
Earth and Planetary Science Letters 307 (2011) 253–265

Contents lists available at ScienceDirect

Earth and Planetary Science Letters

j ourna l homepage: www.e lsev ie r.com/ locate /eps l
Iron fertilisation and biogeochemical cycles in the sub-Arctic northwest Pacific
during the late Pliocene intensification of northern hemisphere glaciation

Ian Bailey a,⁎,1, Qingsong Liu b,1, George E.A. Swann c, Zhaoxia Jiang b, Youbin Sun d,
Xiang Zhao a, Andrew P. Roberts a,2

a School of Ocean and Earth Science, National Oceanography Centre, University of Southampton, European Way, Southampton SO14 3ZH, UK
b Paleomagnetism and Geochronology Laboratory (SKL-LE), Institute of Geology and Geophysics, Chinese Academy of Sciences, Beijing 100029, People's Republic of China
c School of Geography, University of Nottingham, University Park, Nottingham, NG7 2RD, UK
d State Key Laboratory of Loess and Quaternary Geology, Institute of Earth Environment, Chinese Academy of Sciences, Xi'an 710075, People's Republic of China
⁎ Corresponding author.
E-mail address: Ian.Bailey@noc.soton.ac.uk (I. Bailey

1 These authors contributed equally to this work.
2 Now at: Research School of Earth Sciences, The A

Canberra, ACT 0200, Australia.

0012-821X/$ – see front matter © 2011 Elsevier B.V. A
doi:10.1016/j.epsl.2011.05.029
a b s t r a c t
a r t i c l e i n f o
Article history:
Accepted 17 May 2011
Available online 2 June 2011

Editor: P. DeMenocal

Keywords:
aeolian dust
volcanic glass
ice rafted debris
North Pacific
nutrient use
northern hemisphere glaciation
Increases in the low-field mass-specific magnetic susceptibility (χ), dropstones and the terrigenous sediment
component from Ocean Drilling Program (ODP) Site 882 (~45°N) have been interpreted to indicate a major
onset of ice-rafting to the sub-Arctic northwest Pacific Ocean during marine isotope stage (MIS) G6 (from
~2.75 Ma). In contrast, studies of the terrigenous content of sediments cored downwind of ODP Site 882
indicate that dust and disseminated volcanic ash deposition in the sub-Arctic Pacific increased markedly
during MIS G6. To investigate the relative contribution of dust, volcanic ash and ice rafting to the Pliocene χ
increase, we present new high-resolution environmental magnetic and ice-rafted debris records from ODP
Sites 882 and 885. Our results demonstrate that the χ increase at both sites across MIS G6 is predominantly
controlled by a previously overlooked mixture of aeolian dust and volcanic ash. Our findings call into question
the reliability of χ as a proxy for ice-rafting to the North Pacific. They also highlight a previously
undocumented link between iron fertilisation and biogeochemical cycling in the North Pacific at a key stage
during intensification of late Pliocene northern hemisphere glaciation.
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1. Introduction

Themodern sub-Arctic PacificOcean is characterisedbyapermanent
halocline that reduces exchange between its surface and deep-waters,
which results in a large annual range (~11 °C) in sea-surface
temperature (Haug et al., 2005). Halocline development during the
late Pliocene (at ~2.73 Ma,duringmarine isotope stage (MIS)G6) (Haug
et al., 1999, 2005), when abundant northern hemisphere-wide iceberg
rafting is documented (Kleiven et al., 2002; Maslin et al., 1998), has led
to the suggestion that enhanced seasonal surface warming of the sub-
Arctic Pacific Ocean provided the vapour that fuelled large-scale
glaciation of North America (Haug et al., 2005). The resultant isolation
of CO2-rich North Pacific deep-waters may also have played an
important role in buffering the decline in atmospheric pCO2 that
began some ~450 ka earlier (from ~3.2 Ma) (Seki et al., 2010) and in
setting the baseline state for subsequent Plio-Pleistocene glaciations
(Bailey et al., 2010; Lawrence et al., 2009).
Central to the argument for late Pliocene stratification of the sub-
Arctic Pacific Ocean is that an abrupt decrease in opal burial at Ocean
Drilling Program (ODP) Site 882 (Fig. 1) from2.73 Ma (Haug et al., 1995)
reflects a reduction in upwelling of nutrient-rich deep-waters due to
halocline development (Haug et al., 1999). Ratios of 30Si to 28Si (δ30Si) in
diatom frustules (δ30Sidiatom) and 15N to 14N (δ15N) in bulk sediments
(δ15Nbulk) can be used to test the stratification hypothesis because they
can shed light on changes in nutrient use in, and supply to, the photic
zone associatedwith halocline development. δ15Nbulk data from Site 882
support the contention that theopaldropat 2.73 Mawasdue tohalocline
stratification because they indicate more complete consumption of a
smaller pool of surfacenitrate byphytoplanktonafter 2.73 Ma(Sigmanet
al., 2004). However, contemporaneous diatom δ30Sidiatom data have an
opposite trend (Reynolds et al., 2008), which is puzzling because any
reduced gross nutrient supply to surface waters should have increased
silicic acid consumption.

