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Sediment clay and silt mineral assemblages provide an excellent means of assessing the provenance of fine-
grained Arctic sediment especially when a unique mineral assemblage can be tied to specific source areas.
The diffuse spectral reflectance (DSR) first derivative measurements and quantitative X-Ray Diffraction
(qXRD) on a high-resolution sediment core from the continental slope north of Alaska constrain the
sediment mineralogy. DSR results are augmented by measurements on several adjacent cores and compared
to surface sediment samples from the northern Alaskan shelf and slope. Using Principal Component Analysis
(PCA), we infer that the three leading DSR modes relate to mixtures of smectite+dolomite, illite+goethite,
and chlorite+muscovite. This interpretation is consistent with the down core qXRD results. While the
smectite+dolomite, and illite+goethite factors show increased variability down core, the chlorite+
muscovite factor had highest positive loadings in the middle Holocene, between ca. 6.0 and 3.6 ka. Because
the most likely source of the chlorite+muscovite suite in this vicinity lies in the North Pacific, we argue that
the oscillations in chlorite+muscovite values likely reflect an increase in the inflow of Pacific water to the
Arctic through the Bering Strait. The time interval of this event is associated in other parts of the globe with a
non-linear response of the climate system to the decrease in insolation, which may be related to changes in
water exchange between the Pacific and Arctic Ocean.
© 2009 Elsevier B.V. All rights reserved.
1. Introduction
The Arctic Ocean plays an important role in regulating Earth's
climate due to its uniquely fresh surface water layer, and the
associated formation of sea ice which modulates the atmospheric
and oceanic heat budget through the ice-albedo feedback mechanism
(e.g., Serreze et al., 2007). Furthermore, the export of the Arctic fresh
water into the North Atlantic affects the stability of the upper ocean
and, thus, the strength of the deep-water convection. The major
sources of the Arctic Ocean fresh water are rivers and the inflow of
relatively low-salinity Pacific water. While knowledge of the Arctic
circulation dates back decades, the details of how inter-ocean basin
exchange between the Pacific, Arctic, and Atlantic operates on longer
time scales is poorly constrained due to a paucity of high resolution,
carbonate-rich sediment which limits the use of paleoclimate proxies.
Exchange between these basins is limited to a few key gateways: the
+1 330 672 7949.
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shallow Bering Strait (sill depth ~52 m) which connects the Pacific
and Arctic, and the much deeper Fram Strait (~2500 m) which con-
nects the Arctic and North Atlantic (Fig. 1). Some exchange between
the Arctic and Atlantic also occurs through the channels of the
Canadian Archipelago; while being volumetrically smaller than the
flow through Fram Strait (Aagaard et al., 1985), these channels provide
an important pathway for transport of Pacific water to the Atlantic
(Jones et al., 2003). Because of its shallow depth, the Bering Strait
ultimately regulates the exchange of water between the Pacific and
Atlantic via the Arctic.

In the Arctic Ocean and other regions, clay minerals can be used as
tracers of water mass and climate variability (Clark et al., 1980; Naidu
and Mowatt, 1983; Dalrymple and Maass, 1987; Darby et al., 1989;
Petschick et al., 1996; Vogt, 1997; Winter et al., 1997; Wahsner et al.,
1999; Viscosi-Shirley et al., 2003a,b; Stein et al., 2004; Stein, 2008).
While comparison of these results must be made with caution due to
the differences in methodology employed by each study (e.g. Naidu
and Cooper, 1998), work in the eastern Arctic documents that
terrigenous smectite is primarily introduced via the rivers of the
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Fig. 1. (A) The IBACO bathymetry (Jakobsson et al., 2008) of the Arctic Ocean showing the location of core JPC6 in the Chukchi Sea; (B) inset map showing the locations for the
HLY0201 cores (triangles), HLY0501-JPC6 (star), and the HLY0403 shelf basin interaction (SBI) surface samples (circles) The shallowest contour around Barrow Canyon is at 100 m.
Subsequent contours are at 500 m intervals from 500 m to 3000 m water depth.
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Kara and western Laptev Sea as they erode the Plutorana basalts,
mostly during interglacial times when ice cover is minimal (Wahsner
et al., 1999). In contrast, illite is largely delivered to the Arctic Ocean
during glacial intervals, possibly as rock flower derived from glacial
processes. Kalinenko (2001) synthesized the distribution of clay
minerals on the Arctic margins of Eurasia and Alaska denoting the
presence of an “Arctic Illite Belt” with associated smectite-rich
provinces (Fig. 2). Viscosi-Shirley et al. (2003a,b) found similar



Fig. 2. Arctic and Subarctic clay provinces based onXRDanalysis (after Kalinenko, 2001). (1) ‘Arctic illite belt’with N50% illite; (2) Illitewith smectite 20–50%; (3) Illitewith smectite N50%;
(4) Illite with chlorite N45%; (5) Subarctic Pacific chlorite belt.

