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Abstract The carbonate-free abyss of the North Pacific defies most paleoceanographic proxy methods
and hence remains a “blank spot” in ocean and climate history. Paleomagnetic and rock magnetic,
geochemical, and sedimentological methods were combined to date and analyze seven middle to late
Pleistocene northwest Pacific sediment cores from water depths of 5100 to 5700m. Besides largely coherent
tephra layers, the most striking features of these records are nearly magnetite-free zones corresponding to
glacial marine isotope stages (MISs) 22, 12, 10, 8, 6, and 2. Magnetite depletion is correlated with organic
carbon and quartz content and anticorrelated with biogenic barite and opal content. Within interglacial
sections and mid-Pleistocene transition glacial stages MIS 20, 18, 16, and 14, magnetite fractions of detrital,
volcanic, and bacterial origin are all well preserved. Such alternating successions of magnetic iron mineral
preservation and depletion are known from sapropel-marl cycles, which accumulated under periodically
changing bottom water oxygen and redox conditions. In the open central northwest Pacific Ocean, the only
conceivable mechanism to cause such abrupt change is a modified glacial bottom water circulation. During
all major glaciations since MIS 12, oxygen-depleted Antarctic Bottom Water (AABW)-sourced bottom water
seems to have crept into the abyssal northwest Pacific below ~5000m depth, thereby changing redox
conditions in the sediment, trapping and preserving dissolved and particulate organic matter and, in
consequence, reducing and dissolving both, biogenic and detrital magnetite. At deglaciation, a downward
progressing oxidation front apparently remineralized and released these sedimentary carbon reservoirs
without replenishing the magnetite losses.

1. Introduction

The abyssal North Pacific Ocean’s large volume, depth, and terminal position on the deep oceanic conveyor
make it a candidate site for deep carbon trapping as postulated by climate theory to explain the massive glacial
drawdown of atmospheric CO2 [e.g., Toggweiler, 1999; Sigman and Boyle, 2000;Galbraith et al., 2007; Adkins, 2013].
Cyclic stagnation and oxygen depletion of abyssal Pacific bottomwater masses have been suggested by several
authors [Matsumoto et al., 2002; Jaccard et al., 2009, 2010, 2016] and could have enabled an enhanced storage of
dissolved inorganic carbon (DIC) in the deep ocean [Bradtmiller et al., 2010]. Newer results show that dissolved
organic matter (DOM) has longer residence times in the ocean andmay have acted as another deep carbon pool
controlling past ocean conditions [Lechtenfeld et al., 2014; Hansell and Carlson, 2013]. Here we seek rockmagnetic
and sedimentological evidence for temporary glacial redox changes supporting particulate organicmatter (POM)
storage in surficial sediments of the abyssal northwest Pacific Ocean and develop ideas about potential budgets,
residence times, and climate relevance. While abyssal POM deposits were certainly much smaller glacial carbon
reservoirs compared to deep ocean DIC and DOM pools [Sigman and Boyle, 2000], their potential long-term
sequestration, deglacial release, and geochemical reactivity appear to be relevant.