With a halocline limiting sub-surface upwelling of nutrients, the
anti-phase relationship between Site 882 δ30Sidiatom and δ15Nbulk from
~2.73 Ma has been attributed to increased Si:N of nutrients supplied to
the photic zone and/or to a change in δ30Si of silicic acid (Reynolds et al.,
2008). However, in SouthernOcean records, bulk sediment and diatom-
bound organic matter δ15N maxima (Crosta and Shemesh, 2002;
Schneider-Mor et al., 2005; Sigman et al., 1999) and δ30Sidiatom minima
(Brzezinski et al., 2002; De La Rocha et al., 1998) during late Pleistocene
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Fig. 1. Location of (a) ODP sites 882 (red circle), 885 and other sub-Arctic North Pacific sites (grey circles) referred to in the text. Arrows denote simplified surface current systems
(modified fromMcKelvey et al. (1995)). Also shown are maps of estimated relative abundance (Conolly and Ewing, 1970) and mass accumulation (Bigg et al., 2008) of North Pacific
Last Glacial Maximum coarse lithic ice-rafted debris (IRD). ‘X’ indicates no evidence of IRD, blue ‘F’ denotes estimated concentrations b50 mg cm−2 ka−1, yellow ‘S’ ~50–
250 mg cm−2 ka−1, green ‘S’ ~250–1000 mg cm−2 ka−1 and red ‘VS’ N1000 mg cm−2 ka−1 in the N63 μm to b2 mm lithogenic fraction. The thick, dashed, grey lines depict
contoured estimates of the rate of deposition of mineral aerosol (inmg cm−2 ka−1), based on atmospheric transport (Duce et al., 1991) and the solid, thick, light-grey lines represent
latest Quaternary mass accumulation rates of dust (in mg cm−2 ka−1), based typically on uppermost Quaternary samples and occasionally on an average of Holocene rates (Rea,
1994).
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glaciations are often attributed to enhanced dust inputs (Brzezinski
et al., 2002). This hypothesis has developed because dust supplies
bioavailable Fe (Iwamoto et al., 2011) to surface waters, which lowers
diatom frustule Si:N uptake ratios that result in more rapid nitrate
(NO3

−) depletion in the euphotic zone relative to silicic acid (Si(OH)4)
(Frank et al., 2000; Hutchins and Bruland, 1998;Matsumoto et al., 2002;
Matsumoto and Sarmiento, 2008; Takeda, 1998), although not all
studiesfindsucha change (e.g., Hoffmannet al., 2007).A similar chain of
events may also arise from enhanced delivery of Fe-rich volcanic ash
(Duggen et al., 2010; Hamme et al., 2010).

Records of terrigenous inputs to theNorthPacificOcean indicate that
the onset of halocline stratification during MIS G6 is broadly coincident
with a marked intensification of dust delivery (Janecek and Rea, 1983;
Rea et al., 1998; Sun et al., 2006; Sun and Liu, 2007). At Site 882,
terrigenous inputs increase significantly during MIS G6 (Haug et al.,
1995). However, understanding the relative importance of aeolian dust
to terrigenous inputs at Site 882 and its relationship to biogeochemical
cycles is not straightforward because ice-rafting and explosive volca-
nism provided important additional terrigenous sources during inten-
sification of northern hemisphere glaciation (iNHG) (Pettke et al., 2000;
Prueher and Rea, 2001).

Magnetic properties ofmarine sediments are often highly sensitive
to subtle mineralogical and grain size changes that make them useful
for determining the origin of terrigenous sediments (Evans and Heller,
2003; Maher and Thompson, 1999; Verosub and Roberts, 1995). The
magnetic mineral components of both aeolian dust (Bloemendal and
deMenocal, 1989; Clemens and Prell, 1991; deMenocal et al., 1991;
Doh et al., 1988; Larrasoaña et al., 2003, 2008; Yamazaki and Ioka,
1997) and ice-rafted debris (IRD) (Grousset et al., 1993; Hall and King,
1989; Robinson et al., 1995; Stoner et al., 1996) often have distinctive
magnetic signatures, which makes environmental magnetism useful
for investigating palaeoclimatic and palaeoceanographic change.

Increases in low-field mass-specific magnetic susceptibility (χ) and
the N2 μmsiliciclastic sediment component from Site 882 (~45°N) have
been suggested to indicate a major onset of ice-rafting to the sub-Arctic
northwest Pacific Ocean during MIS G6 (Haug et al., 1995; Maslin et al.,
1995). Whilst sand-sized IRD is found in sub-Arctic northwest Pacific
sediments along the sub-Arctic front at ~47–48°N (Conolly and Ewing,
1970; Kent et al., 1971; Krissek, 1995; McKelvey et al., 1995), the
abundance of drop stones (Shipboard Scientific Party, 1993) and sand-
sized IRD (Conolly and Ewing, 1970; Krissek, 1995) reported from
further north are notably low. We therefore cannot be certain whether
the magnetic particles responsible for the χ increase at Site 882 at
~2.75 Ma were derived from volcanism, iceberg melting or from dust
deposition sourced fromAsia. To test between these possibilities, and to
improve our understanding of the processes responsible for changes in
nutrient use proxies at Site 882 during iNHG, we present new high-
resolution environmentalmagnetic and IRD records fromODP Sites 882
and 885.
2. Background

ODP Site 885 lies at the northern edge of the central North Pacific
gyre (44°41′N, 168°16′E; water depth=5799 m, Fig. 1). This region is
characterised by slow Plio-Pleistocene sedimentation (b1 cm ka−1)
because of low biological productivity and low terrigenous sediment
input. Biogenic silica dominates biogenic sedimentation, whilst Site 885
is sufficiently far south that there is no significant IRD component
(Snoeckx et al., 1995). Thedominant sediment input is therefore aeolian
dust from Asia (Doh et al., 1988; Rea and Janecek, 1981; Snoeckx et al.,
1995) and volcanic ash from the Kamchatka–Kurile and Aleutian Arcs
(Pettke et al., 2000).

ODP Site 882 is located in the sub-Arctic northwest Pacific (50°22′N,
167°36′E; water depth=3244 m, Fig. 1), which experienced rapid
sedimentation (~10–20 cm ka−1) during the early to mid Pliocene due
to high productivity (mostly biogenic silica (Haug et al., 1995; 1999))
and significant terrigenous input. Although terrigenous inputs increased
after ~2.75 Ma (from ~0.2 to 0.5 gcm−2 ka−1), overall sedimentation
rates decreased (to ≤4 cm ka−1), as is observed throughout the sub-
Arctic Pacific (Rea et al., 1993) in response to a major drop in
productivity following halocline development (Haug et al., 1999;
Swann et al., 2006). Whilst Site 882 would have received a significant
supply of aeolian dust throughout the Plio-Pleistocene (estimates of
modern dust flux to this region are N500 mg cm−2 ka−1; Fig. 1) (Duce
et al., 1991; Rea, 1994), it is sufficiently far north and proximal to the
Kamchatka–Kurile andAleutianArcs thatmelting icebergs derived from
east Asia (Maslin et al., 1998) and explosive volcanism (Prueher and
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Rea, 2001) provided additional important terrigenous sources of
sediment during late Pliocene iNHG.