Table 1
Geographic information for sediment cores employed in this study.

Cruise ID Core ID Latitude
(deg. min)

Longitude
(deg. min)

Water depth
(m)

Core length
(cm)

HLY0205 MC14 71 59.98 153 26.29 1282 70
GGC19 72 9.33 155 30.49 369 471
JPC16 72 0.55 153 24.99 1300 2002

HLY0501 1JPC/TC 72 54.34 158 25.35 1163 1418
2JPC/TC 72 53.66 158 17.10 1422 810
3JPC/TC 72 51.62 158 25.28 546 1333
4JPC/TC 72 41.89 157 25.20 538 1464
5JPC/TC 72 41.68 157 31.20 415 1648
6JPC/TC 72 30.71 157 2.08 673 1554
8JPC/TC 71 37.79 156 52.92 90 1396
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results, but show that there are additional smectite provinces on the
Eastern Siberian shelf.

While illite is the dominant clay mineral in the Arctic, chlorite is
the dominant clay mineral in the North Pacific (e.g. Naidu and
Mowatt, 1983; Kalinenko, 2001). This unique geographic relationship
allows chlorite to serve as an effective tracer of North Pacific water
entering the Arctic via the Bering Strait (Fig. 2). Several authors
proposed that the opening and closing of the Bering Strait during
glacial–interglacial cycles might modulate the strength of the Atlantic
Meridional Overturning Circulation (MOC) by controlling the dyna-
mical pathway through which fresh water anomalies can be removed
from the North Atlantic (e.g., De Boer and Nof, 2004; Hu et al., 2007;
Keigwin and Cook, 2007; Sandal and Nof, 2008). Here we present clay
mineral data from a high-resolution core collected on the Chukchi Sea
slope near Barrow Canyon north of Alaska (Fig. 1B) as a partial test of
Pacific inflow via the Bering Strait during the Holocene.

2. Hydrographic and sedimentary background

The northern Alaskan shelf and slope is characterized by a complex
system of currents operating at different water depths andwith strong
seasonal and interannual variability (e.g., Weingartner et al., 1998,
2005; Woodgate et al., 2005; see Darby et al., 2009-this volume for a
summary of this work). In addition to currents operating at specific
depth horizons, such as wind-driven surface and geostrophic subsur-
face currents, there is a considerable vertical, diapycnal mixing,
especially on the canyon dissected Alaskan slope. Core HLY0501-JPC6
used in this study, as well as most ancillary cores, is located on the
mid-slope within the Atlantic-derived Intermediate Water; however,
this location is also affected by waters from the upper water layers
including brines and halocline waters of Pacific origin. There is
evidence that the upper layers of the Atlantic Intermediate Water can
be advected upslope to mix with the halocline waters and then return
to their density horizon (Woodgate et al., 2005).

As a result of this intricate current activity, the study area receives a
considerable volume of sediment originating from rivers (Yukon and
smaller Alaskan rivers), coastal erosion, and sea-ice melting (McMa-
nus et al., 1969; Naidu and Mowatt, 1983; Darby et al., 2009-this
volume). Density flows resulting from brine formation and diapycnal
mixing can transport sediment downslope (Williams et al., 2008),
where its deposition is likely affected by turbulent mixing (Woodgate
et al., 2005). During glacial/deglacial times sedimentation was very
different due to high input of sediment from the Laurentide ice sheet
via iceberg and meltwater discharge combined with profound
changes in the current system and the emergence of the Beringian
landscape which cut off the Pacific inflow due to the closure of the
Bering Strait at low sea levels.

3. Methods

3.1. Field and laboratory work

During Leg 1 of the Healy-Oden Trans-Arctic Expedition (HOTRAX)
aboard the icebreaker USCGC Healy (cruise HLY0501), we collected
several jumbo piston cores on the Chukchi-Alaskan margin near
Barrow Canyon (Fig. 1B) which provide exceptional Holocene sedi-
mentary records (Darby et al., 2005, 2009-this volume). We present
detailed results here from core HLY0501-JPC6 and its associated
trigger core (herein referred to as JPC6 and TC6, respectively), which
were raised from the lower mid-slope (673 m). We augment these
results with several additional cores from HLY0501 and HLY0205
cruise to the Chukchi Sea (Keigwin et al., 2006). These cores (Table 1)
are used to provide diffuse spectral reflectance (DSR) data which is
decomposed to yield mineral assemblages by varimax-rotated Prin-
cipal Component Analysis (PCA). The DSR data for core HLY0501-JPC6
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is archived at the NOAA World Data Center A for Paleoclimate in the
archive associated with this publication: ftp://ftp.ncdc.noaa.gov/
pub/data/paleo/contributions_by_author/ortiz2009/.

