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Abstract

Pacific water inflow to the Arctic Ocean occurs through the shallow Bering Strait. With a present sill depth of only 53 m, this
gateway has been frequently closed during glacial sea-level low stands of the Pleistocene. Here, we investigate the sedimen-
tological and mineralogical response to sea-level rise and the opening of the Bering Strait during the last deglaciation in a
6.1 m-long marine sediment core (SWERUS-L2-4-PC1) from the Herald Canyon. Grain size data indicate an abrupt erosional
contact at 412 cm down core that likely formed when Pacific waters first started to flow into the Arctic Ocean around 11 cal
ka BP, and was topographically steered into the Herald Canyon. A transitional unit between 412 and 390 cm appears to be
a condensed interval with minimal local sedimentation. The underlying sediments, deposited in a shallow, river-proximal
setting, exhibit a rather uniform bulk and clay mineral composition similar to mineral assemblages from surface sediment
samples of the Chukchi Sea. Enhanced contributions from Pacific waters above 390 cm (< 8.5 cal ka BP) are reflected by
elevated chlorite/illite and (chlorite + kaolinite)/illite ratios, and are anti-correlated with intervals of higher illite/smectite
ratios, interpreted as periods of enhanced advection of shelf transformed waters originating from the East Siberian Sea. Clay
mineral changes in the Holocene drift sediments are best explained by the interplay between two origins for bottom waters
in the Herald Canyon and are consistent with modern oceanographic observations.
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Introduction

The shallow Bering Strait (BS) is the only gateway for
Pacific waters entering the Arctic Ocean, and one of two
major gateways for oceanographic exchange between the
Arctic and the World Oceans [37]. Different mean sea levels
between the Pacific and the Arctic oceans [40], in combina-
tion with wind-driven processes [1, 12], drive a 1.1 Sv net
influx of Pacific water through this gateway [47]. The rela-
tively fresh, warm and nutrient-rich Pacific water influences
ocean stratification [3], sea-ice melting [46] and biological
productivity [43] in the western Arctic Ocean.
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The estimated 120 m global sea-level rise [15, 24] fol-
lowing the last deglaciation flooded many low-lying land-
masses in both hemispheres and opened new waterways.
The shallow sill depth of the BS (—53 mbsl) implies that
it was exposed during the last glacial period and in many
of the preceding glaciations of the Pleistocene. The land-
mass exposed between Alaska and Chukotka during glacial
sea-level lowstands was referred to as Beringia by Hultén
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[20]. This area has since commonly been called the Beringia
Land Bridge, while the term Beringa alone is used for the
entire shallow area comprising the present shelves of the
Bering Sea, the Chukchi Sea (CS), the Beaufort Sea and
the East Siberian Sea (Figs. 1, 2a). Increasing sea levels
and the resulting flooding of the Beringia Land Bridge and
opening of the Pacific—Arctic connection through the BS are
thought to have affected human/animal migration routes [17]
and climate stability [12]. Although previously assigned to
a Younger Dryas (YD) age (12.9-11.7 cal ka BP) [14, 22],
new geological data reveal that the opening of the BS sea-
way occurred later, around 11 cal ka BP [21]. This younger
date agrees with paleo sea-level models, using the present
topography/bathymetry with no isostatic adjustment in the
region (Fig. 2b) [26] and implies that most previous studies
addressing the consequences for BS inflow focused on an
older time interval. Identifying sedimentologic and miner-
alogic proxies for periods of enhanced Pacific water inflow
is an important step toward identifying the presence and/or
intensity of Pacific water inflow in the geologic past using
marine sediment cores.

One approach to this is the use of clay mineral assem-
blages as a provenance tool to identify Pacific-sourced
waters (e.g., [23, 29-32, 41, 48]). Higher levels of chlo-
rite and smectite are found in surface sediments from the
CS (Fig. 3a) compared to adjacent areas to the east, west
and north. These are explained by transport of fine-grained
sediments from high-chlorite and high-smectite bearing
regions in the Bering Sea [30-32, 39]. River runoff from the
Chukchi Peninsula through erosion of volcanic rocks in the
Okhotsk—Chukotka volcanic belt is suggested as the leading
cause for the high smectite contents [41]. Sediments from
the CS also exhibit lower illite contents compared to the
sediments of the East Siberian Sea (ESS) (Fig. 3a) [41, 42].
The abundance of illite in ESS sediments has been attrib-
uted to riverine input from the Indigirka and Kolyma rivers
(71 and 59% illite respectively) [30, 38] draining illite-rich
lowlands [42] (Fig. 1). Due to these recognized clay mineral
abundance variations, the opening of the BS has been sug-
gested to result in a notable increase in the chlorite content
of sediments that lie in the pathway of inflowing Pacific
waters [23, 34, 48].

