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Abstract

A Quaternary record of fine-grained sediment composition is used to investi-
gate Arctic Ocean climate variability on glacial–interglacial time scales. Diffuse
spectral reflectance data from sediment core P1-92AR-P25 from the Northwind
Ridge, north of Alaska, demonstrates cyclic variations in mineralogy. Varimax-
rotated R-mode factor analysis of down-core data revealed three major
mineralogical assemblages, which were then compared with the content of
manganese, a proxy for basin ventilation, and thus glacial–interglacial cycles.
Results indicate that factor 1, a smectite + chlorite clay assemblage, was deliv-
ered to the core site during interglacials, either by fluvial discharge or sea-ice
drift from Siberian rivers or inflow from the Bering Sea. Factor 2, an
illite + goethite assemblage, is related to glacial periods, and was probably
transported from the Laurentide Ice Sheet by icebergs or meltwater. Factor 3,
glauconite, might have been sourced from the North Slope region of Alaska
during deglacial intervals, or from dolomites associated with Laurentide
iceberg-discharge pulses. The observed variations in sediment source and
transport mechanisms arise from glacial–interglacial changes in sea level, the
size of the terrestrial ice sheets surrounding the Arctic Ocean, the extent of
sea-ice cover and altered atmospheric circulation. The reconstructed glacial–
interglacial circulation patterns from the Late Quaternary show some similarity
with modern circulation changes presumably related to the monthly- to
decadally-fluctuating Arctic Oscillation. However, because the Arctic Oscilla-
tion operates on much shorter time scales, further research is necessary to better
understand the driving mechanism for the changes observed over glacial–
interglacial cycles, and the potential role of ocean–atmospheric interaction.
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Focus on the Arctic has increased in recent years in an
attempt to better understand climate change. A major
reason for this is the region’s climatic sensitivity, which
enables us to see dramatic changes on annual to decadal
time scales. For example, September 2007 marked a
new minimum in sea-ice extent as a result of a warming
climate and changing atmospheric conditions (Comiso
et al. 2008). Not only is the Arctic sensitive to climate
change, but it has the ability to amplify changes glo-
bally. The melting of ice contributes to a positive albedo

feedback, augmenting the warming process and fuelling
more melting. Also, the addition of freshwater from
melting ice can alter North Atlantic Deep Water
formation, affecting global ocean circulation and,
consequently, the Earth’s climate (Holland et al. 2001;
Curry & Mauritzen 2005). Arctic Ocean sediment pro-
vides palaeoceanographic evidence of past climatic
conditions that may help us better understand the
changing Arctic climate system, which remains poorly
understood.
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Sedimentation in the Arctic Ocean is affected by glacial
cycles, sea-ice coverage, ocean circulation and atmo-
spheric conditions, and thus provides a record of their
combined effect. Changes in sea-ice extent can affect the
amount and type of sedimentation, sea level and glacia-
tions influence source regions and delivery mechanisms,
and circulation directly impacts transportation pathways.
These interrelated variables are also tied to atmospheric
conditions. For example, the Arctic Oscillation (AO), as
discussed below, has been shown to modulate sea-ice
circulation, extent and thickness on seasonal–decadal,
and perhaps longer, time scales (Kwok 2000; Polyakov &
Johnson 2000; Rigor et al. 2002; Polyakov et al. 2003;
Serreze et al. 2003; Zhang et al. 2003; Darby & Bischof
2004). Studying the interaction of these climatic pro-
cesses and their variability over glacial–interglacial time
scales can provide us with a better understanding of the
long-term natural changes in the Arctic.

Seeking to use the sedimentary record to unravel Arctic
climate conditions, and their cyclic variations during
glacial–interglacial periods of the Late Pleistocene, this
study examines a sediment core from the Northwind
Ridge in the Amerasian Basin, about 300 km north of
Alaska. We present a record of cyclic clay mineral varia-
tions that correspond to cold, glacial conditions and
warm, interglacial conditions. Clay minerals in the Arctic
have been used as provenance indicators, as they tend to
occur in geographically distinct regions (Clark et al. 1980;
Naidu & Mowatt 1983; Dalrymple & Maass 1987; Darby
et al. 1989; Petschick et al. 1996; Vogt 1997; Winter et al.
1997; Wahsner et al. 1999; Kalinenko 2001; Viscosi-
Shirley, Mammone et al. 2003; Viscosi-Shirley, Pisias
et al. 2003; Stein et al. 2004; Stein 2008). By comparing
clay mineral assemblages with a glacial–interglacial
climate record, we can interpret potential transport
mechanisms and pathways, and thus piece together an
understanding of the dynamic climate processes that con-
tributed to the sediment record.

Geologic and oceanographic setting

Core P1-92AR-P25, hereafter referred to as P25, was col-
lected by the US Geological Survey from the east slope
of the Northwind Ridge (eastern ridge of the Chukchi
Borderland) from a water depth of 1625 m (Fig. 1) (Arctic
Summer West Scientific Party 1993). Because of its prox-
imity to sediment sources and the sea-ice margin,
resulting in elevated sedimentation rates on the southern
Northwind Ridge, this site provides a more expanded and
better resolved palaeoclimatic section in comparison with
many sites from the interior of the Arctic Ocean (Polyak
et al. 2009). The transport of sediment in the Arctic
Ocean (except for turbidites) is mostly influenced by the

surface circulation of sea ice and icebergs (Clark et al.
1980; Bischof & Darby 1997; Phillips & Grantz 2001), but
fine-grained silts and clays can also be transported or
redeposited by currents in intermediate or deep waters
(Hunkins et al. 1969; Winkler et al. 2002).

In the Arctic Ocean today, there are two major surface
current systems: the Trans-Polar Drift (TPD) that moves
from the Siberian shelf towards the Fram Strait, across the
Eurasian Basin, and the Beaufort Gyre (BG), a clockwise-
rotating current system that dominates the circulation in
the Amerasian Basin (Colony & Thorndike 1984) (Fig. 1).
Besides the effect of the TPD and BG surface currents,
the P25 core site may be influenced by the north-
flowing current through the Bering Strait that flows
across the Chukchi Sea west of the Chukchi Borderland
(Weingartner et al. 2005). This current turns east, and is
incorporated into an eastward flow formed by brine rejec-
tion during freeze-up, that forms part of the Beaufort
Undercurrent (BU) at depths below about 50 m to perhaps
2500 m (Aagaard 1984; Weingartner et al. 2005; Wood-
gate et al. 2005). Whether the BU actually flows along the
Northwind Scarp, where P25 is located, is uncertain.

High-density plumes formed by brine rejection along
with comparably infrequent turbidity flows are thought
to be the primary origin of deep water in the Canada
Basin. It is the warmest and saltiest deep water in the
Arctic Ocean (Campbell & Clark 1977; Aagaard et al.
1985), and because salinity also increases with depth in
the basin, the high salinity waters cannot originate from
adjacent basins or the upper water column. Instead, they
must be derived from the continental shelf, where salt
rejection during freezing creates dense brines, which mix
with colder water from below to form deep water plumes
(Aagaard et al. 1985). These brine rejection density flows
can carry sediments to great depths, and may provide a
means of their transport to the P25 site.

In addition, intermediate currents can affect sedimen-
tation. Warm water from the Atlantic, originating in the
Norwegian Current, enters the Arctic Ocean via two
branches: the Fram Strait branch (the West Spitsbergen
Current) and the Barents Sea branch. These branches
cool and sink to intermediate depths, meeting north of
the Kara Sea, and flowing cyclonically throughout the
deep basins as narrow boundary currents along the con-
tinental slopes and ridges. However, only the Barents Sea
branch reaches the southern Canada Basin (and the
Northwind Ridge) beyond the Chukchi Cap (Rudels et al.
1994; Rudels et al. 2004) (Fig. 1).