Although previous environmental magnetic studies of central North
Pacific Ocean sediments (south of 30°N) provide important insights into
late Pliocene variations in Asian aeolian dust inputs (Doh et al., 1988;
Yamazaki and Ioka, 1997), few have focused on the contribution of dust
to coeval sub-Arctic Pacific sediments. Although an environmental
magnetic study has been undertaken for ODP Site 885 (Arnold et al.,
1995), it focused on long time intervals at low resolution (over 0.75 m
intervals). Similarly, previous studies of late Pliocene ice rafting to the
sub-Arctic Pacific (Krissek, 1995), including to Site 882 (Prueher and
Rea, 2001), are not of sufficient resolution to assess controls on
terrigenous inputs to Site 882. Thus, to understand the relative
contribution of aeolian dust, volcanic ash and IRD to late Pliocene sub-
Arctic northwest Pacific χ, high-resolution environmentalmagnetic and
IRD records are reported here.

3. Methods

To facilitate environmental magnetic measurements, u-channel
samples (Weeks et al., 1993) were taken from the centre of split cores
(core sections 2 H–1 W through 2 H–6 W) from ODP Hole 885A
between depths of 4.6 and 13.1 mbsf (metres below sea floor).
Discrete samples (8 cm3, n=499) were also taken at 1-cm strati-
graphic intervals (every ~2.3 ka). Discrete samples (10 cm3, n=190)
were also taken from ODP Hole 882A (core sections 9 H–1 W through
12 H–4 W) between depths of 75.62 and 109.7 mbsf, at 10 to 30 cm
stratigraphic intervals (average every ~5 ka).

3.1. Magnetic measurements

U-channels and discrete samples were analysed using a narrow-
access high-resolution 2-G Enterprises cryogenic magnetometre
(Weeks et al., 1993) housed within a magnetically shielded laboratory.
An anhysteretic remanent magnetization (ARM) was imparted to all
samples in a 150 mT alternating field (AF) with a superimposed 50 μT
direct bias field. A saturation isothermal remanent magnetization
(SIRM) was then imparted in a 0.9 T saturation field. The ‘hard’
isothermal remanent magnetization (HIRM=0.5⁎(− IRM−300 mT+
SIRM)) was also determined following King and Channell (1991),
where IRM−300 mT is the remanent magnetization obtained after first
saturating the sample in a 0.9 T field and then applying a backfield of
300 mT. Generally, high HIRM values indicate increased concentrations
of hematite and goethite, which are common in aeolian dust. The S-ratio
(− IRM−300 mT/SIRM) was calculated to determine the relative contri-
butions of low (e.g., magnetite) and high coercivity (e.g., hematite)
magnetic minerals. Generally, a low S-ratio (b1) indicates significant
amounts of high coercivity minerals. An alternative measure of high
coercivity magnetic mineral content is the remanence measured after
AF demagnetization of an SIRM (SIRMAF@X mT), where X indicates the
peak AF of X mT (Larrasoaña et al., 2003).

The discrete sampleswere used to determine the room-temperature
frequency-dependence of χ at dual frequencies (470 and 4700 Hz),
using aBartington InstrumentsMS2Bmagnetic susceptibilitymetre. The
absolute frequency-dependent susceptibility (χfd=χ470 Hz−χ4700 Hz)
enables quantification of contributions from ultra-fine superparamag-
netic (SP) particles (Mullins and Tite, 1973; Stephenson, 1971). To
characterise magnetic mineralogy, the temperature dependent suscep-
tibility (χ–T)wasmeasured for representative samples across ~2.75 Ma
using a Kappabridge KLY-3 magnetic susceptibility metre, equipped
with a CS-3 furnace, from room temperature to 700 °C in an argon
environment (with an Ar flux of 50 ml min−1).

Magnetic grains in marine sediment derived from dust deposition
reside in the fine sediment fraction (b8 μm (Sun et al., 2004)). Those
sourced from melting icebergs will be present as discrete clay and as
fine-silt sized particles, but will also be embedded in coarser silt and
sand-sized rock grains (Hemming, 2004; Robinson et al., 1995). To
examine which size fraction(s) contribute most to the bulk sediment
χ, 23 samples containing abundant (or sparse) coarse lithics were
divided into four size-fractions on the basis of Stokes' law: b8, 8–16,
16–64, and N64 μm. χ was measured for the four size fractions.

3.2. Lithic grain counts

To examine the history of ice rafting at Site 882, we performed IRD
counts of coarse lithic grains (N150 μm) per gramme of dry sediment
following Peck et al. (2007). The siliciclastic sediment fraction at Site
882 contains abundant disseminated fresh volcanic detritus (Prueher
and Rea, 2001). This is sourced from explosive volcanism along the
Kamchatka–Kurile and Aleutian arcs, where volcanic activity inten-
sified during iNHG (Prueher and Rea, 2001). Our counts reveal
variable inputs of coarse fresh volcanic glass. Several peaks in volcanic
glass (n=9) correspond to ash layers (Rea et al., 1993). The generally
smaller, but variable, numbers of disseminated fresh volcanic glass
grains likely originate from explosive volcanism. Nevertheless,
because ash may have been sourced from atmospheric fallout or via
ice rafting, after fallout onto icebergs, we report IRD counts as both
lithics per gramme and lithics minus fresh volcanics per gramme of
dry sediment.