Today, the two major BS currents (Alaskan and Anadyr
currents) split into four branches as they cross into the Arc-
tic Ocean (Fig. 1) [10, 44, 45]. The strong Alaskan Coastal
Current continues along the coast of Alaska with one branch
passing into the Central Channel between Herald and Hanna
Shoal (Fig. 1). The weaker Anadyr Current continues toward
the Herald Canyon but also branches into the Long Strait
south of Wrangel Island (Fig. 1). Sea-level reconstructions
suggest that the Herald Canyon should have been a major
pathway for the primordial waterway that formed during
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deglacial sea-level rise that ultimately led to the opening of
the BS (Fig. 2a, b) [26, 35].

In 2014, the SWERUS-C3 expedition (SWERUS-C3:
Swedish—Russian—-US Arctic Ocean Investigation of Cli-
mate—Cryosphere—Carbon Interactions) on the Swedish
icebreaker Oden recovered sediment core SWERUS-C3-L2-
4-PC1 (Henceforth: 4-PC1) from 120 mbsl in the Herald
Canyon (Fig. 1) [9, 21]. The core was taken from a drift
deposit on the eastern flank of the Herald Canyon [21]. This
core contained a major sedimentological and faunal transi-
tion between 412 and 400 cm depth [9, 21] that was linked
to the high-resolution acoustic stratigraphy of the site and
interpreted as marking the opening of the BS [21]. Radio-
carbon dating of this transition provided a new age for the
final opening of the BS [21]. The main evidence for a BS
response in 4-PC1 was the sudden increase in biogenic sil-
ica (BSi), indicating the onset of high-nutrient Pacific water
inflow and simultaneous decrease in 8'*C caused by the shift
from a coastal to fully marine environment [21].

Here, we present new grain size, X-ray diffraction and
biogenic silica data from 4-PC1. These data permit a detailed
description of the core’s sedimentological and depositional
units and evaluation of the sediment and mineral compo-
sitional changes during the sea-level rise and flooding of
the BS. Our study aims to identify/test sediment provenance
and/or compositional changes that may have regional signifi-
cance for reconstructing periods of Pacific water inflow in
other marine sediment records.

Preliminary stratigraphy and chronology
of 4-PC1

The 6.1 m piston core, 4-PC1, was recovered on the east-
ern slope of Herald Canyon, 160 km northeast of Wrangel
Island (175°43.6'W 72°50.3'N) at a water depth of 120 m
(Fig. 1). The general sediment and acoustic stratigraphy was
presented by Jakobsson et al. [21], and a short summary is
provided here. 4-PC1 is described by two major sedimento-
logic units (upper A and lower B), originally identified by
changes in physical and geochemical properties occurring
between 412 and 400 cm depth (Fig. 4a, b). Unit B was fur-
ther divided into subunits B, and B, based on an increase
in shear strength, magnetic susceptibility and bulk density
between 513 and 503 cm core depth [21] (Fig. 4a).

Three major acoustic units are identified in the sub-
bottom profile crossing the core site [21]. The acoustically
chaotic lowermost unit is interpreted to have been formed
contemporarily with the Last Glacial Maximum or late Gla-
cial sea-level lowstand. A deglacial transgressive deposit
constitutes the middle unit, which thickens toward the east,
and is condensed at the coring site. This develops into the
acoustically well-stratified upper unit reflecting a continuous
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Fig.1 Map of the study area. White circle indicates the location of
SWERUS-L2-4-PC1. Rectangles indicate mineral samples from the
East Siberian Sea, and circles indicate samples from the Chukchi and
Bering Seas. Red samples (clay minerals) from Wahsner et al. [42],
yellow samples (clay minerals) from Viscosi-Shirley et al. [41] and
blue samples (bulk minerals) from Darby et al. [11]. Arrows show the
major branches and pathways of Pacific waters. White stars indicate

