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ARTICLE INFO ABSTRACT
Keywords: IODP Ex. 323 shipboard rock magnetic measurements of Quaternary deep-sea sediments from the Bering Sea
Bering sea identified a dramatic bimodal character to the sediments, alternating between sediments with strong natural

Rock magnetism
Deep sea sedimentation
Quaternary climate

magnetic remanence (NRM) and magnetic susceptibility (chi) and those with order-of-magnitude lower values.
We now generally associate the high-magnetic-intensity sediments with interglacial/interstadial times and the
low-magnetic-intensity intervals are generally associated with glacial/stadial conditions. This pattern can be
largely correlated among all seven IODP Ex. 323 sites. We have now completed more detailed rock magnetic
measurements on selected u-channeled sediments from these sites. U-channel rock magnetic measurements
indicate that the high-intensity sediments contain relatively coarser magnetic grains (sand/silt) associated with
coarser siliciclastic sediments while the low-intensity sediments contain finer magnetic grains (silt) associated
with finer siliciclastic sediments. We associate the coarser magnetic grains and overall coarser clastic sediments
with warmer intervals when more open water conditions permit sediment flux from the continental shelves. The
finer magnetic grains and associated finer clastic sediment are largely derived from sediment reworking and
redeposition associated with slope processes and deep-sea contour currents when ice cover was more permanent.
We have corroborated the grain size variability with magnetic hysteresis measurements and clastic grain size
analysis. The clastic grain size distributions of the coarser versus finer grained sediments are significantly
different; coarser grained sediments have a broad grain size distribution with 50-60 pm mean grain size, while
finer grained sediments have a much more narrow grain size distribution with 15-20 pm mean grain size. The
finer grain size distribution is consistent in range and mean grain size to North Atlantic deep-sea sediment
deposited as drift deposits by contourite deposition (Heezen and Ruddiman, 1966; Johnson et al., 1988). The
dominant magnetic mineral in all sediments is detrital magnetite. Early sediment diagenesis plays a minor role in
the overall rock magnetic variability of the Bering Sea deep-sea sediments due to the overall large clastic grain
size. The magnetic variability that we see in the Quaternary Bering Sea sediments appears to be comparable to
other studies from this region. VanLaningham et al. (2009) attribute deposition of the Meiji drift, directly south
of the deep-water exit from the Bering Sea, to sediments derived from the Bering Sea. They see a bimodal dis-
tribution in the types of sediments that are deposited with younger arc rocks during interglacials and older
continental rocks during glacials. That is consistent with our coarser Interglacial magnetic sediments derived
primarily from shelf rocks rich in recent volcanics versus deeper Bering Sea sediments associated with reworking
of older Bering Sea sediments during the glacials. We also note the strong similarity in timing of strong versus
weak magnetic intensity sediments of Lake Elgygytgyn, about 1000 km to the NW of the Bering Sea, Both seem to
be controlled by the degree of intermittent open water conditions, more so in the interglacials and very little in
the glacials, but operating on a finer scale than simple glacial/interglacial cycling.
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1. Introduction

Integrated Ocean Drilling Program (IODP) Expedition 323 (Taka-
hashi et al., 2011) cored Quaternary and Pliocene deep-sea sediments at
seven sites in the Bering Sea (Fig. 1). Four of the sites (U1339, U1343,
U1344, U1345) are located along the northern Bering Sea margin and
are termed Bering Slope sites (1008-3184 m water depth); three of the
sites (U1340, U1341, U1342) are located in the south central Bering Sea
along the deep-sea Bowers Ridge and are termed the Bowers Ridge sites
(837-1870 m water depth). All seven sites share a depositional history
that relates to continental runoff from Alaska, ocean circulation in the
Bering Sea (e.g., Takahashi, 2005) and its connections to more
large-scale Northern Pacific circulation, which are all driven by climate
changes (Tanaka and Takahashi, 2005).