Methods

Diffuse spectral reflectance (DSR) measurements were
made on the surface of the entire P25 core using a
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Minolta CM-2600d ultraviolet/visible spectrophotometer
(Konica Minolta, Tokyo, Japan). See Ortiz et al. (2009)
for detailed procedures. Measurements were made in the
visible light spectrum (400–700 nm), and are used as a
reference for our sample subset. As the primary focus for
this study, samples were selected from marine isotope
stages (MIS) 3–6, as this section of the core contains the

most prominent down-core glacial–interglacial peaks.
The age model for this core is derived from a combination
of 14C and amino acid racemization (AAR) dates, and a
multi-proxy correlation with other sediment cores from
the western Arctic (Polyak et al. 2009). Along with the
14C and AAR ages, the down-core distribution of strati-
graphic indicators used to formulate the age model is

Fig. 1 The International Bathymetric Chart of the Arctic Ocean (IBCAO) with modern surface circulation patterns, the Transpolar Drift (TPD) and Beaufort

Gyre (BG), indicated by thick black lines. The white star indicates the location of core P25 on the Northwind Ridge in the Chukchi Borderland. Intermediate

waters that reach the southern Canada Basin (from Rudels et al. 2004) are shown as follows: dashed arrows indicate inflow of Atlantic Water (AW) and

Pacific Water (PW); black diagonals indicate the area of formation; and thin black arrows indicate the circulation of the Barents Sea branch halocline, which

affects the Northwind Ridge and site P25; the white box outlines the study site of Ortiz et al. (2009). (Based on the IBCAO map of Jakobsson, Macnab et al.

2008.)
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shown in Fig. 2, and include: palaeomagnetic inclination,
sand content (>63 mm in diameter) and foraminiferal
numbers. This age model is further confirmed by the
elevated content of subpolar species among planktonic
foraminifers in MIS 5, consistent with earlier results from

other sites in the Arctic Ocean (Nørgaard-Pedersen et al.
2007; Adler et al. 2009), and by the prominent inclina-
tion drop demonstrated to occur in MIS 7 (Polyak et al.
2009). The ages for MIS boundaries are taken from Mar-
tinson et al. (1987).

Fig. 2 (a) Down-core distribution of strati-

graphic indicators used by Polyak et al. (2009)

to construct the age model for the core P25:

palaeomagnetic inclination, sand content

(>63 mm in diameter), foraminiferal numbers,

and 14C and amino-acid racemization (AAR)

ages. Palaeomagnetic data and 14C/AAR ages

are from Polyak et al. (2009). The prominent

inclination drop has been demonstrated to

occur in marine isotope stage (MIS) 7 (Polyak

et al. 2009). The inferred MIS boundaries and

ages are shown on the right. (b) Age–depth

plot for core P25. Grey diamonds represent 14C

and 14C-calibrated AAR ages (Adler et al. 2009),

and black squares represent SPECMAP-

correlated MIS picks based on multi-proxy

correlation of several western Arctic cores

(Polyak et al. 2009). SPECMAP MIS ages are

taken from Martinson et al. (1987). The dashed

line with open circles represents the composite

age model for core P25.
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The DSR measurements were also made on the subset
of discrete samples for comparison. Statistical analysis
of DSR data was conducted on the siliciclastic terrige-
nous component, in order to extract information regard-
ing variations in clay mineral assemblages from the
carbonate-free sediment. Clay minerals have been shown
to occupy geographically distinct regions in the Arctic
(e.g., Clark et al. 1980; Naidu & Mowatt 1983; Dalrymple
& Maass 1987; Darby et al. 1989; Wahsner et al. 1999;
Kalinenko 2001; Viscosi-Shirley, Mammone et al. 2003;
Viscosi-Shirley, Pisias et al. 2003; Stein et al. 2004; Stein
2008; Vogt 2009; Vogt & Knies 2009), and are here used
to evaluate provenance and circulation changes during
glacial–interglacial periods.

The down-core samples taken from the core were
mixed with 0.2% sodium hexametaphosphate, in order
to avoid flocculation (McCave et al. 2005), and were
washed, sieved and dried. We conducted measurements
on both bulk sediment and sediment residues following
an acid-base treatment. Following McCave et al. (2005),
a treatment of 5 ml of glacial acetic acid was applied to
about 0.2 g of the dried <63-mm-diameter samples, to
remove carbonate, followed by about 40 ml of 2 M
Na2CO3, to remove biogenic opal. The samples were
then neutralized with 10 ml of glacial acetic acid. The
acid–base treatment was applied in order to isolate the
terrigenous component of the fine fraction for analysis.
In the process, detrital dolomite, an important constitu-
ent of Arctic Ocean sediment, was dissolved away. By
comparing grain size spectra obtained with a Mastersizer
2000 particle size analyser (Malvern Instruments,
Malvern, UK) before and after acid–base treatment,
we infer that the detrital dolomite lost in dissolution

was mostly in the fine clay size class (Fig. 3). Although
grain size analysis was performed on the <45-mm-
diameter class for the untreated samples, and on the
<63-mm-diameter class for treated samples, duplicate
measurements on the <63-mm-diameter class for the
untreated samples demonstrated no change in grain size
spectra between the <63-mm- and <45-mm-diameter
classes, indicating any changes between the untreated
and the treated samples were the result of the acid–base
treatment.

A comparison of the median grain diameter of the
untreated and acid–base-treated samples allows us to cal-
culate the relative quantity of detrital dolomite lost
during treatment. This provides a means of estimating the
carbonate content of the sediment, which could not be
directly measured by DSR alone. This estimate is corrobo-
rated by elemental Ca, measured by X-ray fluorescence
(XRF) using the Kent State University Innov-X alpha
series handheld XRF analyser on the untreated core
surface. Because foraminiferal calcite is minimal, ele-
mental Ca predominantly represents detrital carbonate
content (Polyak et al. 2009). Bulk Ca peaks consistently
at the core depths with calculated dolomite loss, verify-
ing that the acid treatment successfully isolates the
terrigenous component, with the majority of sediment
alteration limited to the dissolution of the dolomite con-
stituent (Fig. 4). It appears that the maximum detrital
dolomite content occurred during glacial–deglacial
periods, again consistent with the record of elemental Ca
and various Arctic Ocean sediment records from the lit-
erature (e.g., Darby et al. 1989; Bischof et al. 1996;
Phillips & Grantz 2001; Polyak et al. 2004; Polyak et al.
2009).

Fig. 3 Grain size spectra comparison for a

sample at 331 cm depth showing the differ-

ence in spectra between the untreated sample

and acid–base-treated sample residue, which

has had any carbonate and biosilica removed.

Note the decreased volume percentage of

grain sizes smaller than 10 mm in diameter and

the shift in median grain size towards coarser

grains for the acid–base-treated samples.