drape of sediments [21]. Core-seismic integration suggests
that the acoustic upper/middle unit transition is analogous
with the lithologic Unit A/B transition [21] (Fig. 4).
Micropaleontological analyses by Cronin et al. [9] reveal
an abundance of river-proximal benthic foraminifera in Unit
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locations of sedimentary records discussed in the paper. Inset shows
details of the modern oceanographic currents in the area (redrawn
from [10]). IR Indigirka River, KR Kolyma River, HC Herald Can-
yon, BC Barrow Canyon, AC Anadyr Current, ACC Alaskan Coastal
Current, SCC Siberian Coastal Current, LS Long Strait, CC Central
Channel, HV Herald Valley, BG Beaufort Gyre, HeS Herald Shoal,
HaS Hannah Shoal

B,, with more typical marine and shallow shelf species of
benthic ostracod and foraminifera in Unit A. As such, the
high bulk density and magnetic susceptibility sediments of
Unit B represent deposition in a nearshore environment with
organic carbon isotopes also indicating a larger terrestrial
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13 cal ka BP
-64 mbsl

Fig.2 Modeled time slices of deglacial sea-level rise and paleo-
shorelines in the Arctic—Pacific region from Manley [26]. HC Herald
Canyon. a 13 ka and — 64 mbsl: Herald Canyon connected solely to
the Western Arctic and surrounded by exposed landmass of Beringia.

input of organic matter (Fig. 4b). At the base of Unit A,
BSi concentrations increase, and organic carbon isotopes
transition toward a more marine signature. Together, these
changes reflect sediment deposition in a more marine envi-
ronment, where the inflow of nutrient-rich Pacific waters
promoted increased productivity of surface-dwelling sili-
ceous organisms [21]. The age model for 4-PC1 is based on
nine AMS radiocarbon dated samples (mollusks and ben-
thic foraminera) [9]. The bottom of the core is older than
12.1 cal ka BP based on a sample at 499 cm, i.e., 111 cm
from the base of the core [9]. The flooding of the BS is dated
at 11.1 cal ka BP, through upcore extrapolation to the middle
of the transitional unit, at 407 cm core depth.

Methods
Grain size analysis

Grain size samples were taken at a resolution of 1 cm
throughout 4-PC1. The bulk sediment samples were dis-
aggregated in a combined pretreatment using sodium met-
aphosphate and ultrasonification. Grain size distribution
was analyzed using a MasterSizer3000 laser diffractometer.
The raw data was processed using GRADISTAT 8.0 [5] to
obtain the geometric mean grain size and fractions of sand,
silt and clay.

Biogenic silica (BSi)
To further constrain BSi across the Unit A/B transition [21],
an additional 20 samples from 363.5 to 430.5 cm were ana-

lyzed. The samples were freeze dried before being treated
with 1% Na,COj; at 85 °C to dissolve the BSi based on the
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b 11 ka and —48 mbsl: at the opening of the Bering Strait, Herald
Canyon was the only pathway for Bering Strait inflow into the Arctic
Ocean. ¢ 3 ka and —2 mbsl: full marine deep-sea environment in the
Herald Canyon

methods of DeMaster [13] and Conley and Schelske [8].
Aliquots were taken after 3, 4 and 5 h of continuous dissolu-
tion and Si subsequently measured using a Thermo ICP 6500
DUO at the Stable Isotope Lab, Department of Geological
Sciences, Stockholm University. While the BSi dissolves
completely in the first 1-2 h, the dissolution of minerogenic
silica continues at a slower rate. In a concentration—time
plot, the intercept of the extrapolated curve through the 3, 4
and 5-h data points gives the actual BSi concentration in the
original sample. Although the uncertainty may approach as
much as +20%, the method is considered to provide trends
in sedimentary BSi [7].

X-ray diffraction (XRD)

A total of 25 samples were collected from 4-PC1, with a
slightly higher sampling resolution across the transitional
sequence between Units A and B. The samples were freeze
dried and sent to Weatherford Laboratories in Stavanger,
Norway, for preparation, XRD analysis and post-processing.
Approximately, 10 mg of dried material was crushed using
a pestle and mortar and further divided into a bulk and clay
mineral portion. The bulk mineral portion was milled and
spray dried to obtain maximum random orientation [19]
before being analysed on a Bruker AXS D4 Endeavor X-ray
diffractometer from 5° 26 to 70° 26 at a step size of 0.02°
per step. The minerals were identified using MDI Jade™
9+ software and ICDD PDF 4+ 2015 database and subse-
quently quantified using reference intensity ratios generated
by mineral standards.