The sediments are predominantly either siliciclastic sediments or
biogenic sediments (Takahashi et al., 2011; Aiello and Ravelo, 2012).
The siliciclastic material may come from either the margins of the Bering
Sea, mostly to the North, or from intermediate to deep ocean currents
that variably scour and re-deposit deep-sea sediments (Sharma, 1975;
Nagashima et al., 2012; Wegner et al., 2015). The siliciclastic material
derived from the margins is a mixture of medium-sorted shelf sediment
(normal suspended load, distal storm deposits, distal turbidites), minor
aeolian sediment, and more poorly sorted ice-rafted debris (IRD)
(Sharma, 1975; Seibold and Berger, 1996; Sommerfield et al., 2007).
The magnetic mineralogy 1is presumably a mixture of
continental-derived detrital grains (containing both ferric and ferrous
iron minerals, mostly magnetite) and some authigenic ferric minerals
(goethite, hematite) derived from oxic weathering on the continent or
shelf. Any re-worked deep-sea siliciclastic sediments (excepting IRD
contributions) should be more well-sorted with a mean grain size
depending on bottom current speed or proximity to the slope (Joseph
et al., 1998), but typically finer-grained than shelf-derived siliciclastic
material (e.g., Carlson and Karl, 1985; Seibold and Berger, 1996).

2. Shipboard rock magnetic measurements

Shipboard magnetic measurements were made on all cores collected
using a pass-through long-core 2G cryogenic magnetometer. The normal
sequence was to measure the initial natural remanence (NRM) in at least
one hole at each site. The NRMs were then step-wise demagnetized in
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alternating magnetic fields at 10 mT and 20 mT to assess the relative
strength and ease of removal of a viscous remanence (VRM), which is
ubiquitously present in IODP cores (e.g., Lund et al., 2003). Shipboard
measurements at 20 mT appeared to effectively remove the VRM. Other
holes were commonly only demagnetized at 20 mT. Long-core magnetic
susceptibility was measured on all cores and used as a shipboard cor-
relation tool for developing a composite stratigraphic sequence at each
site. The shipboard rock magnetic results are presented in Takahashi
et al. (2011).

The rock magnetic intensities of Quaternary sediments from the
Bering Sea vary significantly on order-of-magnitude intensity scales.
Fig. 2 shows shipboard measurements of magnetic susceptibility (chi)
and natural remanence (NRM) intensities for Sites U1340 and U1344
during the Brunhes Epoch (0-780,000 YBP). The magnetic susceptibility
(chi) and natural remanence (NRM) intensities are strong, on average,
but undergo dramatic order-of-magnitude steps, with quite sharp
breaks, between high and low values at a ~5-20 m wavelength. The
original shipboard hypothesis was that high magnetic intensities were
associated with coarser glacial sediment due to enhanced flushing of
shelf sediment into the deep basin associated with low sea levels. Low
magnetic intensities were associated with finer interglacial sediment
due to trapping of coastal sediments in the shelf associated with high sea
levels.

Rock magnetic variations reflect changes in magnetic mineralogy,
concentration, and grain size in sediments. If most rock magnetic vari-
ability is due to changes in sediment type/lithology, then the rock
magnetic variations are a good proxy for variations in the overall sili-
ciclastic sediment lithology (e.g., Lund et al., 1992). If some part of the
rock magnetic variations is due to chemical changes in the sediment,
then these conclusions are more uncertain (Roberts, 2015). This pattern
of oscillating high/low magnetic intensity is consistent with the
glacial-interglacial pattern generally observed in the North Atlantic
Ocean (Heezen et al., 1966; Johnson et al., 1988; Keigwin and Jones,
1989; Keigwin and Jones, 1989) associated with finer grained lower
magnetic intensity interglacial sediments versus coarser grained higher
magnetic intensity glacial sediments. More recent oxygen isotope stra-
tigraphy of the IODP Ex. 323 sediments (Asahi et al., 2016; Cook et al.,
2016) indicates, however, that the opposite pattern of timing is more
likely in the Bering Sea. High (low) magnetic intensities are normally
associated with interglacial (glacial) intervals. However, the oscillation

Fig. 1. Map of the Bering Sea showing the location of IODP Expedition sites U1339-U1345.
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Fig. 2. Rock Magnetic stratigraphy for the Brunhes Epoch intervals of Sites U1340 (top) and U1344 (bottom). Magnetic susceptibility (chi) is shown at top in each
figure and natural remanence (NRM) after 20 mT af demagnetization is shown at bottom.

pattern occurs too frequently to be a simple glacial/interglacial stage
oscillation and must indicate that sub-stage variability in sedimentation
is prevalent as well.

