 3174 m in depth, and they allow for 
characterization of past vertical water mass distribution and 
for reconstruction of the history of the OMZ distribution in 
the region (Fig. 2). Shipboard analyses of sediment samples 
during Exp 323 show continuous recovery of Pliocene to 
Holocene deep-sea benthic foraminifera and midwater radio-
larians at all sites, although calcareous benthic foraminifera 
appear to be rare in the Pliocene. The benthic foraminifera 
composition displays large assemblage changes, likely relat-
ed to variability in local bottom water oxygen concentration 
in the bottom waters associated with surface water produc-
tivity and/or deepwater ventilation on Milankovitch and 
shorter timescales. For example, Bulimina aff. exilis, a com-
mon species in Bering Sea samples, is generally regarded as 
a low oxygen/deep infaunal species and has been found in 
samples associated with high productivity and low sea ice 
(Bubenshchikova et al., 2008; Kaiho, 1994). 

Previous piston core studies showed a large increase in 
the intensity of the OMZ during the last deglacial at Umnak 
Plateau (Okazaki et al., 2005), suggesting a relationship be-
tween productivity and terrestrial nutrient supply from melt-
ing ice and increased river input. However, there is no infor-
mation regarding the longer timescale relationship through 
the Pleistocene. Analysis of fauna from the newly drilled 
Bering Sea sites will be particularly important in extending 
this record through the entire Pliocene (at Bowers Ridge) 
and Pleistocene (at Bowers Ridge and the Bering slope).  
It will allow us to decipher the onset and evolution of the 
OMZ and provide further insight into NPIW production in 
this marginal sea. Furthermore, Site U1344 at ~3200 m 
(presently located below the OMZ) has the potential to pro-
vide records of past deepwater changes. 

A striking finding of the expedition was the relatively low 
oxygen content of intermediate water mass conditions at 
most sites during the last 5 Ma, as indicated by the presence 
of episodic laminated sediment intervals throughout the 
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and bottom waters at these times. Such a decrease in oxygen 
content is supported by a possible increase in deep infaunal 
benthic foraminifera taxa at Sites U1343 and U1344 over the 
MPT, but higher resolution sampling from existing core 
material is needed to resolve this.

Microbiology and Geochemistry in High 
Surface Productivity Environments 

The microbiological objectives of Exp 323 were to con-
strain global models of subseafloor biomass and microbial 
respiration by quantifying subseafloor cell abundance and 
pore water chemistry in an extremely high productivity 
region of the ocean. We also sought to determine how 
subseafloor community composition is influenced by high 
productivity in the overlying water column. To meet these 
objectives, high-resolution sampling for microbiological 
analyses and pore water chemistry took place at five sites 
throughout the Bering Sea. Each site was selected based 
upon its distance from land and its levels of marine produc-
tivity determined by annual chlorophyll-a concentrations in 
the water column. 

The geochemical data obtained during the expedition 
show that the present-day microbial activity along the slope 
sites (Sites U1339, U1343, U1344, and U1345) is substanti-
ally higher and more diverse in terms of respiration pathways 
than at Bowers Ridge (Sites U1340, U1341, and U1342).  
At the slope sites, the concentrations of microbial respiration 
products such as dissolved inorganic carbon (DIC), ammo-
nium, and phosphate are approximately an order of magni-
tude higher than at Bowers Ridge (Fig. 6). A shallow sulfate-
methane transition zone (SMTZ) (~6–11 m mbsf) is also 
present, indicating that both methanogenesis and sulfate 
reduction based on methane oxidation occur in these sedi-
ments. Pore water data suggest the presence of microbially 

entire record. The benthic foraminifera Martinottiella com-
munis occurred persistently in the Pliocene. The co-
occurrence of other low oxygen species (e.g., Bulimina aff. 
mexicana), together with  the modern distribution of M. com-
munis in OMZs, indicates low oxygen conditions persisted 
throughout the last 5 Ma. However M. communis is not re-
corded in the Bering Sea after ~2 Ma, suggesting changes to 
deepwater properties after this time. Abundant calcareous 
benthic species occur after ~2 Ma (e.g., Bulimina, 
Globobulimina, Islandiella, Nonionella, and Valvulineria) 
that are typically indicative of very low oxygen conditions 
(Bubenshchikova et al., 2008).

High sediment accumulation rate at Sites U1339 and 
U1345, located within the current OMZ (Figs. 2, 4), reveal 
high-amplitude variability in the relative abundance of the 
deep infaunal assemblage for the past 0.8 Ma. This appears 
to be associated with interglacial-deglacial cyclicity, repre-
sented by higher abundance of deep infaunal species (reflec-
ting the lowest bottom water oxygen conditions) during 
interglacials. This particularly true during the strong 
interglacial-like Marine Isotope Stages (MIS) 1, 5, and 11. 
Higher bottom water oxygen concentrations appear to corre-
late with some glacial periods. Sites U1340, U1343, and 
U1344 contain well-preserved foraminifera over the last 
2 Ma with increasing absolute abundances of benthic and 
planktonic taxa across the MPT (~0.8–1.1 Ma) in association 
with an increase in abundance of the polar planktonic fora-
minifera Neogloboquadrina pachyderma. This cooling trend 
was also observed as an increase in the abundance of sea-ice 
dinoflagellates and diatoms and coincided with increasing 
intermediate water-dwelling radiolarians (e.g., C. davisiana). 
Cooling of the surface waters would have enhanced ventila-
tion of the intermediate waters during glacials and would 
have increased density stratification during interglacials, 
contributing to a drop in oxygen content in the intermediate 
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Figure 6. Depth variations in DIC, ammonium, sulfate, and sulfide, illustrating the depth of the SMTZ (~6–11 mbsf) at Sites U1339, U1342, U1343, 
U1344, and U1345.
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mediated Fe and Mn reduction. The geochemical profiles 
also indicate significant microbial activity as deep as 
700 mbsf. In contrast, at Bowers Ridge sulfate penetrates to 
the basement and is almost unaltered with depth, sugges-
ting only very low rates of microbially mediated sulfate 
reduction. Methane is mostly below detection limit. The dif-
ferences in microbial activity at these sites may be caused by 
differences in water column productivity and sedimentation 
patterns. 

We expect that the differ-ences in the geochemical para-
meters between the slope and ridge sites will be reflected in 
microbial abundance and diversity. A larger and more 
diverse microbial community at the slope sites is likely. 
Specifically, we expect elevated cell density and an assem-
blade of bacteria and archaea at the SMTZ. At the slope sites, 
geochemical profiles suggest that methanogens, iron redu-
cers, manganese reduc-ers, and sulfate reducers exist 
throughout the sediment column. At Bowers Ridge, geo- 
chemical profiles indicate that, at present, diagenetic proces-
ses are dominated by nitrate, manganese and iron reducers, 
while sulfate reducers and methanogens are of minor impor-
tance.
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