Sample 331 was chosen for its initially high

elemental Ca content and thus maximum

potential for dissolution during acid–base

treatment.
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Following acid–base treatment, DSR was measured on
the filtered and dried residues using a LabSpec Pro FR
ultraviolet/visible/near-infrared (350–2500 nm) spectro-
photometer (Analytical Spectral Devices, Boulder, CO,
USA), hereafter referred to as the LabSpec Pro. The full
spectra reflectance patterns were used as an estimate
of mineral composition, based on a comparison of
absorbance/reflectance features of the sample with a
mineral standard. This method can present challenges,
particularly when working with mineral assemblages, as
the presence of some minerals can mask the features
of others. As a more quantitative means of estimating
mineral composition, we used R-mode factor analysis
with Varimax rotation, which Davis (1986: 548) also calls
a “principal component analysis approach to factor analy-
sis”. This is a statistical sorting and data reduction method
on the visible (400–700 nm) portion of the LabSpec Pro
data, to determine the major factors responsible for varia-
tion in the data set. This method has been shown to
successfully identify major mineral assemblages, includ-
ing clay minerals, by comparison with quantitative X-ray
diffraction (qXRD) on the northern Alaskan margin
(Ortiz et al. 2009) (Fig. 1), and by comparison of results
from a large number of Atlantic Ocean cores with known
sediment composition and general mineralogical distribu-
tions (e.g., Balsam & Deaton 1991).

In this method, eigenvalues and eigenvectors are
extracted from a standardized variance–covariance, or
correlation, matrix. Then, the eigenvectors, which are
calculated in normalized form, are transformed to
factors, which are weighted proportionally with the
level of total variance they represent. Varimax rotation
works to maximize the level of variance explained by
the leading factors, by repositioning the factor axes so
that the loadings are either near �1 or near the
origin. Initial and post-rotation eigenvalues and vari-
ances explained are listed in Table 1. The significant
factors were retained if their initial eigenvalues were >1
(indicating that they explain more of the variance
than the original standardized variables) and could be
distinguished from the “noise floor” on the scree plot
(Fig. 5) See Davis (1986) for details on R-mode factor
analysis.

The factor loadings for the leading factors (Table 2),
which represent the relative importance of each variable
(in this case wavelength) within the factor, were com-
pared against a library of centre-weighted derivatives of
clay mineral spectra for interpretation (Clark et al. 2003).
Centre-weighted derivatives, used in order to minimize
the truncation or round-off error, are calculated by the
symmetrized form of the derivative equation (Press et al.
1992):

Fig. 4 Calculated estimate of detrital dolomite lost during acid–base treatment plotted against the bulk elemental Ca abundance, measured by X-ray

fluorescence. The relative dolomite loss is calculated from the difference in median grain size between acid–base-treated samples and untreated

whole-core samples. It is then converted to units of percentage of maximum loss by dividing by the maximum median grain size difference and multiplying

by 100. Note that 100% does not signify 100% carbonate, but rather the sample with the greatest inferred loss of dolomite. Because maximal loss occurs

synchronously with Ca abundance, we can conclude that acid–base treatment successfully separates the siliciclastic terrigenous component of the

sediment, with most sediment alteration limited to the detrital dolomite component. Note that there may be small discrepancies in depth scale between

the two instruments used to measure elemental Ca abundance and grain size-based estimates of dolomite loss.
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Visible spectra are typically featureless and can be highly
correlated, making it difficult to use them for mineral
identification. By taking the first derivative of the
spectra, we emphasize the variation or changes in slope
of the spectra, making interpretation much easier
(Balsam & Deaton 1991). Balsam & Deaton (1991)
showed that first-derivative curves were consistent
between samples of similar mineralogy, and that the
peaks are a function of the concentration of the minerals
present. They also indicate that the relationship between
the relative proportion of a mineral in the sample and
the first-derivative spectral peaks may not be direct,
making it difficult to make judgments on the percentage
composition.

Following analysis of the factor loadings, the down-
core factor scores (Table 3), which represent the relative
variance contributed by each factor, were plotted versus
the elemental content of manganese measured by XRF of
the whole core. Manganese (Mn) has been shown as an
indicator for glacial–interglacial cycles in the Arctic Ocean
(Jakobsson et al. 2000; Polyak et al. 2004; Löwemark

et al. 2008). High Mn content in Arctic sediments has
been associated with interglacial/interstadial periods,
during which either the increased ventilation of deep
water promotes Mn precipitation, or Mn is delivered
extensively by Siberian river run-off (Phillips & Grantz
1997; Jakobsson et al. 2000; Löwemark et al. 2008). The
XRF-derived Mn variations in our samples are considered
in the stratigraphic context of multi-proxy correlations
between sediment cores across the western Arctic Ocean
(Polyak et al. 2009).

The terms “glacial” and “interglacial” in this work
should be taken to mean “glacial-type” and “interglacial-
type,” respectively, as described in Adler et al. (2009),
indicating that the cycles observed in the Arctic do not
necessarily represent full glacial–interglacial amplitudes
globally. It is not fully understood why glacial–interglacial
conditions are more strongly expressed in the Arctic than
in other parts of the world, but it may be because of
sea-ice- and snow albedo-related amplifications of pre-
cessional forcing (Adler et al. 2009, and references
therein). Although the magnitude of the glacial cycles
may vary, the associated changes in sea level, ice extent
and circulation have a major impact on sedimentation in
the Arctic Ocean.

Table 1 Eigenvalues and percentage variance for the leading factors extracted by R-mode factor

analysis, before and after Varimax rotation.

Factor

Initial eigenvalues Eigenvalues after rotation

Eigenvalue % of variance Cumulative % Eigenvalue % of variance Cumulative %

1 20.80 67.09 67.09 16.29 52.55 52.55

2 7.25 23.38 90.48 7.66 24.72 77.27

3 1.59 5.13 95.61 5.69 18.34 95.61

Fig. 5 Scree plot showing the initial percent-

age of variance explained by each factor. The

leading three factors can be easily distin-

guished from the “noise floor”.
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Varimax-rotated R-mode factor analysis (hereafter,
VRFA) was also conducted on the bulk DSR measure-
ments from the whole core, and from discrete samples,
prior to acid–base treatment. These additional data sets
provide a means of comparison between the whole-core
data and discrete samples, as well as between untreated
samples and acid–base-treated residues. Factor loadings
and factor scores were compared among the three data
sets to verify consistency, and to evaluate the effective-
ness of the acid–base treatment.

Results

From the raw DSR data on both the untreated whole
core and discrete sediment samples, the colorimetric
indices L* (sediment brightness), a* (red–green contrast)
and b* (blue–yellow contrast) were obtained and plotted
together for comparison (Fig. 6). However, because
the spectral range for each index is too expansive to

provide information on individual mineral composition,
their primary use is for stratigraphic purposes. Thus,
in order to extract information regarding sediment
mineralogy, VRFA was employed on the 10-nm
resolution DSR data, described below. The ultraviolet/
visible/near-infrared reflectance data on the acid–
base-treated samples were compared against mineral
reflectance standards following VRFA of the visible
portion of the spectra. The estimates of mineral compo-
sition based on comparison of absorbance/reflectance
features across the 350–2500 nm wavelength spectra
were consistent with the mineral assemblages extracted
by VRFA.

VRFA was conducted on the 400–700 nm wavelength
portion of the acid–base-treated DSR data to maintain
consistency with the visible data obtained on the
untreated whole core and discrete samples. In each data
set, VRFA extracted three significant factors responsible
for the down-core variations in DSR. Significant factors

Table 2 Factor loadings for the leading factors extracted by R-mode factor analysis. Communalities

are the sum of the squared factor loadings for each variable (wavelength). They represent the

percentage variance that the leading factors explain for each variable.