Previous work has demonstrated the utility of DSR as a means of
extracting information regarding variations in sediment composition
both spatially and temporally (Balsam and Deaton, 1991; Deaton and
Balsam,1991; Mix et al., 1995, 1999; Harris and Mix, 1999). A powerful
approach to extracting information regarding clay minerals, iron
oxides/oxhydroxides, and plant pigments from DSR data is to employ
varimax-rotated, Principal Component Analysis (PCA or R-Mode
Factor Analysis) on the center-weighted derivative of the DSR spectra
(Ortiz et al., 1999, 2004). The derivative pre-treatment minimizes
scattering effects that can distort spectral shape while PCA, a data-
adaptive filtering method, provides orthogonal components (or
factors) that can be related to sediment composition.

Analysis of the high-resolution reflectance records from JPC6 and
TC6 allows us to splice the two cores together to generate a more
complete composite record (Fig. 3). The composite core has an age
Fig. 3. Depth constraints for splicing cores HLY0501-TC6 and HLY0501-JPC6 based on a⁎,
the red-green contrast measured by spectrophotometry: (A) 0 depth offset for JPC data
relate to TC6 data, (B) 80 depth offset for JPC data relate to TC6 data; and (C) 147 depth
offset for JPC data relate to TC6 data.
model for the upper ca. 10 m (adjusted depth) based on radiocarbon
and paleomagnetic constraints (Lisé-Pronovost et al., 2009-this
volume)whichwe apply with one revision as described below. Similar
to other cores from this area, JPC6 has averageHolocene sedimentation
rates in excess of 1 m/kyr (Lisé-Pronovost et al., 2009-this volume;
Darby et al., 2009-this volume).

The composite core 6, plotted on its adjusted depth scale, exhibits
considerable variability in the colorimetric indices, L⁎, a⁎, and b⁎ (Fig. 4)
of the CIELAB colorspace. The sediment brightness (L⁎) has peak values
downcore and oscillates between 1600 and 1000 cm adjusted depth
before decreasing into the upper portion of the sediment record.
The blue-yellow contrast (b⁎) and the red-green contrast (a⁎), exhibit
features similar to L⁎, but also have increasing trends toward the top of
the core. While the CIELAB indices provide useful stratigraphic
information and can be empirically calibrated as climate proxies, they
integrate information over too broad a spectral range to be useful as
unique indicators of sedimentmineralogy. In this paper, wemake use of
the 10 nm resolution diffuse spectral reflectance measurements from
which the CIELAB indices are calculated for this purpose.

3.2. Mineralogy by Diffuse Spectral Reflectance

Measurements of DSR were collected at 1-cm resolution from the
wet, split surface of the HLY0501 and HLY0205 cores using a Minolta
CM-2600d ultraviolet/visible (UV/VIS) spectrophotometer (400–
700 nm wavelength range; 10 nm resolution; 3 mm spot size) fol-
lowing the methods of Ortiz et al. (2004). The cores were lightly
scraped, then wrapped in a single layer of Gladwrap™ plastic wrap to
prevent contamination of the instrument's integration sphere during
the measurement process. We employ Gladwrap™ for this purpose as
is standard practice in the Ocean Drilling Program and Integrated
Ocean Drilling Program because it has been shown to absorb less in
the UV-end of the spectrum than other commercially available wraps
(Balsam and Deaton, 1991). This also allowed data from this study to
be compared with results generated earlier (e.g., Ortiz et al., 1999,
2004).

To help interpret the down core DSR record, we conducted similar
reflectance measurements on 28 surface sediment samples collected
by theWestern Arctic Shelf–Basin Interactions (SBI) program in 2004.
These surface sediment samples are arrayed in four transects across
the shelf and slope near Barrow Canyon (Fig. 1B). The surface samples
allow us to evaluate the spatial pattern of the sediment components
observed in the down core records and thus provide insights
regarding the processes by which sediment was delivered in the
past. Because wet material was not available for the 2004 SBI samples,
dried splits of the core top samples were analyzed using an ASD
Labspec Pro FR ultraviolet/visible/near-infrared (UV/VIS/NIR) spec-
trometer (250–2500 nm wavelength range, 2–10 nm resolution;
20 mm spot size) in the laboratory at Kent State University. Samples
were wet sieved through a 63 µm screen and the b63 µm size class
thus obtained was allowed to settle in a 1-L Nalgene beaker until the
clear supernatant could be siphoned off. The mud fraction was dried
at 60 °C. The dried sample was then ground for 1 min using a
Genogrinder to homogenize the material. Approximately 300 mg of
material was weighed out and thenwet vacuum filtered onto a 47mm
diameter, ~0.7 µm GF/F filter and oven dried at 60 °C. The dried filter
was measured for DSR on the ASD Labspec Pro FR spectrometer using
an ASD high intensity contact probe attachment. Prior work in our
laboratory has demonstrated that a sediment load of N250 mg on the
GF/F filter is sufficient to block the signature of the filter blank during
the reflectance measurement.