The major abyssal basins of the North Pacific have depths of 5500–6500m, far below the modern and glacial
calcite compensation depths (CCD) presently located at ~4500m [Berger et al., 1976]. Carbonate-based proxy
reconstructions of the deep North Pacific circulation [e.g., Keigwin, 1998; Ohkushi et al., 2003; Herguera et al.,
2010] are therefore restricted to isolated seamounts and submarine plateaus towering more than 2000m
above the abyssal basins. To our knowledge, carbonate-free basin sediments have not yet been purposely
studied in the context of deep water reconstruction.
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Paleomagnetic, rock, and environmental magnetic methods are generally well applicable to unfossilifer-
ous abyssal muds and clays. Previous magnetic studies on these materials were mainly concerned with
reversal magnetostratigraphy [e.g., Ninkovich et al., 1966; Kent and Lowrie, 1974; Bleil, 1985; Yamazaki
and Kanamatsu, 2007] and terrigenous input changes [e.g., Doh et al., 1988; Yamazaki and Ioka, 1997;
Yamazaki, 1999]. In other temporarily oxygen-depleted basins like the Mediterranean Sea, the redox sen-
sitivity of magnetic iron oxide minerals has already been used to reconstruct bottom water ventilation
and sapropel formation from magnetite depletion records [e.g., Larrasoaña et al., 2003]. Partial magnetite
dissolution in Equatorial Atlantic pelagic sequences was interpreted by Funk et al. [2004a, 2004b] in terms
of higher POM burial during glacial periods. We apply their enviromagnetic proxy methods to the sub-
CCD piston core SO202-39-3 from the abyssal northwest Pacific (5102m). This core is part of an ocean-
wide North Pacific west-east core transect at 38–40°N collected in 2009 by the RV SONNE INOPEX
expedition (Innovative North Pacific Experiment). We correlate and expand our findings to six adjacent
cores from water depths between 5200 and 5700m.

The process chain of carbon production, export, and sequestration in North Pacific Ocean basins during the
Pleistocene involves several potential drivers: changing nutrient supply and bioproductivity [Yamane, 2003;
Shigemitsu et al., 2007; Jaccard et al., 2009], enhanced scavenging of surface ocean organic carbon by inten-
sified glacial Asian dust input [Maeda et al., 2002], lower temperature and reduced exchange of the North
Pacific Deep and Bottom Waters enabling higher CO2 intake [Jaccard et al., 2005; Matsumoto et al., 2002],
and better POM preservation at and below the seafloor due to lower sedimentary oxygenation levels
[Sigman and Boyle, 2000] and remineralization rates [Hartnett et al., 1998]. We reconstruct time series of some
of these environmental factors over the past 940 kyr using high-resolution sedimentary records associated
with organic carbon export and preservation (Ba/Ti, opal, and total organic carbon (TOC)), eolian input
(quartz, mica, and HIRM), volcanic input (κ and isothermal remanent magnetization (IRM)), and reductive
magnetite dissolution (anhysteretic remanent magnetization (ARM), ARM/IRM, S0.3T, and Fe/κ). These results
merge into a conceptual geochemical process model and simple budget estimate of temporary glacial POM
storage in the abyssal sediments of the northwest and the entire deep Pacific Ocean.

2. Hydrography and Sedimentology of the Northwest Pacific
2.1. Hydrography

The northwest Pacific is the world’s deepest ocean basin dipping from ~5000m depth to more than 6000m
depth (Figure 1). The investigated core transect (SO202-38 to SO202-45; water depths 5102–5670m) spans
the central basin at 40–38°N latitude from 169° to 149°E longitude. This is just south of the confluence zone
of the two northwest Pacific coastal currents, the cold subarctic Oyashio Current and the warm subtropical
Kuroshio Current. Their deflection points define the North Pacific subarctic front dividing subarctic Pacific
Water from Western North Pacific Central Water [Tomczak and Godfrey, 2003; Maeda et al., 2002]. This front
also delimits the glacial southward iceberg drift from the western Bering Sea and the east coast of
Kamchatka Peninsula to the northwest Pacific throughout the entire Pleistocene [St. John and Krissek,
1999]. Ice-rafted debris should therefore be very rare in our cores, particularly at the easterly sites.