Wavelength (nm) Factor loading 1 Factor loading 2 Factor loading 3 Communality

400 -0.778 0.106 0.536 0.903

410 -0.789 0.152 0.563 0.961

420 -0.792 0.236 0.543 0.978

430 -0.792 0.325 0.497 0.980

440 -0.751 0.362 0.540 0.987

450 -0.653 0.265 0.701 0.988

460 -0.440 0.153 0.852 0.943

470 -0.249 0.274 0.896 0.939

480 -0.301 0.595 0.733 0.982

490 -0.357 0.792 0.448 0.956

500 -0.374 0.824 0.340 0.934

510 -0.375 0.819 0.343 0.929

520 -0.351 0.812 0.373 0.923

530 -0.263 0.854 0.357 0.927

540 -0.014 0.970 0.177 0.973

550 0.256 0.948 -0.059 0.967

560 0.460 0.807 -0.209 0.907

570 0.647 0.631 -0.301 0.907

580 0.795 0.454 -0.323 0.943

590 0.892 0.285 -0.307 0.970

600 0.941 0.146 -0.269 0.980

610 0.962 0.047 -0.229 0.981

620 0.970 -0.024 -0.201 0.983

630 0.973 -0.083 -0.177 0.986

640 0.973 -0.132 -0.160 0.989

650 0.967 -0.174 -0.156 0.989

660 0.958 -0.200 -0.170 0.986

670 0.942 -0.217 -0.203 0.975

680 0.911 -0.217 -0.261 0.945

690 0.878 -0.180 -0.332 0.913

700 0.872 -0.159 -0.359 0.915

Clay mineral cycles from the Northwind Ridge L.N. Yurco et al.
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were defined as those with eigenvalues greater than one,
and with a percentage variance that could be distin-
guished from the noise floor in the scree plot (Fig. 5).
Here, we compare the VRFA of the whole-core DSR with
that of the acid-base treated samples. VRFA of a subset of
the untreated discrete samples from the same depth inter-
val as the acid–base-treated samples yielded very similar
results to the VRFA of the whole-core DSR, suggesting no
real differences arise from a decrease in sample size. This
allows us to infer that any differences between the whole-
core data and treated samples are the result of the acid–
base treatment.

Comparison of the factor loadings from the VRFA for
the whole-core data and the acid–base-treated samples
are shown in Fig. 7. The major difference between the
two is a redistribution of variance between factors 1 and
2. That is, the loadings for factor 1 of the treated samples
are comparable with the loadings for factor 2 of the
untreated whole core, and vice versa. Factor 3 has a very
similar shape for each, but is inverted in the untreated
whole core relative to the acid–base-treated samples.
Because the functions extracted by VRFA are orthogonal,
a redistribution of the variance could result in a difference
in the rotation or order of the factors extracted. The
loadings can also be dependent on the number of factors
extracted and rotated (Davis 1986).

Minor differences between untreated and treated factor
loadings include stronger loadings for untreated factors 1
and 2 between ca. 400 and 540 nm, whereas untreated
factor 3 has slightly weaker loadings, except for a peak at
ca. 470 nm. Untreated factor 3 also has weaker loadings
than treated factor 3 at ca. 580 nm. Untreated factors 1
and 3 have stronger loadings between ca. 650 and
700 nm, whereas untreated factor 2 has weaker loadings
in this interval. These differences may arise from the
dissolution of clay-sized carbonate (as interpreted from
the grain-size data), such as dolomite, during acid–base
treatment, unmasking the reflectance properties of less
abundant clays, and thus amplifying their signals. The
slight redistributions in variance between factors may
have contributed to the offsets as well.

Using a correlation matrix, the VRFA factor loadings for
the acid–base-treated samples were compared with sym-
metric first-derivative transformations of a library of silt
and clay mineral DSR signatures provided by the US
Geological Survey (Clark et al. 2003) and the Kent State
University (KSU) Spectral Library (as used in Ortiz
et al. [2009]). Factor 1 correlated with the reflectance
signature of a smectite + chlorite clay assemblage, with a
correlation fit of r = -0.98 (Fig. 8a). The first-derivative
smectite + chlorite spectrum was derived from the spectral
standard for a mixture of these minerals provided by the
US Geological Survey Spectral Library version 5 (Clark

Table 3 Factor scores for the leading factors extracted by R-mode factor

analysis.

Depth (cm) Factor 1 scores Factor 2 scores Factor 3 scores

202 -0.861 -0.076 0.289
206 -1.021 -0.111 1.213
210 -1.029 -0.637 1.135
214 -1.448 -1.328 1.323
218 -1.319 -1.050 0.982
222 -1.396 -1.226 0.816
226 -0.962 -0.572 0.964
230 -1.280 -0.597 0.850
234 -1.466 -0.738 0.133
238 -0.921 -0.120 -0.930
242 -1.453 -0.873 -0.234
249 -1.027 -0.695 0.073
253 -0.634 0.845 -0.140
257 -0.542 1.400 -0.527
261 -0.605 0.748 0.296
265 -0.836 -0.767 -1.572
269 -0.739 1.617 -0.482
273 -0.429 1.414 -0.555
277 -0.470 1.440 -0.627
281 -0.730 0.254 -0.075
285 -0.371 0.118 0.096
289 0.617 -2.606 -1.783
293 1.165 -0.884 -0.255
297 0.592 -2.310 -1.800
301 0.944 -0.100 0.108
305 0.587 0.280 -0.749
309 0.815 0.618 0.329
313 0.173 0.121 -0.417
315 -1.083 -0.885 -1.498
317 0.068 -0.176 0.403
321 -0.659 -0.497 0.270
325 -0.082 -0.748 0.073
327 -0.359 -0.188 -0.908
329 -0.281 0.120 -0.790
331 -1.386 -0.315 -1.351
333 -0.292 0.050 0.684
337.2 -0.483 -0.886 0.069
341 -0.613 -0.299 2.416
345 0.187 2.189 0.271
349 1.138 0.030 0.511
353 1.588 0.079 0.856
357 1.202 -2.163 -1.508
361 1.834 0.084 0.504
365 1.188 0.244 0.347
369 -0.311 0.388 -1.066
373 -0.356 0.399 -1.593
377 -1.102 -0.753 2.205
381 -0.480 -0.574 0.540
385.5 -0.523 1.322 0.069
389 -0.076 0.939 0.331
393 1.497 -0.357 -0.028
400 2.208 -1.835 -0.766
404 2.398 -0.712 0.442
408 1.685 0.158 0.592
412 0.350 1.003 0.524
416 -0.191 0.422 0.521
420 0.370 1.773 0.730
424 -0.471 1.354 -1.461
428 0.098 0.743 0.391
432 1.554 -0.473 -0.213
434 1.682 0.386 0.937
436 1.310 0.947 1.212
438 0.736 0.847 0.373
440 0.206 0.634 -1.653
442 0.396 1.116 0.371
444 -0.024 0.341 0.823
446 0.532 0.075 -0.613
448 0.162 0.054 0.419
452 0.108 0.624 0.443
456 -0.884 1.831 0.423
460.2 -0.635 1.574 -1.449
464 -0.811 1.182 -2.521
468 -0.854 -1.853 0.024
472 -0.896 -1.677 2.814
476.2 1.620 -0.780 -0.144
478 1.724 -0.677 -0.144
480 1.263 0.690 0.669
482 1.167 0.676 0.202
486 -0.772 -0.592 -2.213
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et al. 2003). Factor 2 correlated with the illite + goethite
signature, with r = 0.90 (Fig. 8b). The first-derivative
illite + goethite standard (KSU Spectral Library, as used in
Ortiz et al. [2009]) was calculated as a 50/50 numerical
average of the spectra for the minerals illite and goethite,
which were verified by XRD at KSU (Carlson, pers. comm.
2009). Factor 3 correlated with the signature for glauco-
nite, with r = 0.97 (Fig. 8c). The glauconite signature was
determined by a first-derivative transformation of the
spectral standard measured by the LabSpec Pro at KSU for
a known glauconite sample, which was corroborated by
comparison of the raw reflectance curve with that pro-
vided for glauconite by the US Geological Survey Spectral
Library version 5 (Clark et al. 2003). These three factors,