3. U-channel rock magnetic measurements

We have now carried out new magnetic measurements on selected
cores from IODP Expedition 323 using u-channels. U-channels remove a
column of sediment, 2 x 2 cm in cross section, from the split face of a
core. These u-channels should provide the most undisturbed sediment
for magnetic measurements. U-channels are taken from the same cores
that were used for the shipboard paleomagnetic studies. For this paper,
we study u-channel rock magnetic measurements from the uppermost
30 m of Sites U1339, U1340, U1341, U1343, U1344, and U1345 (Fig. 1).

The natural remanence (NRM) of all u-channels were initially measured,
using the Oregon State University 2G cryogenic magnetometer, at 20-
mT af demagnetization and then step-wise af demagnetized at 10 mT
steps up to 100 mT. Initial analysis of the NRM is summarized in Lund
et al. (2016). Then selected u-channels were given an artificial anhys-
teretic remanence (ARM, 0.5 mT steady field, 100 mT af field) and
measured. Then the ARMs were stepwise demagnetized at 10, 20, NS 40
mT and remeasured. Finally, an isothermal remanence (IRM, 1 T steady
field) was applied to each u-channel and measured. Then the IRMs were
stepwise demagnetized at 10, 20, NS 40 mT and remeasured. These
detailed rock magnetic measurements can be used to assess the magnetic
mineral concentration, composition, grain size, and evidence for early
sediment diagenesis/authigenesis in all cores.

Fig. 3 shows a blow-up of the rock magnetic intensity variability at
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Fig. 3. Expanded rock magnetic stratigraphy (chi, NRM) for the last ~100,000 years at sites U1343 and U1345. High intensity intervals are labeled A-D. A cor-
responds to Stage 1, B to the Younger Dryas, C to Stage 3, and D to Stage 5 A-C. This pattern is correlatable among all of the Bering Slope sites.

Sites U1343 and U1345 for the last glacial cycle (~last 100,000 years;
Asahi et al., 2016; Cook et al., 2016) based on u-channel measurements.
The pattern of intensity oscillation noted in Fig. 2 is clearly apparent.
Four clear intensity highs are labeled in Fig. 3, which alternate with
broad intervals of intensity lows. Feature A is Holocene in age (<9 ka),
feature B is associated with the Younger Dryas (~11.5-13 ka), feature C
is centered in oxygen-isotope Stage 3 (24-59 ka), and feature D is
associated with late Stage 5 (~71-100 ka). The ages are assigned based
on oxygen isotope measurements at Site 1345 (Cook et al., 2016). Fea-
tures A, C, and D are interstadial to interglacial intervals. They are
associated with high magnetic intensity, opposite to our shipboard
assumption. This pattern of intensity oscillation appears to be correlat-
able among the Bering Slope sites and probably the Bowers Ridge sites

(Lund et al., 2016); it suggests that regional climate/environmental
variability is a significant factor in the variation. High magnetic in-
tensities (presumably due to high magnetic and overall clastic concen-
trations) are generally associated with relatively warm
(interglacial/interstadial) conditions and lower magnetic intensities are
generally associated with colder (glacial/stadial) conditions. Fig. 3 also
shows the location of the sulfate/methane transition zone (SMTZ) in
porewater geochemistry (Takahashi et al., 2011; Wehrmann et al.,
2011). Below, we will assess the role of early sediment dia-
genesis/authigenesis in the development of these intensity patterns.
Our u-channel rock magnetic data suggest that the high magnetic
intensity sediments are associated with relatively coarse-grained silici-
clastic sediments (sands/silts); but these sediments also commonly
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include significant (often times >50%) biogenic components (Takahashi
et al., 2011; Aiello and Ravelo, 2012). Fig. 4 shows two rock magnetic
estimates of magnetic grain size in the surface sediments of Site 1345.
The ratio of ARM/chi is traditionally used to indicate magnetic grain size
variations in a sequence of generally uniform sediments (e.g., King and
Channell, 1991). Higher (lower) values of ARM/chi indicate
finer-grained (coarser-grained) magnetic material. It is normal to
consider this variability to reflect the overall clastic fraction of a sedi-
ment sequence.