After disaggregation, the clay mineral portion was cen-
trifuged leaving the <2 pm fraction in the supernatant.
Subsequently, the clay fraction was oriented on a filter and
glycolated before being analyzed on the Bruker AXS X-ray
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diffractometer from 2° 26 to 30° 26 at a step size of 0.02°.
Finally, the sample was heated to 375 °C for 1 h and res-
canned using the same parameters to identify smectite [28].
Discrete clay minerals as well as mixed-layer clays were
identified using the procedures first proposed by Biscaye [4]
and later refined by Moore and Reynolds [28]. Quantifica-
tion of clay minerals was performed using mineral intensity
factors generated by clay mineral standards [28].

Results
Grain size

The most notable feature of the grain size data is the
abrupt increase in the sand content and mean size of sedi-
ments that occurs at 412 cm, where the abundance of sand-
sized material peaks at ~20%. The mean grain size below
412 cm core depth varies between 5 and 8 pm (average
6 um) with peaks (~ 8 um) at 450-455 and at 600-605 cm
(Fig. 4c). At 412 cm, the mean grain size increases
abruptly to 11 pm after which a fining upward sequence
occurs until somewhere between 390 and 360 cm.

The sand fraction mirrors the mean grain size data in
Unit B and across the Unit B/A transition (Fig. 4f). At
360 cm and upward, the similarity ceases and the sand
fraction attains a low and stable signal (<3.5%). The silt
fraction does not exhibit any large variations in Unit B
(55-60%) until the very top where a decrease at 412 cm
counterbalances the increase in sand at the same level
(Fig. 4e). Between 412 and 400 cm, the silt fraction is
more variable (47-57%) but increases significantly at
400 cm from where it continues increasing until it accounts
for 65-70% of the sediment volume above 360 cm. Unit A
is almost exclusively composed of cyclic, alternating clay
and silt-rich layers. These are best seen in the clay/silt
ratio and are mirrored by other traditional current-sensitive
grain size proxies, including the mean size of the sortable
silt (Fig. 5a).

Biogenic silica

The nine lowermost samples (403.5-430.5 cm) show small
variation in the range of 0.8-1.7 wt% BSi (Fig. 4b). A
slightly higher BSi (2.8%) is noted at 398.5 cm, followed
by a rapid upward increase over 18 cm between 398.5
and 380.5 cm. BSi stabilizes at ~ 15% between 363.5 and
380.5 cm. The BSi data fits the previously reported values
from 362.5 to 432.5 cm (Fig. 4). Despite the uncertainty
associated with the method, the results present a convinc-
ing progression toward higher BSi levels between 400 and
380 cm and a very good agreement with the low-resolution
data previously published from the same core [21].

Mineralogy

The mineralogical composition of 4-PC1 is reported in wt%
of the bulk samples (Supplementary material 1). Major min-
erals in 4-PC1 are quartz, feldspars, illite, chlorite and smec-
tite (Fig. 6). Notable changes in mineralogy between Unit A
and Unit B exist in the mineral assemblages and are seen by
non-overlapping 1o standard deviations for average mineral
concentrations in the two sedimentary units (Fig. 6). The
average quartz content is 24% (21.3-30.2%) in Unit A and
26% (22.7-29.4%) in Unit B, while feldspars (K-feldspars
and plagioclases) constitute 20% (18.2-21.9%) and 19%
(16.3-20.4%), respectively (Table 1; Fig. 6). The clay min-
erals are dominated by illite averaging 31% (25.5-35.2%)
for Unit A and 33% (30.9-34.4%) for Unit B. Chlorite
exhibits an average of 12% (8.5-15.5%) in Unit A and 10%
(8.1-12.6%) in Unit B, while the smectite content varies
from 7% (4.6-8.6%) in Unit A to 9% (8.0-10.5%) in Unit
B. The average kaolinite content is 3% in both units, while
the ranges differ slightly (Unit A: 2.1-4.6% and Unit B:
1.9-4.2%). Notable changes in mineralogy are also revealed
in the minor constituents dolomite, pyrite and halite (Fig. 6).
Halite exhibits an average of 0.7% in Unit B compared to
2.9% in Unit A. Dolomite and pyrite are only present in trace
amounts in Unit B, while increasing to an average of 1.2
and 1.1%, respectively, in Unit A. Dolomite starts becom-
ing quantifiable at 328.5 cm, while pyrite and others start