Nutrient-poor, well-ventilated North Pacific Intermediate Water (NPIW) sourced from the Okhotsk Sea out-
flow and western subpolar gyre [You et al., 2000; You, 2003] occupies depths of ~300–2000m in the north-
west Pacific. Below is the North Pacific Deep Water (NPDW) sourced from Lower Circumpolar Deep Water
(LCDW) supplied by the Southwest Pacific Deep Western Boundary Current (DWBC). The DWBC reaches
the North Pacific through the Samoan Passage, the ~5000m deep “choke point” of LCDW flow to the abyssal
North Pacific [Reid and Lonsdale, 1974]. At the submarine “Mid-Pacific Mountains” confining the northwest
Pacific Basin in the south, the bottom current bifurcates into a western (4.1 ± 1.2 sverdrup (Sv)) and a larger
and deeper eastern (9.8 ± 1.8 Sv) branch [Owens and Warren, 2001; Yanagimoto et al., 2010]. The coldest
and most saline LCDW water passes through the Wake Island Passage (~5180m) into the northwest Pacific
Basin [Uchida et al., 2007] and forms the modern bottom water mass [Fukasawa et al., 2004]. It flows counter-
clockwise through the subbasin formed by the Emperor Seamount Chain and the Shatsky Rise [Yanagimoto
and Kawabe, 2007], a Mesozoic igneous plateau [Nakanishi et al., 1989] rising up to 1962m below sea level.
The western, shallower branch of the deep water current follows the Mariana Arc and meets the deeper
eastern branch off Japan, from where it follows the western Kuril-Kamchatka Arcs to finally overflow to the
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Northeast Pacific basin between the Aleutian Arc and the Detroit Seamount. Yanagimoto et al. [2010] deter-
mined bottom currents of ~1–5 cm/s southwest of the Shatsky Rise implying a relatively slow but continuous
bottom water exchange. The northward reach of Antarctic BottomWater (AABW) from the abyssal South and
Central Pacific basins is now limited to ~20°N.

Under modern conditions, the water column below 2000m depth is well oxygenated (3–4mL/L), while
lower oxygen levels (1–2mL/L) are found in the O2 minimum zone at 1000–2000m depth [Kawabe et al.,
2009]. Many authors argued that this situation should have been reversed during glacial periods
[Duplessy et al., 1988; Keigwin, 1998; Matsumoto et al., 2002; Okazaki et al., 2012; Sigman and Boyle, 2000;
Sigman et al., 2010]. Under conditions of reduced Antarctic overturning and shallower North Atlantic ven-
tilation, the fresher and lighter Glacial North Atlantic Intermediate Water (GNAIW) should have surrounded
Antarctica at midwater depths to ventilate the glacial deep water mass of the North Pacific. Below a north-
ern sourced, nutrient- and oxygen-poor NPIW cover extending down to 2000m, this southern sourced
nutrient-rich and well oxygenated glacial NPDW layer is thought to have circulated clockwise over the
entire North Pacific from 2000 to 4000m depth, thereby stabilizing the CCD depth and invoking higher
benthic δ13C values [Duplessy et al., 1988; Herguera et al., 1992; Keigwin, 1998; Matsumoto et al., 2002].
But underneath the NPDW, ultracold and ultrasaline Antarctic Bottom Water (AABW) could have crept into
the glacial North Pacific abyss [Ronge et al., 2015], creating a stagnant, oxygen-depleted abyssal water mass
below ~5000m, a perfect trap for settling organic matter [Sigman and Boyle, 2000].

Several studies support the assumption that the primary production in the subarctic northwest Pacific was
lower during glacial periods [Galbraith et al., 2008; Gebhardt et al., 2008; Jaccard et al., 2005, 2009;
Shigemitsu et al., 2007] due to reduced nutrient supplies from subsurface waters [Jaccard et al., 2010].
Other authors speak of increased primary production during glacial periods [Yamane, 2003] in view of
enhanced TOC, biogenic opal, and CaCO3 mass accumulation rates. Both conflicting notions can be recon-
ciled by assuming a more efficient glacial carbon export to the deep ocean due to higher dust fluxes and
intensified scavenging; better preservation conditions for particulate organic carbon in abyssal surface sedi-
ments would result from lower oxygenation and lower temperatures [Matsumoto, 2007; Jaccard et al., 2010].