smectite + chlorite (52.5%), illite + goethite (24.7%) and
glauconite (18.3%), are responsible for 95.5% of the
total variation (Table 1). When plotted against the Mn
proxy for glacial–interglacial cycles, factor 1, hereafter
smectite + chlorite, varied directly with elemental Mn
content, peaking synchronously with Mn (Fig. 9a), and
factor 2, hereafter illite + goethite, varied inversely with
Mn content, peaking during low Mn (Fig. 9b). Factor 3,
hereafter glauconite, demonstrated a higher frequency of
variability, more indicative of millennial rather than
glacial–interglacial time scales. However, the maximum
glauconite scores appear to occur mostly during periods of
low Mn, or during transitions between low and high Mn
levels (Fig. 9c).

Fig. 6 Colorimetric indices L* (sediment

brightness; top), a* (red–green contrast;

middle) and b* (blue–yellow contrast; bottom)

for the whole-core surface and the discrete

samples.

Fig. 7 Diffuse spectral reflectance (DSR)

Varimax-rotated R-mode factor analysis (VRFA)

factor loadings for the acid–base-treated

samples, plotted with the VRFA factor loadings

for the untreated whole-core DSR. Treated

factor 1 (black line with filled squares) corre-

sponds to untreated factor 2 (black line with

open squares). Treated factor 2 (dark-

grey line with filled circles) corresponds to

untreated factor 1 (dark-grey line with open

circles). Treated factor 3 (light-grey line with

filled triangles) corresponds to untreated

factor 3 (light-grey line with open triangles).

Differences between untreated whole-core

loadings and treated sample loadings are

described in the text.
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Fig. 8 (a) Factor 1 spectrum versus smec-

tite + chlorite standard. (b) Factor 2 spectrum

versus illite + goethite standard. (c) Factor 3

spectrum versus glauconite standard. Spectral

standards provided by Clark et al. (2003) and

the Kent State University Spectral Library (as

used in Ortiz et al. [2009]).
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Fig. 9 (a) Down-core variability of factor 1 (smectite

+ chlorite) plotted against Mn proxy for glacial–interglacial

cycles: illustrates the importance of smectite + chlorite

deposition during interglacials. (b) Down-core variability of

factor 2 (illite + goethite) plotted against Mn proxy for

glacial–interglacial cycles: illustrates the importance of

illite + goethite deposition during glacials. (c) Down-core

variability of factor 3 (glauconite) plotted against Mn proxy

for glacial–interglacial cycles: illustrates the higher fre-

quency variability of glauconite in relation to the glacial–

interglacial Mn cycles. Glauconite deposition is interpreted

to be most important during glacial and deglacial intervals.

Also marked are the marine isotope stage (MIS) boundaries,

and their associated ages. The dashed line at the MIS

3/4 boundary indicates an approximate depth for this

boundary.
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Discussion

Smectite and chlorite: interglacial minerals from
the eastern Arctic and Bering Sea

When compared against the Mn cycles, the factor score
for smectite + chlorite covaries with maximum elemental
Mn (Fig. 9a), which is interpreted to indicate interglacial
periods. This is consistent with findings of smectite +
chlorite maxima during interglacials in cores from various
areas of the Arctic Ocean, including the Northwind, Men-
deleev, Alpha and Lomonosov ridges (Ortiz et al. 2006;
Ortiz et al. 2007). We propose several possible explana-
tions for this distribution.

First, the major sediment source regions for both smec-
tite and chlorite to the Arctic Ocean were largely cut-off
during glacial periods. For example, the Bering Sea is
known as an important chlorite province and a likely
source area for chlorite north of the Bering Strait
(Kalinenko 2001). Smectite may also have been present
in the Bering Strait region as continental run-off from
volcanic rocks of eastern Siberia and southern Alaska
(Naidu & Mowatt 1983; Viscosi-Shirley, Mammone et al.
2003; Darby & Bischof 2004). However, the Bering Sea
source operated only during interglacials and major inter-
stadials, as the Bering Strait (50 m deep) was subaerially
exposed at low sea levels. Alternatively, chlorite, as well
as major smectite sources, exists along the Siberian Arctic
margins. According to Viscosi-Shirley, Mammone et al.
(2003), chlorite can be found in the East Siberian and
Chukchi seas (although a specific source is not dis-
cussed). Dethleff et al. (2000) also note that the
suspended particulate material of the Yana River is
enriched in chlorite. Finally, it is well established that
smectite is prevalent in the western Laptev and Kara seas
(Kalinenko 2001; Winkler et al. 2002; Viscosi-Shirley,
Mammone et al. 2003; Vogt & Knies 2008). A volcanically
derived clay mineral, smectite is sourced primarily from
the Mesozoic Siberian trap basalts of the Putorana Moun-
tains, from where it is drained by north-flowing rivers,
mostly by the Yenisey River drainage system. During
Pleistocene glacial maxima, large ice sheets blocked
the rivers, preventing the riverine transport of sedi-
ments from the Putorana to the Laptev and Kara seas
(Mangerud et al. 2004; Svendsen et al. 2004; Vogt &
Knies 2008). Because smectite + chlorite maxima occur
in P25 in all interglacial intervals, including periods of low
sea level, we believe that these minerals are primarily
related to Siberian rather than Pacific provenance, which
is consistent with the major source of Mn (Hölemann
et al. 1999). Nevertheless, smectite and/or chlorite may
also have been redeposited to the study area during sea
level falls from the Chukchi shelf.

Delivery of smectite and chlorite to the P25 site during
interglacial periods could occur by two potential pro-
cesses: ocean currents or sea-ice rafting. According to
Viscosi-Shirley, Pisias et al. (2003), sediments derived
from eastern Siberia and from the Bering Sea inflow are
prevalent in the modern Chukchi Sea, where there is
significant sediment transport via water circulation. Fine-
grained silts and clays, which certainly include chlorite
and smectite, can be suspended and transported by
Chukchi shelf current velocities (McManus et al. 1969).
Northward-flowing currents dominate all water depths,
and are directed through a number of submarine valleys,
which exit into the southern Canada Basin (Viscosi-
Shirley, Pisias et al. 2003; Darby & Bischof 2004). Pickart
(2004) also described the “Beaufort shelfbreak jet” as part
of the Alaskan Coastal Current, which is an eastward-
flowing current that carries Chukchi waters to the basin.
In addition, Pacific waters that flow into the Chukchi Sea
become cooler and saltier during sea-ice formation, and
form descending plumes that penetrate deep into the
Canada Basin (Jones 2001; Williams et al. 2008). This
could provide a mechanism for transport of chlorite and
smectite to the Northwind Ridge.