3.3. Diatom silicon isotope (δ30Sidiatom) measurements

To investigate the relationship between Fe inputs and the biological
pump across ~2.73 Ma we made δ30Sidiatom measurements (n=30)
for the interval ~2.85–2.55 Ma at ODP Site 882 in addition to those of
Reynolds et al. (2008). Diatoms were extracted using existing
techniques with analysed (75–150 μm) fractions dominated by two
taxa; Coscinodiscus marginatus (Ehrenb.) and C. radiatus (Ehrenb.)
(Swann, 2010). δ30Sidiatom was analysed using step-wise fluorination
at the NERC Isotope Geosciences Laboratory, U.K., with silicon
collected as SiF4. Measurements were made on a Finnigan MAT 253
stable isotope ratio mass spectrometre with values corrected using
NIGL within-run laboratory diatom standard BFCmod against NBS28
(Leng and Sloane, 2008). Accuracy is confirmed from inter-laboratory
comparisons (Reynolds et al., 2007) (replicate analyses give an
analytical reproducibility (1σ) of 0.06‰).

3.4. Age models

The chronology used is based on the magnetic reversal stratigraphy
for Site 885A (Dickens et al., 1995; Rea et al., 1993) and on astronomical
calibration of the magnetic reversal stratigraphy for Site 882A (Weeks
et al., 1995) using physical property data (Tiedemann and Haug, 1995).
Our records are from single holes at the respective drill sites and
therefore contain a number of stratigraphic gaps between cores.
However, the stratigraphic gaps do not prevent us from establishing
the dominant source of late Pliocene terrigenous inputs to Site 882.

4. Results and discussion

4.1. Environmental magnetic records for ODP Site 885

The χ increase of sub-Arctic Pacific sediment at ~2.75 Ma is recorded
at Site 885 at ~12.6 mbsf (Fig. 2a).χ–T curves for representative samples
from Site 885 (Fig. 3b–e) indicate that the dominant magnetic particles
responsible for the χ signal are magnetite and low-Ti titanomagnetites,
and that magnetic mineralogy did not significantly change across
~2.75 Ma. When magnetic mineralogy remains constant, ARM/SIRM
variability reflects relative changes in magnetic grain size (Thompson
and Oldfield, 1986). However, at Site 885, ARM/SIRM does not change
significantly from 12.6 to 12 mbsf when χ increases (Fig. 2c), which
indicates that the χ increase at ~2.75 Ma is associated with a change in



Fig. 2. Plio-Pleistocene magnetic properties of marine sediments from ODP Hole 885A versus depth (in metres below sea floor (mbsf)). (a) Low-field mass-specific magnetic
susceptibility, χ, (b) frequency-dependent magnetic susceptibility, χfd, (c) ARM/SIRM, (d) aeolian dust content (wt.% of bulk sediment, thin black line determined using the method
of Sun and Liu (2007)) plotted alongside IRMAF@100 mT (black dots), (e) L-ratio, and (f) S-ratio. The ARM/SIRM ratio can be used to determine relative grain size variations in magnetic
minerals. Stable single domain (SD) particles have higher ARM, but lower SIRM, than coarser particles, so an increase in ARM/SIRM is taken to indicate a fining of magnetic mineral
grain size. The vertical green bar indicates the Plio-Pleistocene palaeoclimatic transition across 2.75 Ma (vertical arrow at ~12.6 mbsf). Label G4/G6 =marine isotope stages G4/G6.
The black/white bar at the top of the figure denotes the positions of palaeomagnetic reversal boundaries (Dickens et al., 1995; Rea et al., 1993): base of Jaramillo
Subchron=5.34 mbsf; base of Olduvai Subchron=9.44 mbsf; Gauss/Matuyama boundary=11.75 mbsf. χlf and χfd data are plotted on a logarithmic scale. Black squares in
(a) represent the midpoint depth of discrete burrowed volcanic ash identified in this study from shipboard core images (Rea et al., 1993). Aeolian dust content was estimated after
removal of carbonate, organic matter, iron oxides and biogenic opal following the method developed by Rea and Janecek (1981) and Snoeckx et al. (1995). Note that this method
cannot differentiate between aeolian dust and disseminated volcanic ash (Pettke et al., 2000).
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Fig. 3.Normalised χ–T curves for representative samples from ODP sites 885A (a–e) and 882A (f–j) (stars in (a) and (b) represent the positions of samples across the Plio-Pleistocene
transition at ~2.75 Ma). Labels b–e and g–j indicate the positions of the samples. Dashed vertical lines (in b–e and g–j) mark the respective Curie temperatures, which indicate the
dominance of magnetite and low-Ti titanomagnetite in each sample. The small high temperature component that decays at 680 °C indicates the presence of hematite. Arrows
indicate warming and cooling cycles. The results indicate that the magnetic mineralogy does not change across ~2.75 Ma. The gradual increase of χ between room temperature and
200–300 °C is due to unblocking of fine-grained, including SP, particles. Above this temperature, the small change in slope is usually associated with transformation of maghemite
into weaklymagnetic hematite (Liu et al., 2005). Differences between the ratio of the final and initial χ reflect variable neoformation ofmagnetic minerals during heating and cooling,
due to decomposition of silicate minerals (e.g., Liu et al., 2005).

257I. Bailey et al. / Earth and Planetary Science Letters 307 (2011) 253–265
concentration of magnetic particles rather than a change in magnetic
mineral grain size. To first order, there is a positive correlation between
χ, IRMAF@100 mT and aeolian dust concentration (Fig. 2d). This strongly
indicates that much of the low and high coercivity mineral content has
an aeolian origin, with transportation from the Asian continental
interior byprevailingwesterlies (Reaet al., 1998).NdandSmanalyses of
Site 885 sediments indicate that terrigenous sediment deposited over
the past 4 Ma is composed of a mixture of Asian dust and up to 35%
volcanic ash (Pettke et al., 2000). Part of the late Pliocene χ increase at
Site 885 is therefore likely also attributable to increased volcanic ash
deposition.