Intercalibration of the visible portion of the spectra from the two
data sets was accomplished by comparison of replicate measurement
of wet and dried samples from the HLY0501 cores analyzed on both
the CM2600d and the ASD Labspec Pro FR. Our results indicate that VIS
DSR measurements of the same sample on each instrument yielded



Fig. 4. Colorimetric indices for the spliced record from cores JPC6 and TC6 plotted against depth using a 147 cm offset for core JPC6 relative to TC6. The upper curve is L⁎, the middle
curve is b⁎ and the lower curve is a⁎.
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systematically similar results; however, the derivative of the reflec-
tance spectra for dried samples was a factor of two brighter than wet
measurements of the same sample. These results are expected since
water is an extremely efficient absorber in the visible part of the
electromagnetic spectrum. This was easily corrected for by rescaling
the dried reflectance spectra by a constant factor of 0.5 at all
wavelength.

The complete PCA analysis provides statistics that can be used to
assess the quality of the factors extracted, identify the components
represented by these, and explore their spatial and temporal variation.
The eigenvalues account for the amount of variance in the data set
attributed to each factor. A plot of eigenvalues scaled as the percentage
of variance explained as a function of factor rank is often referred to as
a “scree plot”. It can be used to determine the number of leading
factors to extract from the remaining ones or “noise floor” within the
data set. The significant factors will account for considerably greater
variance than the “noise factors” within the “noise floor” of trailing
factors. By truncating the noise factors, PCA reduces the dimension-
ality of the data to that of the significant or leading factors. The
communality of the PCA identifies the variance in each input variable
explained by the varimax-rotated factors that are extracted from the
data set. The varimax factor loadings or eigenvectors define the data-
adaptive filters, and thus the spectral signature of each component,
Table 2
Mineral searched for in the RockJock analysis.

Non-clays Clays

Quartz Disordered kaolinite
Ordered microcline feldspar Na-smectite (Wyo)
Intermediate microcline feldspar Ca-smectite (Wyo)
Sanidine feldspar Ferruginous smectite
Orthoclase feldspar 1Md illite (+dioct. mica and smectite)
Albite feldspar (cleavelandite) 1M illite (RN1, 70–80%I)
Oligoclase feldspar (Norway) Chlorite (CCa-1)
Andesine feldspar Chlorite (CMM)
Labradorite feldspar Chlorite (CO)
Calcite Fe-chlorite (Tusc.)
Aragonite Mg-chlorite (clinochlore)
Dolomite Muscovite (2M1)
Halite Montmorillonite (Webster Pass)
Amphibole
Pyrite
Goethite
Maghemite
which can be plotted, in this case as a function of wavelength. The
factor scores represent the projection of the factor loadings back onto
the input data matrix. The method can be thought of as a data-
adaptive filtering technique because the multivariate structure of the
data set – the factor loadings – forms the set of basis functions through
which the data matrix is filtered.

To identify the factors, we compared the resulting factor loading
patterns with the center-weighted derivatives of mineral diffuse
spectral reflectance signatures from known standards measured in
our laboratory or available from version 5 of the USGS Digital Spectral
Library. This is analogous to XRD methods that use peak or whole
spectrummatchingmethods that compare samples against standards.

3.3. Mineralogy by quantitative X-Ray Diffraction

As an independent check on our DSR-based mineral identifica-
tions, we compare the down core factor scores from JPC6 with
standardized mineral assemblages estimated by quantitative X-Ray
Diffraction (qXRD) on selected samples from the same core using the
methods of Eberl (2003, 2004). A total of 25 down core samples from
JPC6 and two samples from HLY0501-JPC2 were prepared for qXRD
analysis according to the methods described by Eberl (2004). Three
grams (3 g) of sample was mixed with 0.333 g zincite, an internal
standard. The mixture then was ground with 4 mL of methanol in a
McCrone mill for five minutes, oven dried at 80 °C, passed through a
Fig. 5. The scree plot of factor rank vs. variance for the DSR-based PCA: Filled circles
denote the variance associated with the leading three varimax factors. Open circles
indicate variance in the noise floor.
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4 mm mesh screen, and then side-loaded by tapping into an
aluminum holder. Samples were X-rayed from 5 to 65° 2θ with Cu
K-alpha radiation (40 kV, 30 mA) using a step size of 0.02° 2θ and a
counting time of 2 s per step on a Siemens D500 X-Ray Diffraction
system equipped with a graphite monochromator with 1° slits.