Also, smectite delivery could occur via the subsurface
Atlantic layer circulation, from as far as the Kara Sea,
because smectite-rich silts and clays brought in via rivers
can become incorporated into surface and intermediate
waters (Vogt & Knies 2008). This water is carried east-
ward along the Siberian margin, and then enters the
subsurface circulation that extends to all Arctic Ocean
basins, including the southern Canada Basin (Jones 2001;
Rudels et al. 2004) (Fig. 1). In the Fram Strait region, the
clay fraction has been shown to be transported over sig-
nificant distances as a suspended load, possibly even
bringing smectite from as far as the Iceland–Faeroe Ridge
(Winkler et al. 2002; Vogt & Knies 2009). However, it is
unlikely that this smectite could reach the much further
away Canada Basin, because this would require some
type of autosuspension in order to prevent these clays
from settling over such distances, a process that is
unlikely to occur in weak currents such as the Atlantic
Intermediate Current. Most smectite-enriched sediments
in the Arctic Ocean are more likely to be sourced from the
western Laptev and Kara seas (Vogt & Knies 2009).

The other important process for the transport of sedi-
ment to the Arctic Ocean is sea-ice rafting. There is
significant evidence that smectite-rich sediment is trans-
ported via sea ice from the shelves of the Laptev and Kara
seas (Dethleff et al. 2000; Winkler et al. 2002; Vogt &
Knies 2008). Fe grain matching has shown Siberian sedi-
ments in Pleistocene cores from the western Arctic,
providing evidence of a circulation pattern that brings sea
ice from the Laptev and Kara seas into the BG on a
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regular basis (Darby & Bischof 2004; Darby et al. 2006).
Also, sampling of dirty ice has revealed Siberian sedi-
ments from the Laptev and Kara seas in modern ice floes
in the BG (Darby 2003; Darby et al. 2006). The transport
of these modern ice floes to the Canada Basin is attributed
to a change in circulation patterns caused by a shift in the
AO, which will be discussed in detail later.

Illite and goethite: glacial/deglacial pulses from
north-western Canada

The factor score for illite + goethite demonstrates an
inverse correlation with Mn content, reaching maxima
during glacial periods (Fig. 9b). This pattern is consistent
with results by Ortiz and coworkers (Ortiz et al. 2006;
Ortiz et al. 2007), in which peaks of illite in cores from
across the central Arctic Ocean coincide with inferred
glacial maxima, whereas goethite seems to co-occur with
glacial to interglacial transitions.

Although illite is the most common clay mineral in
Arctic shelf sediments, and is very abundant in both the
Chukchi and Beaufort seas (Naidu & Mowatt 1983;
Kalinenko 2001), in the central Arctic Ocean, it seems to
be particularly abundant during glacial periods (Ortiz
et al. 2006; Ortiz et al. 2007). This pattern is probably, at
least partly, the result of diminished deposition of other
types of clays (smectite and chlorite) at these times, as a
result of different transportation pathways and/or source
areas and processes during glacials and interglacials.
During glacial events, the Arctic was a very different
environment. The ocean itself was reduced in size by as
much as 50% because of the low glacial sea level, and
shallow Arctic shelves were either subaerially exposed or
covered by ice sheets, which existed around much of the
periphery of the Arctic Ocean (Darby et al. 2006, and
references therein). This also meant a limited connection
with the rest of the world’s oceans and complete isolation
from the Pacific. There were also, presumably, greater
expanses of thick sea-ice coverage or even ice shelves
over large parts of the central Arctic Ocean (Phillips &
Grantz 2001; Darby et al. 2006; Bradley & England 2008;
Jakobsson, Polyak et al. 2008). In contrast, during degla-
ciations and ice-sheet surging events, the Arctic Ocean
hosted armadas of icebergs, which played a major role in
sediment transport and deposition (Darby & Zimmerman
2008). All of these factors contribute to drastically altered
sedimentation regimes in comparison with modern-type,
interglacial environments.

So, there are a number of reasons why the source of
sediment to the Canada Basin might be predominantly
from North American provenance during glacials, includ-
ing thick pack ice covering large portions of the central
Arctic Ocean (Phillips & Grantz 2001; Darby et al. 2006),

possible changes to the general Arctic circulation patterns
(Darby & Bischof 2004; Darby et al. 2006) and a volumi-
nous discharge from the Laurentide Ice Sheet (Bigg &
Wadley 2001; Darby et al. 2002; Darby & Zimmerman
2008).

In modern environments, north-western Canada, par-
ticularly the shelf off Banks Island, is the primary source
region for ice-rafted sediment deposited on the Northwind
Ridge, especially during times when circulation promotes
an enhanced BG (Darby & Bischof 2004; Darby et al.
2006). This sediment has a large component of till that was
deposited during the Laurentide ice-sheet expansions
(Bischof et al. 1996). Illite is also common along the shore-
lines and within sediments off the Mackenzie River delta
(Kalinenko 2001), derived to a considerable extent from
glacial or periglacial deposits. Such deposits are a likely
source of illite as this clay mineral is commonly formed by
fragmentation of micas during mechanical weathering,
although it may also be derived from hydrolysis of smectite
(Deconinck et al. 2001). During glaciations, the flux of
glacially eroded material to the Canada Basin was obvi-
ously much higher than at present, which may have raised
the content of illite in the clay mineral fraction. For a
comparison, a large peak in illite concentration in the
Eurasian Basin sediments was related to a pronounced
pulse of meltwater and iceberg discharge from the collaps-
ing Saalian ice sheets (Knies & Vogt 2003). Similar events
were common for the northern margin of the Laurentide
Ice Sheet, as evidenced by stable-isotope and ice-rafted-
detritus records across the western Arctic Ocean (Poore
et al. 1999; Darby et al. 2006; Polyak et al. 2007; Polyak
et al. 2009; Darby & Zimmerman 2008).

Goethite is not commonly studied in Arctic sediments,
and we cannot conclude on its origin in sediment cores
from the Northwind Ridge, as well as other sites from the
central Arctic Ocean, at this time. Goethite has been
documented in soils of northern Alaska (Hill & Tedrow
1961), and has been described as a product of basalt
weathering in Greenland (Mørup et al. 1990). It can also
form diagenetically in marine sediments, and may even
be the dominant diagenetic precipitate in these environ-
ments (van der Zee et al. 2003). The identification of
goethite peaks at the glacial–interglacial transitions in
Arctic sediment cores (Ortiz et al. 2006; Ortiz et al. 2007)
suggests that goethite was likely related to discharge of
meltwater and icebergs during ice-sheet collapses, but the
provenance is not yet fully understood.

Glauconite: deglacial input from the North Slope
of Alaska?

Glauconite forms by the diagenetic alteration of biotite
and other clays in low-oxygen marine environments, but
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can also be detrital (Grim 1968). Its presence in Arctic
sediment is not well established, partly because it pro-
duces many of the same diffraction peaks as illite for
oriented clay mineral X-ray diffraction analysis (Moore &
Reynolds 1997). Its presence here is inferred from the
comparison of the reflectance signature in the visible and
near-infrared of this mineral in standards and samples
from core P25. Analysis of the down-core scores for glau-
conite indicates that this mineral has a higher frequency
variability than the glacial–interglacial cycles defined by
Mn (Fig. 9c). When plotted against the factor scores for
smectite + chlorite and illite + goethite, it appears that
glauconite reaches maxima on transitions between the
other two factors, namely, after illite + goethite. Occa-
sionally, it seems to follow illite + goethite somewhat
more closely. We thus propose that glauconite deposition
is most significant during late glacial or deglacial periods.