Table 1 Average bulk mineral composition (wt%) for sediments north and south of Bering Strait

Location Ref. Illite Chl. Kaol. Smec. Quartz  Feld. Q/F  Calcite  Dol. Pyrite  Halite  Other
4PC-1 Unit A This study 31 12 3 7 24 20 1.2 0.3 1.2 1.1 2.9 1.7
4PC-1 Unit B This study 33 10 3 9 26 19 14 0.3 0.7

ESS shelf [11] 27 8 2 9 27 26 1.0 - 0.1 - - 0.3
CS and BS shelves  [11] 29 1 6 29 23 1.3 0.1 0.9 - - 1.6
Beaufort shelf [11] 27 7 1 8 36 8 4.7 8.9 4.7 - - 0.5

Q/F quartz/feldspar, ESS East Siberian Sea, CS Chukchi Sea, BS Bering Strait
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Table 2 Average clay mineral

o Location Ref. Illite (wt%) Chlorite (wt%) Kao- Smec- C+K K/IC (C+K)/I

composition for surface linite tite?

sedimeqts in the Western Arctic Wt%)  (Wi%)

and Bering Sea
4PC-1 Unit A This study 59 22 6 13 28 0.26 0.48
4PC-1 Unit B This study 59 19 6 16 24 0.30 041
Beaufort Sea shelf [42] 62 22 14 3 36 0.69 0.57
Beaufort Sea shelf [11] 59 16 3 23 19 0.17 0.29
ESS shelf [42] 69 20 8 28 0.40 041
ESS shelf [41] 62 23 7 9 30 0.30 0.48
ESS shelf [9] 58 19 4 19 23 0.21 0.38
CS shelf [42] 57 25 9 9 34 0.36  0.60
CS shelf [41] 51 23 7 20 30 0.30 0.59
CS shelf [11] 62 19 3 15 23 0.16 0.35
Bering Sea I [32] 48 12 40 0.83
Bering Sea Il [32] 38 24 38 1.00
Bering Sea III [32] 44 29 27 0.61
Bering Sea IV [32] 30 27 43 1.43

C chlorite, K kaolinite, [ illite
“mixed layered-clays

increasing at 407.5 cm. A significant upward increase of
halite first occurs at 394.5 cm.

For comparison with other regional clay mineralogy
records, the clay mineral wt% was normalized assuming
that the <2 pm grain size fraction is composed purely of
clay minerals (Table 2). Unit A exhibits an average clay
composition of illite 59%, chlorite 22%, mixed-layered
clay (illite/smectite) 13% and kaolinite 6%. The corre-
sponding clay composition for Unit B is illite 59%, chlorite
19%, mixed-layered clay (illite/smectite) 16% and kaolin-
ite 6%. Mixed-layered clay contains both pure smectite
(expandable clays) and illite/smectite mixtures. Here, we
use the term smectite to indicate the mixed-layered clay,
which is a common reporting procedure for Arctic Ocean
sediment mineralogy [16, 39].

Ratios of bulk and clay minerals are commonly used as
proxies for sediment provenance. In the Western Arctic
Ocean commonly applied ratios include (1) the quartz/
feldspar ratio (Q/F), which tends to increase in surface
sediments as one moves from the Siberian to the North
American margin [23, 48] and (2) the chlorite/illite or
(chlorite + kaolinite)/illite ratio, which are elevated in the
Bering Sea and southern CS (Fig. 3), with decreasing val-
ues in surface sediments moving north through the CS [23,
48]. Here, we also present the illite/smectite ratio, as it
shows pronounced longitudinal variability (Fig. 3) as one
crosses the ESS and enters the BS/CS.