The raw XRD data were converted into mineral weight percents
using the RockJock computer program (Eberl, 2003). The program
Fig. 6. Varimax-rotated factor loadings and DSR first derivates of mineral standards plotte
determined by linear correlation of the factor loadings against reflectance signatures for k
loadings vs. illite+goethite; r=0.90 (C) Factor 3 loadings vs. chlorite+muscovite; r=0.92
compares integrated X-ray intensities for minerals present in a sam-
ple against the zincite internal standard. This allows weight percents
to be calculated from previously measured mineral intensity factors
(MIF). Integrated X-ray intensities for individual minerals were
determined by fitting stored XRD peak patterns from 20 to 65° 2θ
for pure minerals to the measured XRD pattern of each sample using
the Solver option in Microsoft Excel. The Excel Solver minimized the
d as a function of wavelength. The composition of the Alaskan margin sediment was
nown samples. (A) Factor 1 loadings vs. smectite+dolomite; r=−0.93, (B) Factor 2
.
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“degree of fit parameter” between measured and calculated patterns,
varying the intensities of the stored standard patterns by multiplying
each of these patterns by a separate factor to obtain the best fit.
The resulting degree of fit was very good with values ranging from
as low as 0.066 to as high as 0.115 and averaging 0.089±0.015 for the
27 samples.

All samples were analyzed for the samemineral suite (Table 2). An
example RockJock total fit is plotted in Fig. 5. The RockJock technique
has been checked for accuracy using artificial mixtures and generally
gives answers that are within one or two weight percent of actual
values (Eberl, 2003). A sum for an analysis that is close to 100% is a
further check because weight percents for each mineral are calculated
independently with respect to the zincite internal standard.
4. Results

4.1. DSR factor loading model from the varimax-rotated PCA

The varimax-rotated, PCA model is calculated from the correlation
matrix of center-weighted derivative spectra from 12,505 samples in
long cores (HLY0501 and HLY0205) and surface sediment samples
(HLY0403). The leading three rotated components accounted for
85.2% of the variance in the input correlation matrix (Fig. 6). The
leading component accounted for 36.4% of the variance while the
second and third components accounted from 26.6% and 18.4% of the
variance respectively. The three leading factors extracted by Principal
Component Analysis of the down core samples are applicable to the
surface sediment samples.

To identify the minerals or mineral assemblages associated with
each factor, we used Pearson's correlation coefficient to calculate the
linear correlation between each factor and the center-weighted first
derivative spectra of minerals and mineral mixtures measured in the
laboratory at Kent State University or available online from version 5
of the USGS Digital Spectral Library (Fig. 7). The first principal
component correlates to a mixture of smectite+dolomite (r=
−0.93), the second to a mixture of illite+goethite (r=0.90), and
the third to chlorite+muscovite (r=0.93). The results based on DSR
are consistent with those observed by qXRD (Fig. 8), although the
qXRD results provide more specific information about the sample. The
average, grouped mineralogical composition and range for the core
are presented in Table 3.
Fig. 7. Comparison of the measured XRD trace (black line) and the calculated best fit
curve (gray line) obtained from RockJock on the core top sample for core JPC6.
4.2. Age model for Core JPC6 and TC6

JPC6 and its trigger core (TC6) were selected for detailed analysis
due to their high resolution, good stratigraphic recovery and their
location, which is suitable to monitor bottom currents on the slope of
the Chukchi-Alaskan margin. Sediment above 850 cm (unadjusted
core depth) is characterized by olive gray, predominantly fine mud
with numerous black iron-sulfide patches. This lithology is typical for
postglacial deposits on the Arctic continental margins (e.g., Keigwin
et al., 2006; Darby et al., 2009-this volume). The lower part of the core
is comprised of gray or brownish, often laminated muds with
dropstones common. Petrographic analysis of coarse clasts shows
the predominance of detrital carbonates indicative of iceberg rafting
from the Laurentide ice sheet during glacial and/or deglacial times
(Polyak et al., 2009-this volume).

The age model for the upper 800 cm of core JPC6 (uncorrected
depth) is based on 10 paleomagnetic intensity datums and one
benthic foraminiferal AMS-14C datum taken from Lisé-Pronovost et al.
(2009-this volume). Age estimates for the core are well constrained
between at least 8000 and 2000 calendar years B.P. (Fig. 9).

The shallowest paleomagnetic age constraint in core JPC6 yields an
age of 2030 calendar year BP, indicating that the top of JPC6 is missing.
Unfortunately, there are no age datums in TC6 with which to tie the
two records chronologically, so a lithologic correlation must be
generated. Lisé-Pronovost et al. (2009-this volume) assume that the
top of core TC6 is modern (−55 calendar years BP relative to 1950)
and spliced the records for core TC6 into core JPC6 by correlating the
GEOTEK MSCL gamma density records from the two cores. They
concluded that the data were best fit using a depth offset of 80 cm.
They averaged two clusters of ages between 506–527 cm and 739–
779 cm (unadjusted depth) in JPC6 to yield seven age control points
and determined an age model for the upper approximately 800 cm of
the core by linear interpolation between these points.