Because of the apparently limited distribution of glau-
conite in Arctic marine sediment, we infer that it has a
relatively proximal provenance. A potential local source
of glauconite is the North Slope of Alaska (Fig. 10). At
least two glauconite-bearing source rocks are known
from the North Slope, the Triassic Shublik formation
(Parrish et al. 2001) and the Lower Cretaceous Kemik
Sandstone (Macquaker et al. 1999). Studies of modern
dirty ice samples have indicated that the Alaskan near-
shore is not a significant source of sediment to the ice in
this region at present (Darby 2003), but this may not
have been the case in the past when the sea level was
lower. Several studies have indicated northern Alaska as
a potential source region for sediments on the Beaufort
shelf (Naidu et al. 1971; Rodeick 1979; Reimnitz et al.
1993). Darby (1975) indicated Mesozoic sedimentary
rocks from the North Slope as the source of kaolinite clay
in central Arctic samples. This evidence suggests that the
Mesozoic glauconite source rocks from this region could
have provided glauconite-rich sediment to the Beaufort
shelf, and ultimately to the P25 site. Alternatively, the
glauconite in P25 may be related to dolostone clasts,
which were found to contain glauconite in cores from the
Beaufort Sea and Northwind Ridge (Phillips & Grantz
1997, 2001). Many studies indicate the north-western
Canadian Arctic Archipelago as the most likely prov-
enance region for dolostone clasts, which form distinct
layers in glacial and deglacial intervals in sediment cores
from the western Arctic Ocean (Darby 1975; Bischof et al.
1996; Phillips & Grantz 2001).

Unlike the first two VRFA factors, glauconite was not
observed in the DSR study of sediment cores from the
central Arctic Ocean (Ortiz et al. 2006; Ortiz et al. 2007),
which included P25 as a small fraction of the total
samples analysed. It is quite possible that glauconite is
present in these cores, but was missed because the pres-

ence of dolomite and/or organics partially masked its
reflectance signature. Alternatively, the relatively low
abundance of this mineral phase, which should be con-
centrated in marginal marine sediment, may not have
been great enough in abundance to be included in the
leading factors. The dissolution of dolomite and concen-
tration of the residual phases present in response to the
acid–base treatment applied to our samples most likely
explains the detection of glauconite by DSR. This is
supported by our comparison of the factor loadings from
the untreated whole-core DSR measurements with
those from the acid–base-treated samples. The glauconite
reflectance/absorbance features are still identifiable in the
untreated factor 3, but the overall loadings do not corre-
late well with glauconite. This results from slightly
weaker loadings through a large part of the untreated
factor 3 spectrum (ca. 400–625 nm), which may partially
result from the stronger absorbance of dolomite through
much of this interval, as well as the very strong loadings
in the red end of the spectrum (ca. 650–700 nm), possibly
pointing to the presence of biogenic opal or certain organ-
ics, which can have strong reflectance peaks in that
portion of the spectrum (Yacobi & Gitelson 2000; Han
2005).

Possible causes for circulation and
provenance changes

As previously discussed, conditions in the Arctic Ocean
and its periphery were very different between glacial and
interglacial intervals, profoundly altering the sedimenta-
tion regime. During glaciations, any sedimentary input
from the Bering Sea/Pacific Ocean (smectite and chlorite)
was completely blocked by exposure of the Bering Strait.
Similarly, large sediment sources to the Laptev and Kara
seas, the Ob and Yenisy rivers, were dammed by ice
sheets (Mangerud et al. 2004; Svendsen et al. 2004; Vogt
& Knies 2008; Polyak et al. 2008). Even if occasional
surges of river discharge occurred during glacials, provid-
ing smectite and chlorite sediments to the Siberian seas,
large, grounded ice sheets existing over the Chukchi Bor-
derland (Polyak et al. 2001; Jakobsson et al. 2005; Polyak
et al. 2007), including the Northwind Ridge, would have
blocked or impeded sea ice or other means of transport to
the location of core P25 on the Northwind Ridge.
However, these large ice floes, likely originating from the
north-west portion of the Laurentide Ice Sheet (Polyak
et al. 2001; Jakobsson et al. 2005; Polyak et al. 2007),
could have easily transported glacially-eroded illite clays
from Canadian provenance regions (Darby & Bischof
2004; Darby et al. 2006).

During the deglaciation, ice sheets began to melt,
massive meltwater input via northward-flowing rivers
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dumped sediment into the Arctic Ocean and sea level
rise re-established its connection with the Pacific. This
allowed Pacific and Siberian sediment sources to again
provide smectite and chlorite clay to the marginal seas,

where it could potentially be transported to the North-
wind Ridge (Darby et al. 2001). If transport occurred via
sea ice, the prevailing surface circulation would dominate
its dispersion.

Fig. 10 Arctic Ocean bathymetric map with extreme states of the Arctic Oscillation (from Darby & Bischof 2004), and interpretation of potential sources

and transport of P25 sediments. Modern locations of the Transpolar Drift (TPD) and Beaufort Gyre (BG) are indicated (Fig. 1). The approximate location of

P25 is indicated by the white star. Solid arrows indicate surface circulation during a negative phase of the Arctic Oscillation (AO-), and dashed arrows

indicate surface circulation during its positive phase (AO+). The white dotted arrow indicates a possible circulation of TPD during very positive AO+. White,

semi-transparent block arrows indicate interpreted transport pathways of the illite + goethite assemblage from the shelf off Banks Island and the

Mackenzie River. Glauconite may also be derived from these regions. Note that these arrows follow the AO- circulation. Dark semi-transparent block

arrows indicate interpreted transport pathways of the smectite + chlorite assemblage from the Putorana Mountains and Siberian Platform to the Kara and

Laptev seas, and from sources in eastern Siberia and the Bering Sea through the Bering Strait to the Chukchi Sea. Note that these arrows follow the AO+
circulation. The dark semi-transparent dashed arrow indicates possible direct transport to the core site from a vastly shifted TPD during very positive AO+.

Thin white arrows indicate a possible source and transport of glauconite from northern Alaska. (International Bathymetric Chart of the Arctic Ocean base

map provided by Jakobsson, Macnab et al. 2008.)
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The modern circulation of wind-driven surface cur-
rents in the Arctic is directly affected by atmospheric
pressure gradients, particularly by the AO, which is the
leading mode of sea level pressure variability in the
Northern Hemisphere, and which generally operates on
monthly to decadal time scales (Thompson & Wallace
1998; Rigor et al. 2002; Darby et al. 2006). Shifts in the
mode of the AO thus influence the patterns of ice move-
ment, as well as the degree and thickness of sea-ice
coverage (Polyakov & Johnson 2000; Kwok 2000; Rigor
et al. 2002; Polyakov et al. 2003; Serreze et al. 2003;
Zhang et al. 2003; Shimada et al. 2006, Darby & Bischof,
2004; Steele et al. 2008). Numerous studies have indi-
cated that a shift in the AO from its negative phase (AO-)
to its positive phase (AO+) is associated with the thinning
of sea ice in the BG, increased export of thick multiyear
ice (largely from the Beaufort Sea) through the Fram
Strait, and increased sea surface temperature (e.g., Rigor
et al. 2002; Zhang et al. 2003; Pfirman et al. 2004; Steele
et al. 2008).

Changes similar to those associated with shifts in the
AO, if they existed on millennial to glacial–interglacial
time scales, could, in part, explain the variations in sedi-
mentation patterns observed in P25. During AO-, the
clockwise-rotating BG is relatively strengthened, and the
counter-clockwise TPD is positioned closer to the Kara
and Barents Sea, transporting ice directly out through the
Fram Strait, and limiting its influence on sedimentation at
the Northwind Ridge. At these times, sediment source
regions for the Northwind Ridge are dominantly north-
western Canada, particularly the shelf off Banks Island,
and the Mackenzie River (Darby & Bischof 2004; Darby
et al. 2006) (Fig. 10). Sediment-laden ice is transported
directly over the core site from these sources by the
circulating BG, although thick ice packs may have slowed
the ice drift. This is consistent with the illite + goethite
and glauconite assemblages that dominate glacial and
deglacial periods in P25 (Fig. 10).