Figure 1. Bathymetric map of the NW Pacific Ocean and its marginal seas, showing piston core locations (red dots) of RV
SONNE cruise SO202 (INOPEX), major dust trajectories (after Nilson and Lehmkuhl [2001], in light red) and main ocean
currents. Surface currents [Maslin et al., 1998] are marked with yellow arrows and deep water currents (after Yanagimoto
and Kawabe [2007] and Owens and Warren [2001]) with green arrows.
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2.2. Sedimentology

Below the modern CCD situated at ~4100–4400m in the central northwest Pacific [Berger et al., 1976],
80–90% of the abyssal sediments are of terrigenous origin [Blank et al., 1985]. The complementary 10–20%
are biogenic and composed of siliceous microfossils [Shigemitsu et al., 2007], while marine carbonate is nearly
absent. The dominant terrigenous component is eolian dust, uplifted by strong wind gusts from the large arid
regions in China and Mongolia, the Taklimakan desert in northwest China, and the deserts of Inner Mongolia
[e.g., Serno et al., 2014] and carried seaward by upper level westerly winds (jetstream) and lower level north-
westerly winds (Eastern Asian winter monsoon) [Nilson and Lehmkuhl, 2001]. East Asian shelves falling dry
during glacial sea level lowstands have been considered as additional, more proximal dust sources of the
northwest Pacific [Nichol and Nichol, 2013]. Loess accumulation in China and dust deposition in the Pacific
show equivalent changes in composition and flux [Hovan et al., 1989, 1991; Balsam et al., 2005; Maher et al.,
2010]. Dust accumulation rates in the central northwest Pacific were generally 2–3 times higher during the
Last Glacial Maximum (LGM) as compared to Holocene levels [Rea, 1994; Kohfeld and Harrison, 2001;
Balsam et al., 2005; Shigemitsu et al., 2007].

Intercalated fine volcanic ash and pumice layers (mostly 1–2 cm, some 10 cm) are frequent in sediments from
the Shatsky Rise area and have been backtracked to recently active volcanoes on Hokkaido and the Kuril
Islands [Natland, 1993]. According to Natland’s estimates, the number of observable tephra layers per Myrs
should decline from ~30 in the west to ~5 in the east of our core transect. A well-established chronostrati-
graphic marker in the study area is tephra layer Aso-4 (~87 ka) in marine isotope stage (MIS) 5b [Aoki, 2008].

3. Materials and Methods
3.1. Materials

From 7 July to 29 August 2009, the international paleoceanographic research cruise SO202-INOPEX
(Innovative North Pacific Experiment) by the German RV SONNE collected two ocean-spanning EW sediment core
transects of the North Pacific and Bering Sea [Gersonde, 2012], recovering a total of 50 piston and gravity cores
from 45 sites. Out of seven here considered abyssal northwest Pacific piston cores (SO202-38, -39, -41, -42, -43,
-44, and -45; Figure 1) with mostly coherent shipboard susceptibility logs, the 20.23m long SO202-39-3
retrieved from 5102m water depth east of northern Shatsky Rise (38°00.70′N, 164°26.78′E) was rated as the
stratigraphically most promising record of the entire core transect and selected for detailed paleomagnetic
and rock magnetic, geochemical, and sedimentological investigations. Its relatively distal location from
active volcanism and the Asian continent should result in lesser disturbance by tephra layers and coverage
of a full middle to late Pleistocene sequence and the Brunhes/Matuyama geomagnetic field reversal.

The sediment lithology of SO202-39-3 is described as lightly to moderately mottled diatomaceous mud or
mud-bearing diatom ooze with traces of radiolarians. Sediment porosity shows very constant values of
~84% throughout the core [Gersonde, 2012]. Sediment colors vary between yellowish to brownish and
greyish to greenish hues (Figure 2). Three distinct ash layers at core depths of 1.76–1.785m, 13.82–13.87m,
and 16.30–16.37m could be identified by smear slide analyses. Glass shards indicating subordinate volcanic
contributions were frequently found throughout the core. The uppermost ~35 cm section of the core appears
to have been slightly disturbed by the coring process. For paleomagnetic and rock magnetic investigations, a
total of 406 oriented standard plastic sample cubes of 6.2 cm3 volume was taken at 5 cm depth increments
throughout the core.