Demagnetization of the ARM and SIRM provides another estimate of
magnetic grain size variations. As ARM and SIRM are demagnetized in
increasing af magnetic fields, the faster the ARM or SIRM intensity loss
indicates coarser magnetic material. So ratios of ARM or SIRM intensity
at two different levels of demagnetization should estimate magnetic
grain size. We have plotted ARM40/ARM20 (ARMs demagnetized at 40
or 20 mT) in Fig. 4. Higher (lower) values of ARM40/ARM20 indicate
relatively finer (coarser) grained magnetic material. Both rock magnetic
grain size indicators suggest that sediment in high magnetic intensity
regions B and C have coarser grained sediment and visa versa. In gen-
eral, we associate higher magnetic intensity sediments with coarser
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grained magnetic material and interglacial/interstadial conditions. This
general, almost bimodal pattern of physical sedimentation, is typical of
all, at least, late Quaternary sediments of the Bering Sea.

4. Hysteresis measurements of rock magnetic variability

Magnetic hysteresis measurements were run on small sediment
flakes from selected samples of U1345 using a Princeton measurements
AGM housed at USC to further assess the rock magnetic character of the
Bering Sea sediments. Samples were measured in a peak magnetic field
of 0.7 T. All samples required small to insignificant slope correction
implying very little paramagnetic contribution to the magnetic assem-
blage. Key parameters that were measured include induced magnetiza-
tion at 0.7 T (Ms), remanent magnetization at 0 T after Ms is reached
(Mr), coercivity (Hc), and coercivity of remanence (Hcr).

Fig. 5 (top) shows Mrs, Ms, Hcr, and Hc as a function of depth in
U1345. The dashed vertical line in Fig. 5 (top) indicates the boundary
between high magnetic intensity sediments at the surface (region A) and
low magnetic intensity sediments below (Fig. 4). The high (low) mag-
netic intensity sediments have higher (lower) Mr and Ms, indicative of
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Fig. 4. Detailed rock magnetism of the uppermost 10 m of Hole U1345A. High intensity regions B and C (see Fig. 3) have coarser-grained magnetic minerals present,

while the intervening low intensity intervals have finer-grained magnetic minerals.
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Fig. 5. Magnetic hysteresis measurements on selected samples from Hole 1345
A. Top: magnetic hysteresis parameters versus depth. The dashed line marks the
boundary between high magnetic intensity sediments at the surface and low
magnetic intensity sediments below. Bottom: Ratios of magnetic hysteresis
parameters define regions of overall magnetic grain size. Regions of single-
domain (SD) magnetic grains (finest grains, muds), pseudo-single domain
(PSD) magnetic grains (muds-silts) and multi-domain (MD) magnetic grains
(silts-sands) are shown.

higher concentrations of magnetic material, and lower (higher) Hc and
Hcr, indicative of coarser (finer) grained magnetic material. Both of
these relationships are consistent with the rock magnetic data in Fig. 4.

Ratios of these parameters were used to estimate domain state and
hence magnetic grain size of the magnetic particles (Day et al., 1977;
Dunlop, 2002a, b). Fig. 5 (bottom) plots Mrs/Ms versus Her/Hc for all
samples. Other studies (e.g. Day et al., 1977; Dunlop 2002a, b) have
documented the dominant magnetic grain size in individual parts of this
plot. The smallest magnetic grains, single domain (SD) plot in the upper
left and the coarsest magnetic grains, multidomain (MD), plot in the
lower right. Our samples plot in between these two regions and are usual
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referred to as pseudosingle domain (PSD). Our samples start (9 cm) as
high magnetic intensity with coarser grains closer to the MD region, and
end (133 cm) with values that are finer and closer to SD/PSD. These
hysteresis parameters also are consistent with our u-channel rock mag-
netic measurements of magnetic grain size discussed above.

5. Clastic grain size analysis

We have also carried out more traditional clastic grain size analysis
to further test our rock magnetic grain size analysis. We have used
selected samples from U1345 for this assessment. Grain size was
measured using a Malvern Mastersizer 2000 grain size analyzer coupled
to a Hydro 2000G. Each sample was pretreated with >30 mL of 30%
H202 to remove organic matter, 10 mL of 1 M HCI to remove carbonate,
and 10 mL of 1 M NaOH to remove biogenic silica. A tuff standard (TS2:
n=9525,x =4.61 + 0.18) was run twice at the beginning of each day,
once every ten samples, and once at the end of every day to evaluate the
equipment’s analytical stability over time. All data are reported as
percent by volume and divided into 10 grain-size intervals as well as
d (0.1), d (0.5), d (0.9), and mode."