All of these ratios appear to change across the Unit
A to B transition, with different mean values and non-
overlapping standard deviations (Fig. 7). There is also
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clearly a larger degree of variability in the clay mineral
assemblages in Unit A. To determine whether these appar-
ent changes are significant, Student’s ¢ tests were applied
(Table 3). Prior to the ¢ test, an F test was performed to
determine which type of ¢ test should be used (unequal or
equal variance). The datasets were assumed to be unpaired
(independent) and to have normal distributions (two-
tailed data). Given a 95% confidence interval (p <0.05),
(C+ K)/I differs significantly between Unit A and Unit B,
while C/I, 1/S and Q/F differ significantly at a 99% confi-
dence interval (p <0.01) (Table 3).

Discussion

Grain size changes during sea-level rise and BS
flooding

The general trend of mean grain size data in 4-PC1 high-
lights the transition from a nearshore shallow environment
(Unit B) characterized by pulses of coarse-grained sedi-
ment from local runoff and ice rafting into a fully marine
environment (Unit A) with a silt-dominated deep-sea sedi-
ment drift signature (Fig. 4). Jakobsson et al. [21] used
the distinct change in 8'°C and BSi (Fig. 4b) to mark the
opening of the BS and the inflow of biosilica-rich Pacific
water between 412 and 402 cm. The actual date for this
event was derived by extrapolating the age model from
underlying radiocarbon dates to the midpoint (407 cm) of
the transitional unit. Here, we have identified an abrupt
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Fig.3 Longitudinal plots of clay minerals and ratios from the »

East Siberian and Chukchi Seas. All data from Wahsner et al. [42]
and Viscosi-Shirley et al. [41]. a Clay mineral data. Green=illite,
blue =chlorite, red =smectite and purple =kaolinite. b Illite/smectite
ratios. ¢ Chlorite/illite and (chlorite + kaolinite)/illite ratios

change in grain size at 412 cm, with a coarse base and fin-
ing upward sequence that strongly alludes to a period of
erosion or winnowing. This sedimentological horizon at
412 cm may represent an earlier age marker for the initial
opening of the BS. However, this is only 5 cm below the
level interpreted to represent the BS opening by Jakobsson
et al. [21]. Therefore, there is no significant age change
to the estimated flooding at 11.1 cal ka BP, as the main
source of error remains the unknown regional marine res-
ervoir age at that time.

Unit A is composed of drift sediments recognized in
the high-resolution acoustic stratigraphy of the site [21].
Consistent with this interpretation, the cyclic variations
seen in the clay and silt content of this unit (Fig. 4) appear
to be related to current-related sorting (Fig. 5). Periods
of enhanced bottom current speed are seen by a higher
mean size of the sortable silt (ﬁ) and a lower silt/clay
ratio [27]. Traditional grain size current proxies can be
difficult to interpret in the Arctic because of the imprint
and importance of sea ice-rafted sediments [18, 33]. Hass
[18] originally showed that the SS in deglacial and Holo-
cene sediments from the Yermak Plateau increased as
the ice-rafted sand component increased. Subsequently,
in studying a longer Pleistocene record from the Lomono-
sov Ridge, O’Regan et al. [33] illustrated a similar bias,
with the % sortable silt in the fine fraction, ﬁ, and the
coarse silt content, all being positively correlated with the
sand fraction, which is clearly of ice-rafted origin. This
later study showed that the same patterns were evident in
modern sea ice samples from the Arctic. In 4-PC1, sedi-
ments from Unit B show a similar correlation between
the sand content, SS and coarse silt components (Fig. 5b,
c), suggesting a substantial sea ice-rafting overprint.
However, in Unit A, the silt fraction components remain
uncorrelated to the sand fraction (Fig. 5b, ¢). This sup-
ports the interpretation that the observed cyclic grain size
variations are primarily driven by current-related sorting.