3.2. Paleomagnetic and Rock Magnetic Methods

Magnetic volume susceptibility κ is the ratio of sample magnetization change per applied external magnetic
field change. It is unitless in the SI unit system, which we signalize by the letters “SI” after the ratio value. κwas
measured on all full cores at increments of 2 cm using a shipboard GEOTEKMulti-Sensor Core Logger (MSCL)
equipped with a Bartington M.S.2 susceptibility meter and a 140mm loop sensor. Sharp lithology changes
(e.g., ash layers and dropstones) are smoothed in these susceptibility data due to the coil size related aver-
aging over a core interval of about 8 cm (half width of sensor characteristic). Magnetic volume susceptibility
κ was also measured on cube samples using a Geofyzika KappaBridge KLY-2 susceptometer for better
comparability with sample-based remanence measurements. Magnetic susceptibility is an integral measure
of field-induced magnetization by diamagnetic, paramagnetic, and ferrimagnetic sedimentary minerals.
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Above a baseline value set by the balance of paramagnetism and diamagnetism, variations in κ delineate
primarily concentration changes of ferrimagnetic iron oxide minerals ((Ti-)magnetite, (Ti-)maghemite,
(Ti-)hematite) and iron sulfide minerals (greigite and pyrrhotite), which only form in the presence of free
HS� [e.g., Fu et al., 2008].

Suboxic sedimentary environments typically experience a gradual reduction of ferric (Fe(III)-bearing) minerals
such as magnetite, hematite, goethite, lepidocrocite, ferrihydrite, and Fe-rich silicates, whose Fe3+ cations
serve as electron acceptors to remineralize organic carbon in absence of oxygen and nitrate:

2Fe3O4 þ CH2Oþ 11Hþ→6Fe2þaqð Þ þ HCO�
3 þ 6H2O: (1)

The proxy ratio Fe/κ [Funk et al., 2004a] compares magnetite content with total iron content, which at first
reflects the magnetic petrology of the terrigenous fraction. At oceanic sites with distal continental sources,
this starting value is typically a very stable number through time, in particular, if corrected for diluting
diamagnetic marine components (CaCO3, H2O, and SiO2). In particular submicron magnetite particles with their
high specific surface are rapidly dissolved by iron reduction during suboxic carbon remineralization.
The released Fe2+ ions reprecipitate as very weakly magnetic oxyhydroxides or sulfides [Karlin, 1990;

Figure 2. (a) Sediment color, (b–f) selected rock magnetic, and (g, i) paleomagnetic parameters of piston core SO202-39-3 versus depth. (h) The Brunhes/Matuyama
polarity reversal. Green shaded bars mark zones of magnetite depletion. They correspond to darker sediment colors (Figure 2a), high Fe/κ values (Figure 2c), and
lower values in parameters b, d, e, and f, indicating a loss of fine magnetite. Red bars highlight tephra layers, which can be identified visually [Gersonde, 2012] and
from prominent values in parameters b and e.
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Tarduno, 1994; Hounslow and Maher, 1999; Roberts et al., 1999]. Dissolution of primary magnetite is irreversible
and increasingly lowers κ relative to pristine conditions. The resulting increase of Fe/κ relative to a baseline
value quantifies the transformation grade of high-κ magnetite into low-κ paramagnetic Fe minerals. In some
cases upward migrating Fe2+ ions are precipitated at the Fe3+/Fe2+ redox boundary as secondary magnetite
by microbial biomineralization creating an inverse Fe/κ peak just above the diagenetic layer [Tarduno, 1994;
Tarduno and Wilkison, 1996; Larrasoaña et al., 2003; Funk et al., 2004a].