Fig. 6 (top) shows the weight % clay, silt, and sand and mode of each
sample as a function of depth in U1345. The vertical line in Fig. 6 (top) is
the boundary between high intensity sediments at the surface and low
intensity sediments below. There is a very obvious one-for-one corre-
spondence between high magnetic intensity (and coarser magnetic grain
size) sediments and coarser clastic sediment versus low magnetic in-
tensity (and finer magnetic grain size) sediments and finer clastic sedi-
ments. This difference is highlighted by plotting the actual clastic grain
size distribution for all samples in Fig. 6 (bottom) where solid dots
represents samples from the high magnetic intensity surface sediments
and open dots represent samples from the low intensity deeper sedi-
ments. The mean grain size of the coarser clastic sediments is 50-60 pm
(sand) while the mean grain size of the finer clastic sediments is 15-20
pm (silt).

6. Magnetic mineralogy

To further address the issue of magnetic mineralogy, we have
recovered magnetic separates from five horizons in Hole U1345A: 0.07,
0.27, 1.55, 4.55, and 8.30 m CCSF. All magnetic separates were heated
to 700 °C in a KLY-4 kappabridge and resulting thermomagnetic curves
are shown in Fig. 7. These measurements indicate that the dominant
magnetic mineral in all samples is magnetite. There is minor evidence
for another magnetic mineral with Curie temperatures in the
250°C-350 °C range. This component is less than 10% of magnetite in
intensity and could be either a second siliciclastic mineral or an authi-
genic mineral, which could be an iron sulfide (Roberts, 1995). Paleo-
magnetic studies (Lund et al., 2016) show that the NRM has a single
characteristic remanence direction, which demagnetizes to the origin
after ~20 mT af demagnetization at all sites. We interpret the charac-
teristic remanence to be associated with magnetite. There is also a
ubiquitous viscous overprint present, which is demagnetized by ~20
mT. The most likely source of this VRM is the coarser magnetic material
(>10-15 pm), almost all magnetite, that is ubiquitously present in both
the finer/lower-intensity and coarser/higher-intensity sediments.

7. Early sediment diagenesis

Porewater geochemistry measurements made during shipboard op-
erations (Takahashi et al., 2011; Wehrmann et al., 2011) have docu-
mented a distinctive pattern of early sediment diagenesis (Roberts,
2015) that is seen at all the Bering Slope sites. This pattern is illustrated
at Hole U1345B in Fig. 8. The bottom waters at all sites are oxygenated,
although sometimes at low levels. The sediments, however, appear to be
anaerobic almost to the sediment/water interface. This is indicated by
porewater ferrous iron (Fe2+) and manganese (Mn2+) in the porewater.
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Sulfate reduction starts within 1 m of the sediment/water interface and
continues to a depth of ~6 m. Below that, sulfate concentrations are zero
and methane (CHy4) begins to appear in the porewater. This boundary is
termed the sulfate/methane transition zone (SMTZ) and separates zone
of sulfate reduction above from the zone of methanogenesis below.
These chemical conditions must have some affect on the iron bearing
magnetic minerals we study (Roberts, 2015). The anoxic porewater
should present conditions that support dissolution of the finest-grain
magnetic minerals (e.g., Canfield and Berner, 1987; Karlin and Levi,
1985; Leslie et al., 1990). Ferric phases should be dissolved first fol-
lowed by ferrous phases, primarily magnetite. The ferrous iron freed in
this process will most likely join with sulfide gas formed during sulfate
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reduction to form solid-phase iron sulfide minerals (e.g., Roberts, 1995).
Some of these minerals are magnetic (e.g., greigite) while others are not
(e.g., mackinowite). We have not identified any significant magnetic
mineral component besides magnetite. Our paleomagnetic studies (Lund
et al., 2016) support the notion that magnetic remanence is in magnetite
and that it is a detrital signal that preserves magnetic field directional
variability. Besides, only mud size (<5 pm) magnetite grains are readily
susceptible to dissolution (Canfield and Berner, 1987; Karlin and Levi,
1985; Leslie et al., 1990; Roberts, 2015). Our clastic grain size analysis
indicates that <5 pm clastic grains account for less than 5% of our clastic
distributions in both coarse (sand size on average) and finer grained (silt
size on average) sediments.