As the AO shifts to a positive vorticity, the TPD moves
closer to North America, allowing the BG to capture ice
floes originating from Siberian seas, and circulate them to
the Amerasia Basin and the Northwind Ridge (Mysak
2001; Darby 2003; Hakkinen & Proshutinsky 2004; Darby
& Bischof 2004; Darby et al. 2006) (Fig. 10). During espe-
cially positive phases of the AO, the TPD may even shift
so far towards North America as to transport ice directly
over the Northwind Ridge (Darby & Bischof 2004)
(Fig. 10). The TPD only shifts this far to the east during a
very positive phase of the AO (above +2) (Kwok 2000;
Rigor et al. 2002; Darby & Bischof 2004).

Additionally, it is thought that during AO+, increased
export of ice from the BG into the North Atlantic possibly
enhances the influx of ice drift through the Bering Strait

into the Chukchi Sea (Rigor et al. 2002; Darby & Bischof
2004; Pfirman et al. 2004) (Fig. 10), which could poten-
tially raft smectite- and especially chlorite-rich sediment
into the southern Canada Basin during high sea level
stands (Fig. 10). Because a strongly positive AO can
deliver both Siberian Sea and Bering Strait (south-
western Alaska) smectite to the Canada Basin, this
process is consistent with the smectite + chlorite assem-
blage that dominates interglacial periods in the core
(Fig. 10).

Thus, it is possible that the general circulation regimes
associated with the negative and positive phases of the
AO are also manifested on stadial and interstadial, and
potentially glacial and interglacial, timescales, respec-
tively. A more negative AO-like circulation might
dominate stadials and glacials, whereas a more positive
AO-like circulation may dominate interstadials and inter-
glacials. Whether these general patterns of circulation are
caused by atmospheric changes associated with shifts in
the AO itself remains to be seen.

There is some evidence that the AO and AO-like atmo-
spheric pressure variations operate on multiple time
scales (Wang & Ikeda 2000; Mysak 2001; Polyakov et al.
2003; Deser & Teng 2008). The AO has a seasonal pattern
as well as an annual to decadal pattern (Thompson &
Wallace 1998; Thompson & Wallace 2000a, b; Polyakov
et al. 1999; Wang & Ikeda 2000; Rigor et al. 2002; Deser
& Teng 2008). A longer, multi-decadal pattern (shifting
every 50–80 years) has been termed the “low-frequency
oscillation” or LFO (Polyakov et al. 2003). Finally, an
AO-like circulation pattern operating on centennial to
millennial timescales has been suggested by an analysis
of the Holocene alkenone-derived proxy sea surface
temperature records from the North Pacific and
North Atlantic, corroborated with millennial-scale model
simulations from a coupled atmosphere–ocean global
circulation model (Kim et al. 2004). Although it is still
uncertain whether an AO-like oscillation pattern exists
on millennial or longer time scales, ice-rafted Fe grains
from the Laptev Sea are found to vary in cores off Alaska
with a millennial beat (Darby & Bischof 2004; Herman
et al. 2006).

The drastically different atmospheric and climatic con-
ditions associated with glacial and interglacial periods
offer the potential to set up two different modes of atmo-
spheric pressure and wind patterns, and, thus, sea-ice
circulation. Modelling studies show that during the Last
Glacial Maximum, atmospheric pressure gradients and
geostrophic wind patterns were dramatically altered by
the existence of the North American and Eurasian ice
sheets (Nørgaard-Pedersen et al. 2003, and references
therein). Model simulations also indicate that the Icelan-
dic low was either weakened or displaced to the south-
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east, relative to its modern position, and that the Aleutian
low was strengthened (Toracinta et al. 2002; Byrkjedal
et al. 2006). In general, sea-level pressure increased over
the Arctic during the Last Glacial Maximum (Byrkjedal
et al. 2006). This is consistent with the dominant atmo-
spheric conditions during the negative phase of the AO.
AO- is associated with a high sea level pressure anomaly
over the Arctic (Polyakov & Johnson 2000; Rigor et al.
2002), as is the negative phase of the North Atlantic
Oscillation (NAO), which is generally thought to be a
regional representation of the AO (Mysak 2001). The
negative AO/NAO indices are also associated with a
weaker Icelandic low (Kwok 2000; Polyakov & Johnson
2000; Mysak 2001). This imparts a dominantly anticy-
clonic circulation on the Arctic, strengthening the BG
and constraining the TPD towards the eastern Arctic
(Proshutinsky & Johnson 1997; Rigor et al. 2002).

In contrast, modern conditions exhibit decreased high
pressure over the Arctic, a stronger Icelandic low and
a weaker Aleutian low, relative to the Last Glacial
Maximum model studies (Toracinta et al. 2002; Byrkjedal
et al. 2006). This is consistent with atmospheric condi-
tions during the positive phase of the AO. That is, an
increase in the AO/NAO index corresponds to a weaken-
ing of the Aleutian low (Ambaum et al. 2001), an
intensification of the Icelandic low (Kwok & Rothrock
1999; Kwok 2000; Polyakov & Johnson 2000) and a
general decrease in Arctic high pressure (Polyakov &
Johnson 2000; Rigor et al. 2002). This sets up the domi-
nantly cyclonic circulation in the Arctic, which creates a
weaker BG and a TPD that is shifted closer to North
America (Proshutinsky & Johnson 1997; Kwok 2000;
Rigor et al. 2002). Consequently, if during glacial periods
atmospheric conditions are similar to those predicted by
the Last Glacial Maximum models, they might create
negative AO-like conditions, tending to promote anticy-
clonic circulation in the Arctic. Similarly, interglacial
periods might have atmospheric conditions that promote
cyclonic circulation, causing a tendency for the TPD to
shift towards North America more often, or for longer
periods of time. The sediment provenance and transport
pathways presumably associated with these circulation
patterns are consistent with the cyclic sedimentation
regimes observed in our data for glacial–interglacial
periods.

Conclusions

The variations in clay mineralogy in core P25 from the
Northwind Ridge have demonstrated alternating sedi-
ment provenance depending on glacial–interglacial
cycles. It is inferred that the predominant clay minerals
during interglacial intervals, smectite and chlorite, are

transported to the core site by currents and/or sea ice
from northern Siberia, and from the Bering Sea. During
glacial intervals, the predominant deposition of illite and
goethite is presumably related to sediment discharged
from the Laurentide Ice Sheet. A relatively strong BG
circulation might have enhanced the transportation of
this sediment to the P25 site, although the process may
have been slowed by thick ice conditions. The glauconite
variability is possibly associated with sediments from the
North Slope of Alaska during deglacial events or with
dolomite-rich sediments, which are characteristic of Lau-
rentide iceberg-discharge pulses.

Factors such as terrestrial ice sheets, sea-ice extent and
sea level have a great impact on glacial–interglacial sedi-
mentation, and are likely the primary reasons for the
observed sedimentation patterns in P25. Also, these sedi-
ment cycles, as well as modelling studies, are consistent
with the hypothesis of a glacial–interglacial atmospheric
variability that sets up alternating sea surface circulation
patterns—similar to how the AO operates on shorter time
scales today. With similar studies of other cores, it may
become possible to piece together a confident under-
standing of the shifting sedimentation and circulation
patterns, and their forcing, on these time scales.
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