Natural pedogenic hematite and goethite particles, which may be
present in aeolian dust, often have Al substituted into the crystal lattice
in place of Fe, which significantly influences both HIRM and the S-ratio
(Liu et al., 2007). The L-ratio (HIRM/IRMAF@100 mT) was designed to
identify coercivity variations that affect interpretations of standard
parameters such asHIRM and the S-ratio (Liu et al., 2007).HIRM and the
S-ratio can be interpreted conventionally only when the L-ratio is
relatively stable. In contrast, if HIRM and the L-ratio are positively
correlated, HIRM will not solely indicate changes in the absolute
concentration of high coercivity minerals (Liu et al., 2007). At Site 885,
the L-ratio remains stable at 13–12 mbsf (Fig. 2e), which indicates that
the source of high coercivity minerals at ~2.75 Ma does not appear to
change. In addition, the S-ratio (Fig. 2f) indicates that the relative
contributions from low and high coercivity minerals remain almost
constant during the χ increase at 2.75 Ma. The positive correlation
between χ and χfd (Fig. 2a, b) across ash horizons (at ~5, 7.7, 9.2 and
9.6 mbsf) indicates that volcanic ash layers contain high concentrations
of ultra-fine SP particles. The absence of correlation between χ and χfd
across 12.6 mbsf therefore reflects that background inputs of aeolian
magnetic particles are coarser-grained overall than the SP dominated
magnetic particles found in near-pure ash horizons. Critically, whilst
both the concentrations of aeolian dust and volcanic ash increased at
Site 885 during iNHG, the χ increase appears to have involved
simultaneous enrichment in the concentration of high and low
coercivitymagnetic minerals, with no change in the relative proportion
of both types of mineral (sources) prior to the transition at 2.75 Ma.

Increased aeolian dust (Snoeckx et al., 1995; Sun et al., 2006) and
volcanic ash (Prueher and Rea, 2001) inputs to the North Pacific Ocean
in association with late Pliocene iNHG is well known. Our

image of Fig.�3
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Fig. 5. Plots of low-field mass-specific magnetic susceptibility, χlf, for different grain size fractions across the interval of χ increase (~2.75 to 2.7 Ma). Also shown are counts of coarse
(N150 μm) lithics per gramme of dry sediment. Black (red) filled peaks indicate lithic grains excluding (including) fresh volcanic glass. The vertical green bar indicates the Plio-
Pleistocene palaeoclimatic transition across ~2.75 Ma. Variability in bulk χ is dominated by magnetic particles in the b8 μm, 8–16 μm and 16–64 μm grain-size fractions. Several
short-term peaks are controlled by variability of magnetic properties of the 16–64 μm (at ~2.69, 2.66, and 2.6 Ma) and N64 μm(at ~2.69 and 2.66 Ma) fractions. However, most of the
magnetic increase across ~110–113.5 mcd resides in the b8 μm fraction, with little or no increase in χ across this interval in the coarser grain-size fractions. The black/white bar at the
top of the figure denotes the Gauss/Matuyama palaeomagnetic boundary (at 105.94 mcd) (Tiedemann and Haug, 1995; Weeks et al., 1995). Label G4/G6 = marine isotope stages.
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environmental magnetic data from Site 885 demonstrate that these
events, which were caused by increased aridity of the Asian continent
(Janecek and Rea, 1983) and increased Kamchatka–Kurile and
Aleutian Arc volcanism (Prueher and Rea, 2001) during iNHG, played
an important role in enhancing χ of sediments from the central sub-
Arctic North Pacific at ~2.75 Ma.

4.2. Coarse lithic counts and environmental magnetic records for ODP
Site 882

The concentrations of coarse (N150 μm) lithics and χ are plotted for
Site 882 from 2.8 to 1.8 Ma in Fig. 4. Although the structure of some
glacial stages is obscure, coarse lithic abundance typically peaks every
~40 ka (Fig. 4e). Ourχ record (Fig. 4a) reproduces themagnetic increase
at ~113.5 m composite depth (mcd) (from ~2.75 Ma). Whilst χ,
IRMAF@100 mT and siliciclastic contents are consistently high since
~2.75 Ma (above ~113.5 mcd, Fig. 4a, d, e), peak coarse lithic concen-
tration, which represents cold stages, nearly always returns to low
baseline values before increasing again. This scenario is consistent with
the episodic nature of ice rafting to other open ocean settings (e.g., the
sub-polar North Atlantic Ocean; McManus et al. (1999)). Even if we
consider that all fresh volcanic glasses were ice-rafted, coarse lithic
concentration at Site 882 is still relatively low (≪600 grains g−1)
throughout most of the studied stratigraphic interval.

Ifwe take variability in coarse lithicflux(N150 μm,non fresh volcanic
grains in cm−2 ka−1) as an indicator of IRD deposition then our record
Fig. 4. Plots of late Pliocene magnetic and sedimentological properties of marine sediments f
mass-specific magnetic susceptibility, χlf; (b) the frequency-dependent magnetic susceptib
gramme of dry sediment. Black (grey) filled peaks indicate lithic grains excluding (includin
siliciclastics (from Haug et al. (1995)). Typical coarse lithics encountered are dominated not o
but also variable numbers of volcanic and volcaniclastic, metamorphic, and siliciclastic rock fr
those previously reported in Plio-Pleistocene sediments from this region (Conolly and Ewing
Pleistocene palaeoclimatic transition across ~2.75 Ma. Vertical grey bars in (e) indicate sam
denotes palaeomagnetic reversal boundaries (Tiedemann and Haug, 1995; Weeks et al., 199
Red crosses in (c) denote data collected from ash layers. Note that coarse lithic count data in
isotope stages.
suggests that although ice-rafting to Site 882 intensified at ~2.75 Ma,
sustained coarse lithic fluxes, which are indicative of significant regional
ice-sheet calving, are not a feature of glacials at Site 882 until ~2.55 Ma
(since MIS 100) (Fig. 6c). For perspective, non Heinrich-event IRD flux
rates of theN150 μmfraction for the LastGlacial northeast AtlanticOcean
were substantially larger, with typical values peaking at ~6 to
50×103grains cm−2 ka−1 (Bond et al., 1992; Peck et al., 2007).
Hence, whilst the first significant increase in coarse-grained IRD inputs
occurred duringMIS 100, the resultant lithic fluxes at Site 882were low.
These low fluxes are consistent with low-resolution records of coarse
IRD mass accumulation rates (MARs) calculated previously for the late
Pliocene at Site 882 (Prueher and Rea, 2001) and also at nearby Site 883
(Krissek, 1995; Prueher and Rea, 2001). These datasets confirm that
during late Pliocene iNHG, IRD inputs north of the Pacific sub-Arctic front
(i.e., at Site 881; Krissek 1995) were relatively low (McKelvey et al.,
1995).