8. Discussion

Coarse-grained siliciclastic sediments come primarily from shelf
sediment derived from the neighboring continental margins (e.g.,
Sharma, 1975; Seibold and Berger, 1996). The flux of this shelf sediment
to the deep sea must be controlled by shelf processes and climate —
short-term storminess, sea-ice formation on the Bering Sea shelf, and sea
level (e.g., Carlson and Karl, 1985; Seibold and Berger, 1996). High
seasonal to full-time sea ice on the shelf will limit shelf and direct
river-derived continental sediments from reaching the deep basin.
Similarly, low sea levels, extended permafrost conditions, and extensive
permanent sea ice during the glacials (e.g., Caissie et al., 2010) will
prevent most continental and shelf siliciclastic sediment from reaching
the basin. On this basis, we associate high-intensity rock magnetic in-
tervals with the ability for shelf sedimentation to at least intermittently
reach the deep basin sites during interglacial to interstadial environ-
mental conditions.

The low intensity sediments are commonly associated with finer-
grained and much more well-sorted siliciclastic sediments (silts),
which may also have significant (~10%-30%) biogenic components
(Takahashi et al., 2011). We presume that the siliciclastic sediments are
more strongly controlled by slope deposition or intermediate to deep-
water flow with drift-deposit type deposition of more well-sorted and
fine-grained siliciclastic material (e.g., Carlson and Karl, 1985; Seibold
and Berger, 1996; Sommerfield et al., 2007). The finer grain size dis-
tribution is consistent in range and mean grain size to North Atlantic
deep-sea sediment deposited as drift deposits by contourite deposition
(Heezen and Ruddiman, 1966; Johnson et al., 1988). The general lack of
coarser siliciclastic silts suggests that shelf siliciclastic flux is minimal in
these sediments and that they are more likely associated with glacial or
stadial environmental conditions.

These observations are consistent with the glacial/interglacial vari-
ations in clastic flux to the Meiji Drift, which are sediments derived from
deep-ocean circulation and sediment scouring in the Bering sea (Van-
Laningham et al., 2009). The Meiji Drift sediments appear to be bimodal
with a significant fraction of young volcanic arc rocks being advected
during interglacials and older source rocks dominating during the gla-
cials. The interglacial flux of younger volcanic arc rocks can be associ-
ated with clastic flux from the Bering Sea shelves and the older source
rocks, perhaps, with scouring of the Bering Sea sediments from inter-
mediate to deep water depth. The much better clastic grain size distri-
bution and sorting during glacials (Fig. 6 bottom) is consistent with the
sorting of North Atlantic drift deposits in both overall clastic grain size
and mean grain size (Heezen and Ruddiman, 1966; Johnson et al.,
1988).

Another element in the Bering Sea pattern of clastic sedimentation is
the more complex timing of ‘glacial/stadial’ finer versus ‘interglacial/
interstadial’ coarser sedimentation. Fig. 9 (bottom) shows the pattern of
high/low magnetic intensity (chi) for the last 400 ka from site 1345
(Lund et al., 2016). It is clear that the high/low intensity oscillation is
more complicated than simple glacial/interglacial variability. There are
high/low intensity cycles within both glacial and interglacial intervals.
High intensities are more prevalent in interglacials and low intensities
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be anaerobic almost to the sediment/water interface. This is indicated by porewater ferrous iron (Fe*) and manganese (Mn?") in the porewater. This pattern is

similar to that seen at all the Bering Slope Sites.

are more prevalent in glacials.