Mineralogy prior to Bering Sea flooding

When compared to the longitudinal variations in the clay
mineralogy of the ESS and CS shelves, the illite content
of 4-PC1 is similar to the CS end member (< 55%) but
does not exhibit the higher smectite levels (> 15%) of
this region (Figs. 3, 6). Kaolinite and chlorite contents
of 4-PC1 do not exhibit deviations from the general ESS/

Clay mineral content (wt %)
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Table 3 Results from F and ¢ tests on average mineral assemblage
ratios between Units A and B of 4-PC1

(C+K)/1 C/l 1S QIF
Ftestp 0.04 0.04 0.002 0.42
value
F test Equal Equal Unequal Equal
result variance variance variance variance
(p>0.005) (»p>0.005) (p<0.005) (p>0.005)
Type of t Two tailed, Two tailed, Two tailed,  Two tailed,
test unpaired unpaired unpaired unpaired
equal vari- equal vari- unequal equal vari-
ance ance variance ance
ttestp  0.03 0.009 0.005 6x107°
value

CS trends, which tend to be indistinguishable from each
other (Fig. 3). The illite/smectite ratio (//S) can provide
further information on the relationship among clay min-
eral assemblages along the Siberian coastline. Ratios > 5
characterize all ESS sediment samples, while a majority
of the CS I/S ratios are <5 (Fig. 3). Our data reveal an
1/§ ratio of <5 for almost all samples. (Fig. 7). These
comparisons indicate that the clay mineralogy of 4-PC1
shows a close resemblance to a general CS clay mineral-
ogy with respect to illite, chlorite, kaolinite and /S ratio.

Ms (SI x107%)
10 20 30 40 50

(a)

100 A

200 4

Unit A

300 4

Depth (cm)

400

500

Enit B, H Unit B, H

600

Mineralogy and composition after Bering Sea
flooding

The new BSi data show a gradual increase through the tran-
sitional unit, stabilizing between 10-15% around 370.5 cm
(Fig. 8). This closely corresponds to other geochemical
(6"°C) and mineral assemblage (I/S, Q/F) indicators (Fig. 8).
It is difficult to interpret the exact timing of these changes,
given the prolonged period of limited deposition inferred
by the current radiocarbon constraints between 412 and
390 cm. However, if the radiocarbon date at 399 cm (20:
8105-9075 cal a BP) is accepted [9], the implication is that
the major sedimentologic and mineralogic changes did not
stabilize until a few thousand years after the initial flooding
of the Bering Strait. Median calibrated ages of the three
overlying radiocarbon dates reported by [9] provide an esti-
mated linear sedimentation rate of ~ 1.04 m/kyr (R*=0.975).
However, additional dating is required to constrain the
period of erosion/winnowing and investigate short-term
variations in sedimentation rate during the Holocene.

The accessory minerals identified by XRD analysis also
changed after the flooding of the Bering Strait. Increased
halite in Unit A (Table 1; Fig. 6) likely arises from the higher
porosity of these sediments, but may also suggest increased
pore water salinity. Pyrites are usually formed diageneti-
cally during periods with increased input of organic car-
bon [2] and, hence, the increase in biologic production in
Unit A [9, 21], and possible enhanced terrigenous organic
matter deposition from runoff, is a probable cause for the
appearance of pyrites (Table 1; Fig. 6). Finally, dolomite
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Fig.4 Stratigraphic units, physical and chemical properties and grain
size composition of 4-PC1. a Bulk density and magnetic susceptibil-
ity adapted from [21]. b Biogenic silica (BSi) and 8"*Corg. Red cir-
cles with black border and all 613C0rg data are from [21]. Red circles
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Fig.5 Current-related sorting
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in Arctic sediments originates almost exclusively from the
sedimentary bedrock of northern Canada and Greenland and
is transported across the Arctic by sea ice via the clockwise
Beaufort Gyre [39]. Hence, the appearance of dolomite in
Unit A (Fig. 6) indicates a growing influence of the Beaufort
Gyre in Herald Canyon area following the general sea-level
rise. Darby et al. [11] also observe this influence in their CS
and BS surface samples (Table 1).

The bulk mineralogy also illustrates a significant (99%
confidence interval) decrease of quartz and increase in feld-
spars from Unit B to Unit A (Fig. 7; Table 3). The higher Q/F
ratio in Unit B is consistent with the shorter distance from
the core location in Herald Canyon to the paleo-shorelines

(Fig. 3). The importance of distance to the source for the
QJF ratio has been previously discussed [11] and is reflected
in present-day nearshore data from the ESS and CS, which
exhibits a similar level of quartz as the Unit B sediments
(Table 1). An alternate possibility is that the lower Q/F ratio
in Unit A arises from input of more feldspar-rich sediments
originating from the ESS [11, 23]. This would be consistent
with the higher average //S that occurs in Unit A, suggesting
a stronger ESS input.