Environmental magnetic studies of Holocene Antarctic (Brachfeld
and Banerjee, 2000), Last Glacial northeast Atlantic (Robinson et al.,
1995) and Baffin Bay (Hall and King, 1989) sediments that contain
abundant sand-sized IRD demonstrate that IRD strongly influences
bulk sediment χ, so that coeval χ and IRD peaks are associated with a
larger average magnetic particle size. In these areas, enhanced IRD
inputs increase the concentration and relative proportion of litho-
genic coarse-grained, multi-domain (MD) ferrimagnetic particles.
Watkins et al. (2007) showed that the relationship between IRD and
sediment magnetics is a function of source. Nevertheless, if increased
rom ODP Hole 882A on the time scale of Tiedemann and Haug (1995): (a) the low-field
ility, χfd; (c) ARM/SIRM; (d) IRMAF@100 mT; (e) counts of coarse (N150 μm) lithics per
g) fresh volcanic glass. The thin black line indicates the concentration (wt.%) of N2 μm
nly by quartz, feldspar and devitrified and fresh rhyolitic (but alsominor basaltic) glass,
agments, hornblende and pyroxene. The grain types found are therefore consistent with
, 1970; Kent et al., 1971; McKelvey et al., 1995). The vertical green bar indicates the Plio-
pling gaps in the composite stratigraphy. The black/white bar at the top of the figure
5): base of Olduvai Subchron=84.42 mcd; Gauss/Matuyama boundary=105.94 mcd.
(e) excludes counts from sampled ash layers (n=14). Labels 100 and G4/G6=marine
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IRD contributed significantly to bulk sediment χ during MIS G6 at Site
882, an unambiguous test of this relationship would be a strong
correlation between χ, the concentration of sand-sized IRD and the
grain-size of magnetic particles between ~2.75 and 2.7 Ma. However,
our data suggest that sucha relationship does not exist. Theχ increase at
~2.75 Ma is broadly coincident with increased sand-sized IRD (Fig. 4e).
However, the sharp reduction in IRD abundance (to b30 grains g−1)
soon after its initial increase (to ~150 grains g−1 at ~2.73 Ma), despite
continued high values of χ (up to ~2.7 Ma), indicates that IRD is not
mainly responsible for theχ elevationduringMISG6. Equally,ARM/SIRM
Fig. 6. Relationship between: (a) the mass accumulation (black line) and relative concentr
susceptibility, χ (thin line), and biogenic-free χ (black line) (Shipboard Scientific Party, 1993)
IRD deposition rates (in grains cm−2 ka−1, grey line), and (d) biogenic (wt.% carbonate an
(Haug et al., 1995) for Site 882 between 3.2 and 1.8 Ma (~178 and 82 mcd (Tiedemann a
transition across ~2.75 Ma. Vertical grey bars in (c) indicate sampling gaps in the composite s
sampled at common 10 ka intervals. The effects of biogenic dilution on bulk sediment χ are
(Robinson et al., 1995)). χ in (b) and coarse lithic count data (n=14) in (c) excludes da
Sedimentation rates were estimated from the Site 882 astronomical age model (Tiedemann
density data following Maslin et al. (1995). Black squares in (c) represent the midpoint dept
correspond to the Site 882 splice (Tiedemann and Haug, 1995). Labels 100 and G4/G6 = m
(Fig. 4c), which should decrease when magnetic grain size increases,
remains relatively unchanged, which indicates that χ at ~2.75 Ma does
not mainly increase due to elevated deposition of coarse, MD
ferrimagnetic grains.

Four further lines of evidence indicate that ice-rafting was not the
dominant process contributing to χ at ~2.75 Ma. First, χ–T curves for
representative samples from Site 882 (Fig. 3g–j) demonstrate that
magnetite and low-Ti titanomagnetite dominates the χ signal. The
consistency of the χ–T curves indicates that the magnetic minerals
deposited did not significantly change across ~2.75 Ma at Site 882.
ation of N2 μm siliciclastics (thin line) (Haug et al., 1995); (b) mass-specific magnetic
; (c) ice-rafted debris, IRD, (N150 μm) per gramme of dry bulk sediment (black line) and
d opal) concentration (black line) and mass accumulation (thin line) of biogenic opal
nd Haug, 1995)). The vertical green bar indicates the Plio-Pleistocene palaeoclimatic
tratigraphy. Datasets shown in (b) and biogenic concentration data in (d) have been re-
normalised by expressing χ on a biogenic-free basis ({χ / [100%−biogenic wt.%]×100}
ta from ash layers. Coarse lithic fluxes were calculated following Peck et al. (2007).
and Haug, 1995) and dry-bulk densities from shipboard determined GRAPE wet-bulk

h of discrete tephra identified in this study from intervals of shipboard core images that
arine isotope stages.
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Second, the χ increase between ~2.75 and 2.7 Ma is mainly controlled
by magnetic minerals in the fine (b8 μm) fraction rather than the
coarse (N64 μm) sediment fraction (Fig. 5). Third, a plot of biogenic-
free bulk χ (Fig. 6b) indicates significant χ increases prior to the onset
of region-wide IRD deposition at ~2.75 Ma (Krissek, 1995). Fourth,
published N2 μm siliciclastic MARs for Site 882 (Fig. 6a) (Haug et al.,
1995) indicate that whilst terrigenous inputs increase at ~2.75 Ma,
the pre-MIS G6 χ peaks are coincident with siliciclastic inputs that are
also comparable in magnitude to those between ~2.75 and 2.55 Ma.