Lake Elgygytgyn in Siberia (Brigham-Grette et al., 2013; Frank et al.
(2013); Melles et al., 2012; Nowaczyk et al., 2002, 2007, 2013), about
1000 km to the NW from the Bering Sea, shows a remarkably similar
pattern of clastic sedimentation to the lake both in timing and bimodal
pattern. Fig. 9 (top) shows magnetic intensity (chi) versus time for Lake
Elgygytgyn. Nowaczyk et al. (2002, 2007) have interpreted the bio-
modal oscillation in magnetic intensity to be primarily due to variable

anoxia and ice cover in the lake. Warmer periods with, at least, inter-
mittent open lake conditions permit clastic flux to the lake and higher
magnetic susceptibility values. Colder periods with almost permanent
ice cover to the lake had higher biological productivity that caused
magnetic mineral dissolution and low magnetic susceptibility.. Now-
aczyk et al. (2002, 2007) consider Milankovich (precessional) variations
in insolation to be the primary cause of variable ice concentrations and
open/closed lake conditions. We think such a scenario make sense for
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the timing/extent of sea ice in the Bering Sea, as well. Although, we do
see evidence in the clastic rich intervals for finer-scale sub-Milankovich
variability as well. However, the chronology of Ex. 323 sediments is not
yet good enough to be certain about either exact timing of rock magnetic
variability or durations of individual high-magnetic intensity intervals.

9. Summary

IODP Expedition 323 recovered deep-sea sediments from seven sites
in the Bering Sea. Initial shipboard measurements noted a dramatic
bimodal distribution in rock magnetic intensity (both NRM and Chi) at
all sites (Takahashi et al., 2011). High intensities were associated with
glacial intervals and low intensities were associated with interglacial
intervals. The distinctive rock magnetic intensity variability was corre-
lated among all sites and used to help date and correlate the seven sites
(Takahashi et al., 2011; Lund et al., 2016). Later oxygen isotope studies
indicate that chronology was mistaken (Asahi et al., 2016; Cook et al.,
2016).

We have now completed more detailed paleomagnetic and rock
magnetic measurements on selected u-channeled sediments from these
sites. Our new analysis indicates that the shipboard correlations were
largely correct. But now, the intervals of high magnetic intensity are
generally associated with Interglacial/Interstadial environmental con-
ditions, while the intervals of low magnetic intensity are generally
associated with Glacial/Stadial conditions.

U-channel rock magnetic measurements indicate that the high-
intensity sediments contain relatively coarser magnetic grains (sand/
silt) associated with coarser siliciclastic sediments while the low-
intensity sediments contain finer magnetic grains (silt) associated with
finer siliciclastic sediments. We associate the coarser magnetic grains
and overall coarser clastic sediments with warmer intervals when more
open water conditions permit sediment flux from the continental
shelves. The finer magnetic grains and associated finer clastic sediment
is largely derived from sediment reworking and redeposition associated
with slope processes and deep-sea contour currents when ice cover is

more permanent. We have corroborated the grain size variability with
magnetic hysteresis measurements and clastic grain size analysis. The
clastic grain size distributions of the coarser versus finer grained sedi-
ments are significantly different; coarser grained sediments have a broad
grain size distribution with 50-60 pm mean grain size, while finer
grained sediments have a much more narrow grain size distribution with
15-20 pm mean grain size. The finer grain size distribution is consistent
in range and mean grain size to North atlantic sediment deposited as
drift deposits by contourite deposition (Heezen and Ruddiman, 1966;
Johnson et al., 1988).

The dominant magnetic mineral in all sediments is detrital magne-
tite. Early sediment diagenesis plays a minor role in the overall rock
magnetic variability of the Bering Sea deep-sea sediments. This is largely
due to the coarse grain size of the sediments (silts/sands). Early
diagenesis tends to act most strongly on the finest grained magnetic
material (less than a few microns), which constitutes less than a few
percent of our studied sediments.

The magnetic variability that we see in the Quaternary Bering Sea
sediments appears to be comparable to other studies from this region.
VanLaningham et al. (2009) attribute deposition of the Meiji drift,
directly south of the deep water exit from the Bering Sea, to sediments
derived from the Bering Sea. They see a bimodal distribution in the types
of sediments that are deposited with younger arc rocks during in-
terglacials and older continental rocks during glacials. That is consistent
with our coarser Interglacial) magnetic sediments derived primarily
from shelf rocks rich in recent volcanics versus deeper Bering Sea sedi-
ments associated with reworking of older Bering Sea sediments during
the glacials. We also note the strong similarity in timing of strong versus
weak magnetic intensity sediments of Lake Elgygytgyn, about 1000 km
to the NW of the Bering Sea, Both seem to be controlled by the degree of
intermittent open water conditions, more so in the interglacials and very
little in the glacials.
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