As was presented in Fig. 3, we demonstrate that the 1 cm
resolution reflectance data for TC6 and JC6 can be fit together well
using offsets of either 80 or 147 cm. These two depth offsets, 80 cm vs.
147 cm, yield similar average mid- to late Holocene sedimentation
rates of 115 or 119 cm/ky respectively (Fig. 9). The ambiguity in the
amount of missing material (80 cm vs. 147 cm) could arise from the
lower resolution of the whole core MSCL sensors (Lisé-Pronovost
et al., 2009-this volume) relative to the DSR measurements. While an
80 cm offset may be possible, we prefer the offset of 147 cm because it
indicates essentially linear sedimentation rates in the core down to a
corrected depth of 926 cm (offset adjusted). With the 147 cm depth
offset, there is also no discontinuity in the spliced reflectance records
for cores TC6 and JPC6 when plotted on age. This is not the case for an
80 cm offset which produces age estimates for the base of core TC6,
which are older by almost 800 years than the estimates for the 147 cm
offset. As a result of the uncertainty with the JPC/TC offset, age esti-
mates in the spliced records for Core JPC6/TC6 younger than ~2000
calendar years BP should be viewed with caution, because they are
much less constrained relative to the portion of the record between
2000 and 8000 calendar years BP. This does not affect the results
presented below, which focus on the mid-Holocene portion of the
record. The pre-Holocene stratigraphy of JPC6 is interpreted to extend
to roughly 30 ka (Polyak et al., 2009-this volume) based on a single
AMS 14C age and lithostratigraphic correlation, but we do not
interpret this part of the core in this detailed Holocene study due to
insufficient age constraint beyond ca. 8 ka.

5. Discussion

5.1. Holocene variations in sediment lithology based on DSR and qXRD

Each of the leading components in the DSR-based PCA has
eigenvalues greater than 1, indicating that they accounted for more



Fig. 8. XRD analysis of selected down core samples (filled symbols) from JPC6 confirms the interpretation of the DSR factors (gray lines) presented in Fig. 7. (A) smectite+dolomite,
(B) illite+goethite, (C) chlorite+muscovite.
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information in the data set than each of the individual input variables
which are normalized such that their sums of squares have unit
variance. This criterion for determining the number of components to
extract proves to be consistent with the graphical scree plot method
for this data set.

Cross plots of factor scores differentiate the end members present
in the data set. These are particularly effective when plotting the
leading factor against one of the lower order factors in the data set
because of the disparity in variance explained by these components. In
the case of this data set, plotting the factor scores for the first and third
factors define a roughly triangular shape, indicating the presence of
three dominant end member sediment assemblages (Fig. 10). By
analyzing the extreme samples, we can gain insights into the
sediment composition of the end members which is related to the
contribution of each factor to that sediment sample. End-member A
has high scores in illite+goethite, smectite+dolomite, and low
scores in chlorite+muscovite. End-member B has high scores in
chlorite+muscovite with moderate scores for smectite+dolomite
and low scores for illite+goethite. End-member C has moderate
scores for illite+goethite and chlorite+muscovite, but low scores for
smectite+dolomite.

The distribution of the end-members can be seen on the modern
shelf and slope sediments of the Chukchi Alaskanmargin (Fig. 11). The
geographic and bathymetric trends in the surface sediment data
indicate that the smectite+dolomite and illite+goethite compo-
nents both increase with depth and reach greater values in the two
western transects than in the two eastern transects closest to the coast
and Barrow Canyon. The samples on the slope which are rich in
smectite+dolomite and illite+goethite and relatively lacking in
chlorite+muscovite seemmost heavily influenced by end-member A.
The smectite+dolomite and illite+goethite components are anti-
correlated with chlorite+muscovite in the twowestern transects, but
not in the two eastern transects. The chlorite+muscovite component
decreases with depth and is highest in the two transects closest to



Table 3
Summary statistics for qXRD.

Average Standard deviation Minimum Maximum

Full pattern degree of fit: 0.089 0.02 0.066 0.115

Mineral (wt.%) (wt.%) (wt.%) (wt.%)

Non-clays
Quartz 19 4 13 29
Potassium feldspar 4 1 3 6
Plagioclase 8 2 4 11
Calcite 0 Tra 0 Tr
Aragonite 1 Tr Tr 2
Dolomite 4 7 0 33
Halite 2 2 0 9
Amphibole Tr Tr 0 1
Pyrite Tr Tr 0 1
Goethite Tr Tr 0 1
Maghemite Tr 1 0 2
Total non-clays 39 9 26 73

Clays
Disordered kaolinite 1 1 0 2
Smectite 13 4 6 21
Illite 17 6 8 26
Muscovite (2M1) 13 3 4 16
Chlorite 17 2 10 20
Total clays 61 9 27 74
Total 100

a Tr = Trace occurrence.

Fig. 10. A cross plot of the varimax factor 1 scores smectite+dolomite against the
varimax factor 3 scores chlorite+muscovite indicate the presence of three miner-
alogical end members on the Chukchi margin. These are samples rich in illite+geothite
but depleted in smectite+dolomite. Samples rich in chlorite+muscovite, and samples
rich in both illite+goethite and smectite+dolomite.
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Barrow Canyon. The samples in Barrow Canyon are dominated by end-
member B, which is rich in chlorite+muscovite, while the sediments
on the shelf are characterized by end-member C, which has a
moderate mixture of illite+goethite and chlorite+muscovite, but
relatively lower amounts of smectite+dolomite.