The magnitude of the Site 882 χ increase is comparable to the χ
increase at Site 885, whichwe attribute to a terrigenous enrichment of
Site 885 sediments by amixture of aeolian dust and volcanic ash. Low-
resolution records of volcanic ash deposition at Site 882 (Prueher and
Rea, 2001) and other sedimentological analyses (Krissek, 1995)
indicate that disseminated silt-sized volcanic ash makes a sizable
contribution (~100–300 mg cm−2 ka−1) to N2 μm siliciclastic inputs
and χ from ~2.75 Ma. Several χ peaks for the 8–64 μm bulk sediment
fraction (Fig. 5) likely reflect the presence of magnetite associated
with disseminated fresh volcanic glass (which is not evident in our
coarse lithic counts). Generally, the samples can be divided into two
groups based on ARM/χ (Fig. S1a) and ARM/SIRM ratios (Fig. S1b). The
ARM/SIRM record indicates that the relatively finer grained magnetic
particles in group 1 (peaks N0.07) dominate episodically the mineral
magnetic properties (Fig. S1c). Three of the ARM/SIRM peaks
correspond to distinct ash horizons. The remaining peaks likely
correspond to high disseminated volcanic glass concentrations
(Prueher and Rea, 2001). Not all ash layers visible in core photographs
correspond to ARM/SIRM anomalies. This probably indicates variable
magnetic mineralogy in the ash layers.

As for Site 885, we propose that a large portion of magnetic particles
in group 2 samples that are responsible for the χ increase at Site 882
reside in a previously overlooked mixture of aeolian dust and
disseminated volcanic ash. Whilst IRD abundance intensified from
Fig. 7. Relationship between mass accumulation rates (MARs) of: (a) Chinese Loess Plateau d
et al., 1995), and (b) the global benthic oxygen isotope stack (LR04; Lisiecki and Raymo, 2005
(b) = marine isotope stages.
~2.75 Ma, increased relative contributions from volcanism and dust
deposition to the increase in clay through sand-sized terrigenous
sediment fraction at ~2.75 Ma indicates that χ cannot be used as a
simple IRD proxy at Site 882. Given the fine-grained nature of Site 882
siliciclastics and the strong correlation between MARs on the Chinese
Loess PlateauandSite882 terrigenous inputs (Fig. 7) it is also reasonable
to hypothesise that Site 882 terrigenous inputs reflect relative changes
in aeolian dust inputs at Site 882 (see also Supplementary discussion).
4.3. Late Pliocene dust deposition and nutrient use at site 882

Aeolian dust and volcanic ash supply to the oceans is important for
biogeochemical cycles because these materials represent a sizable
sourceof soluble Fe to theeuphotic zone(Duggenet al., 2010; Funget al.,
2000). Fe can be an important limiting factor for phytoplankton growth
and for macro-nutrient consumption (e.g., nitrate and phosphate)
(Harrison et al., 1999; Martin et al., 1990; Moore et al., 2009).

Thatopal burial decreasedatSite 882,witha synchronous increase in
δ15Nbulk (Sigman et al., 1999) and a decrease in δ30Sidiatom (Reynolds
et al., 2008) during a time of increased aeolian dust and volcanic ash
inputs is important for understanding the mechanisms responsible for
this chain of events (Fig. 8). Variations in δ30Sidiatom and δ15Nbulk should
co-vary, even though δ15N measurements are from bulk sediment
which are more susceptible to water column and post-depositional
alteration than diatom δ15N (De La Rocha, 2006). However, changes in
δ30Sidiatom δ15Nbulk at 2.73 Ma are anti-correlated (Fig. 8). This anti-
correlation has been attributed to increased Si:N of bioavailable
nutrients supplied to the photic zone and/or to a change in silicic acid
δ30Si (Reynolds et al., 2008). Whilst these explanations can account for
changes in δ30Sidiatom and δ15Nbulk at 2.73 Ma, the extent to which a
nutrientmayact as the limiting factor for diatomgrowth in the stratified
water column provides a simpler explanation.
ust stack (red line; Sun and An, 2005) and Site 882 N2 μm siliciclastics (black line; Haug
) for the past 3.5 Ma. Data are plotted on the respective published age models. Labels in
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Fig. 8. Relationship between: (a) mass accumulation of opal (Haug et al., 1999; Sigman et al., 2004), (b) δ30Sidiatom data generated in this study (open circles) and from Reynolds et al.
(2008) (crosses), (c) the mass accumulation of N2 μm siliciclastics (Haug et al., 1995), (d) δ15Nbulk (Sigman et al., 2004) and (e) δ18Odiatom (Swann, 2010; Swann et al., 2006) and
LR04 global benthic δ18O foraminiferal stack (transparent blue line) (Lisiecki and Raymo, 2005) during the onset of major northern hemisphere glaciation (labels = MIS). The age
models used are from the respective studies. Following Reynolds et al. (2008), the age of LR04 has been adjusted by+10 ka to position the Matuyama/Gauss boundary at 2.61 Ma on
the orbital time scale (Deino et al., 2006). The vertical pink bars highlight minima in δ15Nbulk discussed in Section 4.3.
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High/low levels of δ30Sidiatom/δ15Nbulk prior to 2.73 Ma suggest that
silicic acid use was considerably more complete than nitrate use during
periods of unimpeded deep-water upwelling. The switch to a stratified
system after this interval would have created a finite supply of photic
zonenutrients capable of supporting a limited diatompopulation before
one or more nutrients became limiting and inhibited further produc-
tivity. For example, at present, ignoring issues of light, the availability of
silica, nitrate, phosphorous and iron are estimated to limit diatom
growth for 11%, 50%, 1%, 39% of the world's ocean, respectively (Moore
et al., 2002). In this case, the increase in δ15Nbulk after 2.73 Ma suggests
that nitrate may have become the limiting nutrient for diatom growth.
This could have occurred by decreasing nitrate flux to surface waters
relative to silicic acid, in agreementwith Reynolds et al. (2008),with the
increased amplitude of δ15Nbulk and δ30Sidiatom variations after MIS G6
reflecting a change in the Si:N ratio of nutrients supplied to the photic
zone over orbital timescales. With no evidence for a breakdown in
halocline stratification followingMIS G6 (Swann, 2010), this could have
occurred through orbital changes in nutrient composition and strength
of deep-water circulation (Reynolds et al., 2008). Reynolds et al. (2008)
did not consider the possibility of an Fe-induced change in Si:N export
ratio at Site 882, stating that any increased Fe availability should raise
rather than lower opal productivity at 2.73 Ma. However, they did not
consider that a drop in photic zone nitrate and silicic acid supply
following stratification would significantly lower productivity
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regardless of changes in Fe input. Unlike the Southern Ocean, the sub-
Arctic Pacific obtainsmost of its Fe from atmospheric aerosol deposition
(Martin and Gordon, 1988; Somes et al., 2010). We therefore instead
propose that halocline development led to the drop in opal MAR whilst
the concordant increase in Fe deposition raised biological demand for
nitrate relative to silicic acid (Hutchins and Bruland, 1998; Takeda,
1998). It is difficult toknowwhethermost of thebiovailable Fedelivered
to Site 882 was sourced from aeolian dust or volcanic ash. Regardless,
combinedwith reduced nutrient availability, we propose that increased
Fe would have caused near complete nitrate consumption (high
δ15Nbulk) and driven the system to nitrate limitation, causing silicic
acid to be under-used (indicated by low δ30Sidiatom).