The average C/I and (C + K)/I ratios are also signifi-
cantly higher in Unit A (Fig. 7), reflecting the contribution
from Bering Strait inflow. However, they do not seem to
change substantially until further upcore from 370.5 cm
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and may suggest a moderate influence of BS inflow on
sediment deposition in Herald Canyon until later in the
Holocene (Figs. 7, 8). Temporal mineralogical records are
rare and remain somewhat contradictory in this region of
the Arctic. Increased chlorite levels between 9 and 6 ka
in a sediment core from Barrow Canyon north of Alaska
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(C+ K)/I (chlorite + kaolinite)/illite, ESS East Siberian Sea, NA North
America, CS Chukchi Sea, BSi biogenic silica

(HLYO0501-6JPC; Fig. 1) were attributed to increased
inflow of Pacific waters as a response to insolation forc-
ing [34]. Yamamoto et al. [48] investigated the same core,
and while substantial variations in the chlorite/illite ratio
exist throughout the Holocene, it remains difficult to see
evidence for enhanced Pacific water inflow between 9 and
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6 ka. These differences may originate from differences in
the applied age model, or analytical techniques. However,
a central CS sediment core (ARA02B-01A-GC; Fig. 1)
revealed increased levels of C/I ratios between 6.0 and
3.6 ka which were interpreted as reflecting a period of
increased Bering Strait inflow [48]. The generally low
sampling resolution in Holocene sediments from 4-PCl1,
and existing uncertainties in the age model, prevent a more
detailed reconstruction of Pacific water inflow at this site.

Origin of mineralogic variability in Holocene
sediments

At the resolution of this study, after the inundation of the
CS and ESS and opening of the Bering Strait, clay mineral
assemblages in 4-PC1 indicate both alternating periods of
increased contributions from the BS and the ESS. Intervals
of higher C/I and (C+ K)/I (BS signature), are anti-corre-
lated with intervals of higher /S, which is an ESS signature
(Fig. 7). This increased variability in the clay mineral assem-
blages, appears to capture pulses of BS and ESS sourced
bottom waters (Figs. 6, 7). This is consistent with modern
oceanographic observations, which have shown that bot-
tom waters in Herald Canyon are not solely formed from
the densification and sinking of Pacific waters, but from
local sources in the CS and ESS [25, 36]. In particular, the
northern deeper parts of the Herald Canyon (where 4-PCl1 is
located) is fed mainly by an easterly directed water current
north of Wrangel Island (Fig. 1) [36]. This current is thought
to derive from brine-driven convection caused by sea ice
formation in the Wrangel Island polynya [6] and seems to

push the lighter Pacific water eastward over the Herald Shoal
[36]. The variations in clay mineral assemblages in Unit A
of 4-PC1 can therefore be explained by variable contribu-
tions from (1) the Bering Strait inflow with elevated C/I and
(C+ K)/I ratios and (2) shelf transformed waters from the
East Siberian Sea bearing a higher //S ratio. These shifts are
likely related to variations in bottom water velocity inter-
preted from the cyclic, alternating clay and silt rich layers
seen in the grain size data (Figs. 4, 5).

Conclusions

At the outset of this study, it was anticipated that degla-
cial sea-level rise and the opening of the Bearing Sea
would result in a dramatic change in the mineralogy of
sediments within Herald Canyon. Specifically, a large
increase in the relative chlorite content was expected to
occur after Pacific waters began to enter the CS. However,
the results highlight a more complex view on the sources
of Herald Canyon sediments. Certainly, there is a Pacific
water signature captured in the sediments of Herald Can-
yon as is seen by the increase in the chlorite/illite and
(chlorite + kaolinite)/illite ratios. However, these are inter-
spersed with intervals of increased illite/smectite ratios,
reflecting enhanced input from East Siberian sources. This
is perhaps not overly surprising, as sea-level rise would not
only allow inflow through the Bering Strait, but would also
allow the establishment of the easterly-directed Siberian
Coastal Current, which accounts for a significant portion
of bottom waters found along the deeper, eastern flanks of
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Herald Canyon today. The overall increased variability in
the clay mineral assemblage after the BS opening high-
lights the combined inputs from these two source areas.
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