The smectite+dolomite and illite+goethite mixtures supplied to
the sediment are likely introduced by riverine input, coastal erosion,
and/or melt-out from sea ice (Nürnberg et al., 1994; Pfirman et al.,
1997; Darby et al., 2009-this volume). The vast majority of this sedi-
Fig. 9. Age constraints for spliced core TC6/JPC6 gray diamonds denote the age model
assuming 80 cm of missing core top from JPC6 yielding an average linear sedimentation
rate of 115 cm/ka, black squares denote the age model assuming 147 cm of missing core
top from 6JC yielding an average linear sedimentation rate of 119 cm/ka. The agemodel
with 147 cm of missing core top is applied in Fig. 12.
ment is likely delivered from nearby sources (as opposed to trans-
ported from Eurasia) as indicated by the presence of dolomite
primarily derived from the carbonate bedrock of the Canadian Shield.
A smectite source from the Eastern Siberian province identified by
Viscosi-Shirley et al. (2003a,b) would most likely not be found in
association with dolomite. In contrast, Naidu and Mowatt (1983)
suggest that the Colville and Canning Rivers, which feed into the
Beaufort Shelf east of our study site are relatively rich in both smectite
and illite. Additional work is required to determine if sediment from
these rivers derive from the same sediment assemblages we observe
on the Chukchi Shelf.

The smectite+dolomite and illite+goethite records from core
JPC6 show several sharp peaks down core, especially in its lower part
(Fig. 8). Analysis of samples from this core by qXRD is consistent
with our DSR-based interpretation. We converted the qXRD data to
z-scores to scale them in a fashion consistent with our factors scores
and found that the DSR inferred smectite+dolomite factor matches
well with the sum of the XRD-derived smectite, and dolomite z-scores
(Fig. 8A). Likewise, the DSR derived illite+goethite factor scores
match well with the sum of the XRD-derived illite and goethite
z-scores (Fig. 8B). Finally, the DSR derived chlorite+muscovite
factor scores agree with the sum of the XRD-derived chlorite+
muscovite z-scores (Fig. 8C). Enhanced chlorite+muscovite occurs
in the mid-Holocene between approximately 6.0 and 3.6 ka (350–
650 cm core depth, Fig. 12) Below the Holocene (about 10 m core
depth) there are large changes in all DSR factors and the mineralogy,
but this chlorite+muscovite factor is the only major stratigraphic
change during the Holocene. The most probable source for this
mineral combination is from Alaskan rivers emptying into the Pacific
and then transported into the Arctic through Bering Strait (Naidu and
Mowatt, 1983; Kalinenko, 2001).

5.2. Pacific Clays, the Bering Strait, and Holocene climate

The Bering Strait has played an important role in climate change
during the Pleistocene Ice ages due to its shallow sill depth (~52 m)
and gateway position controlling hydrographic exchange between the
Arctic and Pacific Oceans (De Boer and Nof, 2004; Sandal and Nof,
2008). During low stand conditions, sea level drops of greater than
50 m isolate the two oceans resulting in the emergence of wide,
Beringian coastal plains. A number of papers suggest that the closure
of the Bering Strait may have profound influence on the Atlantic MOC
by preventing the export of salt from the Atlantic to the Pacific, or
conversely by preventing the inflow of fresh North Pacific water to the



Fig. 11. The distribution of varimax factor scores in the HLY0403 core tops aids in the interpretation of the down core patterns for each factor. Transects in the east havemoderate illite+
goethite and smectite+dolomite. Samples in the western transects have higher illite+goethite and smectite+dolomite. The chlorite+muscovite factor is dominant on the shelf,
particularly in Barrow Canyon and decreases in importance down slope.
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Arctic and thus on to the North Atlantic (e.g., De Boer and Nof, 2004;
Hu et al., 2007; Keigwin and Cook, 2007; Sandal and Nof, 2008).
However, paleoceanographic data that would test the Bering Strait
influence have been difficult to assemble in the Arctic due to several
reasons. Seasonal ice cover makes the logistics of working in this
environment daunting. Of greater importance, Arctic hemipelagic
sediment in areas with high sediment accumulation often exhibits a
paucity or lack of calcareous microfossils, thus impeding our ability to
date and extract common climate proxies from them such as the
oxygen isotopic composition of planktic and benthic foraminifers.

Keigwin et al. (2006) addressed this problem to some extent by
collecting high-resolution cores from the Chukchi Sea with sufficient
calcareous fossils to observe centennial-scale changes in planktic
foraminiferal abundance, indicators of enhanced surface productivity,
and to generate records of δ18O from N. pachyderma (s.) as tracers of
freshwater input for some carbonate-bearing intervals during the
Holocene.