The long-term increase in δ15Nbulk and decrease in δ30Sidiatom from
2.73 to 2.55 Ma further indicates that nitrate limitation increased with
time, resulting in greater under use of silicic acid. This chain of events
can explain the observed anti-phase changes in δ15Nbulk and δ30Sidiatom
without invoking changes in composition or relative concentration of
deep-water nutrients delivered to the photic zone, although such
changes could still have occurred. Our explanation supports the idea
that Fe inputs to theNorth Pacific over the last 800 ka could have driven
the biological system to limitation by a nutrient other than Fe (Kienast
et al., 2004) and suggests that Fe limitation in themodern ocean (Tsuda
et al., 2003) is not always typical of past conditions. Although the
resolution of siliciclastic MAR data is not high, the strong positive
relationship between δ15Nbulk and late PlioceneN2 μmsiliciclasticMARs
(R2=+0.72, n=46, p b0.01%) supports a close link between Fe inputs
and nitrate use especially from ~2.73 Ma (Fig. 8). Short-term variations
in δ15Nbulk and δ30Sidiatom after 2.73 Mamay therefore reflect changes in
Fe supply and biological demand for nitrate and silicic acid. The absence
of a clear relationship between siliciclastic and opal MARs, δ15Nbulk and
δ30Sidiatom prior to MIS G6 when terrigenous inputs were non-zero,
suggests that Fe additionwas insufficient to noticeably alter the demand
for nitrate and silicic acid when nutrient-rich deep-waters were
vigorously upwelled.

Of note in the post-2.73 Ma record are three intervals of low δ15Nbulk

(Fig. 8, pink bars). Each coincides with reduced siliciclastic (Fe) input
and a small increase in opal MAR. For the first interval, the resolution of
the δ18Odiatom record of Swann (2010) is insufficient to make
comparisons. For the second and third intervals, however, increased
opalMARandminima in δ15Nbulk coincidewithhigher δ18Odiatomvalues,
and are linked to reduced freshwater input during interglacials when
the water column came close to overturning the stratification (Swann,
2010). Weakening of stratification during these periods may have
increased upward diffusion of deep-water nutrients, leading to the
observed increase in opal MAR. We suggest that the opal increase was
retarded by reduced aeolian Fe input, leading to Fe rather than nitrate
limitation of surfacewaters. This process can explain observed trends in
the Site 882 isotope data by reducing relative rates of nitrate use (lower
δ15Nbulk), butmaintaining similarly low silicic aciduse aswas the case in
the nitrate-limited water column from 2.73 Ma.

5. Conclusions

We present new high-resolution lithic grain counts and environ-
mental magnetic data from ODP Sites 882 and 885, which record Plio-
Pleistocene ice-rafting to the sub-Arctic Pacific Ocean and the widely
observed χ increase in sub-Arctic Pacific sediment at ~2.75 Ma,
respectively. Although sand-sized IRD concentration increases during
cold stages from ~2.75 Ma, its abundance is relatively low until
2.55 Ma. At Site 882, neither IRD abundance nor magnetic particle
grain size increase in accordancewith χ acrossMIS G6, which suggests
that ice-rafting was not mainly responsible for the χ elevation at
~2.75 Ma. Instead, we propose that the observed χ elevation of sub-
Arctic northwest Pacific sediments is mainly due to increased
deposition of fine-grained ferrimagnetic particles in dust and volcanic
ash during the late Pliocene iNHG. This conclusion is supported by our
magnetic study of Site 885 sediments, which lies downwind of Site
882.

Our findings reveal a close link between Fe inputs and surface
water nutrient use at Site 882, following development of the North
Pacific halocline. We propose that following stratification at 2.73 Ma,
substantially lower macronutrient concentrations reduced opal
productivity, but elevated aeolian (and potentially volcanic) Fe inputs
increased biological demand for NO3

− relative to Si(OH)4. This
resulted in near-complete NO3

− consumption and drove the system
to nitrate limitation. This caused the pool of Si(OH)4 to be under-used.
Our explanation is supported by published δ15N and δ30Si records and
by our silicon isotope data. Our findings also suggest that Fe limitation
in the modern ocean is not always typical of past conditions.

Supplementarymaterials related to this article can be found online
at doi:10.1016/j.epsl.2011.05.029.
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