Keigwin et al. (2006) and earlier studies of the Chukchi Sea (e.g.,
McManus et al., 1969), document that high sediment accumulation
rates can be found near Barrow Canyon where our surface samples
and piston cores were also collected. They suggest the high Holocene
accumulation rates are due to nepheloid sediment transport in the
vicinity of Barrow Canyon, which they argue must result seasonally in
response to storm forcing and brine rejection during sea-ice for-
mation. They note, however, that they could not rule out cross-shelf
transport of nutrient rich-Pacific waters into the Arctic as a means of
Fig. 12. The mid- to late Holocene varimax factor 3 chlorite+muscovite record for spliced co
The record documents enhanced chlorite+muscovite on the Chukchi Shelf between 6000
generating the cyclic faunal changes that they observe during the
Holocene.

Likewise, Kalinenko's clay mineral map (Fig. 2) indicates the
presence of a tongue of chlorite-rich sediment extending through
Bering Strait and into the Chukchi Sea. These results imply that the
chlorite+muscovite assemblage presumably derived from the North
Pacific, is transported to the Chukchi Sea shelf by the net northward
currents flowing through the Bering Strait then further entrained into
the bottom currents that flow to the Barrow Canyon. Our results from
the Barrow Canyon area which show oscillations in chlorite+
muscovite in the mid-Holocene, likely, demonstrate time-dependent
variability in the flow from the Pacific to the Arctic.

The DSR-based chlorite+muscovite record from JPC6 indicates a
period of enhanced deposition of sediment indicative of the Pacific
inflow during the mid-Holocene, between approximately 6.0 ka and
3.6 ka at a time when the Bering Strait is believed to have been open
(Hopknis, 1982). The cause of such intensification of Pacific water
import into the Arctic Ocean is unknown. The timing of the chlorite
maximum corresponds to the transition from the early Holocene
warming to cooler climate controlled by the decreasing insolation
(e.g., Kaufman et al., 2004 and references therein). This transitionwas
accompanied by changes in atmospheric circulation that may have
affected water exchange between the Pacific and the Arctic. Observa-
tions from other locations around the globe indicate that the mid-
Holocene was a time of reorganization within the climate system as a
non-linear response to decreasing insolation (e.g., deMenocal et al.,
re TC6/JPC6 plotted on the age model from Fig. 3 assuming a 147 cm offset of core JPC6.
and 2000 calendar year BP during the mid-Holocene.
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1999a,b; Rashid et al., 2007). Herewe hypothesize that this non-linear
response, which has been observed in the low-latitudes was
potentially active at high northern latitudes as well. This coupling
between low and high latitudes is found elsewhere such as in the
Cariaco Basin in the equatorial Atlantic and the Greenland ice sheet on
decadal to centennial timescales (Hughen et al., 1996).

Our results can also be compared to the Protactinium/Thorium
(Pa/Th) record of the Atlantic Meridional Overturning Circulation
(MOC; McManus et al., 2004). Although their record is sparse during
the middle to late Holocene, there is a suggestion that the MOC was
weaker during the time of the chlorite maximum in JPC6, which may
imply a potential linkage to the enhanced Pacific inflow to the Arctic.
Unfortunately, the coarse resolution of the only available Pa/Th record
from the North Atlantic relative to our chlorite+muscovite record
precludes us from addressing the phasing between these regions.

6. Summary and conclusions

Comparison of the factor loadings with derivative spectra of
known standards, and the down core factor scores with quantitative
mineralogical estimates by XRD verifies the interpretation of the DSR
factors in modern and Holocene sediments in the Barrow Canyon area
of the Chukchi-Alaskan margin. The geographic and bathymetric
trends in the surface sediment data indicate that (1) the smectite+
dolomite and illite+goethite components both increase with depth
and reach greater values in the western sites relative to the eastern
sites closest to the coast and Barrow Canyon, (2) the smectite+
dolomite and illite+goethite components are anticorrelated with
chlorite+muscovite to the west but not in the east, (3) chlorite+
muscovite decreases with depth and is highest in the east closest to
Barrow Canyon.

In combination with the broad pattern of clay mineral distribution
in the Arctic andNorth Pacific, these results suggest that the chlorite+
muscovite on the Alaskan margin is transported by currents from the
Bering Strait and entrained into the bottom currents flowing through
the Barrow Canyon and across the Chukchi Shelf. Accordingly, we
interpret down core chlorite+muscovite peaks inferred from DSR
measurements in our sediment cores as evidence of times of enhanced
input of Pacific water to the northern Alaskan Margin. The DSR-based
chlorite+muscovite record from JPC6 likely indicates a period of
enhanced Pacific inflow during the mid-Holocene, between approxi-
mately 6.0 ka to 3.6 ka. This inflow of relatively fresh Pacific water to
the Arctic was possibly connected with a reorganization of the climate
system as a non-linear response to insolation forcing. The potential
impact of this event on theweakening of theNorthAtlanticMOCneeds
to be further investigated.
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