A range of natural and artificial magnetic remanences (unit A/m) wasmeasured on all cube samples using the
2G Cryogenic Rock Magnetometer of the Marine Geophysics Section at University of Bremen. Fundamentals
and aims of environmental magnetic techniques and parameters were described, e.g., by Thompson and
Oldfield [1986], Stoner et al. [1996],Maher and Thompson [1999], and Frederichs et al. [1999]. We chose to com-
bine two paleomagnetic methods, reversal magnetostratigraphy and relative paleointensity (RPI) correlation,
to establish a climate-independent magnetostratigraphic age model for our core. These methods have been
successfully used for numerous carbonate-free abyssal sediment cores from the North Pacific [e.g., Ninkovich
et al., 1966; Bleil, 1985; Roberts et al., 1997; Yamazaki and Kanamatsu, 2007; Yamamoto et al., 2007].

A detailed alternating field demagnetization of the natural remanent magnetization (NRM) was performed in
16 steps up to 100mT. The characteristic remanent magnetization (ChRM) was calculated using the principle
component analysis method of Kirschvink [1980]. Stable directions were generally reached after 5mT alter-
nating field demagnetization. We only show ChRM inclinations here, which show more consistent patterns
than declinations. For RPI, NRM was normalized by isothermal remanent magnetization (IRM), as anhysteretic
remanent magnetization (ARM) is more biased by magnetite dissolution. ARM is also known to be sensitive
for magnetic interaction effects and can overcompensate changes in carrier concentration [Yamazaki and
Kanamatsu, 2007]. Susceptibility is not practical as NRM normalizer here because of the high paramagnetic
background. RPI records were calculated as NRM/IRM ratios after demagnetizing both remanences in peak
alternating fields of 20mT to remove a possible viscous overprint.

ARM was imparted in a peak alternating field of 100mT with a superimposed bias field of 0.04mT. ARM is
used as a grain size selective parameter assessing the content of fine-grained, single domain
(30 nm< d< 100 nm), and pseudo-single domain (100nm< d< 1μm) magnetite particles [King et al., 1982;
Maher, 1988; Stoner et al., 1996]. These fine magnetite particles are particularly susceptible to dissolution under
reducing conditions [Karlin et al., 1987; Bloemendal et al., 1992; Larrasoaña et al., 2003; Funk et al., 2004a,
2004b]. IRM was automatically imparted in 16 field steps up to 700mT with an in-line pulse magnetizer.
Higher fields up to 2500mT were manually applied with an external pulse magnetizer. The peak IRM is referred
to as SIRM (saturation IRM). IRM quantifies the concentrations of ferrimagnetic and (spin canting or defect, i.e.,
imperfect) antiferromagnetic minerals depending of their coercivity (magnetic stability).

ARM/IRM and κARM/κ are commonly used and largely similar “magnetogranulometric” proxy ratios for the
magnetite domain state, i.e., for the median crystal size of magnetite [Maher, 1988]. Smaller values indicate
larger median grain size. The latter ratio can be biased by diamagnetism and paramagnetism in
magnetite-impoverished environments. The approach is not applicable for ultrasmall (<30 nm) superpara-
magnetic particles and for very coarse sediments (>100μm). “Hard” IRM (HIRM) was calculated by subtract-
ing IRM0.3T from SIRM. HIRM primarily varies with the concentration of the (imperfectly) antiferromagnetic
minerals hematite and goethite. The parameter S�0.3T (here S0.3T = IRM0.3T/SIRM) is a nonlinear ratio number
of ferrimagnetic vs. antiferromagnetic mineral content [Bloemendal et al., 1992]. Values close to 1 indicate a
magnetic (not volumetric!) dominance of low-coercivity ferrimagnetic minerals, while increasingly smaller
values indicate stronger influence of high-coercivity antiferromagnetic minerals.

3.3. Sedimentological and Geochemical Methods

For analyzing sedimentary organic carbon, biogenic carbonate and opal content, about 10 cm3 of sediment,
were sampled every 10 cm. Total organic carbon (TOC) content was measured with an Eltra CS2000 elemental
analyzer after carbonate removal. Biogenic opal content was determined from the temporal leaching
function after Müller and Schneider [1993] assuming a reasonable 10 wt % H2O content.

The mineralogical composition of sediment core SO202-39-3 was determined on 215 samples at 10 cm steps.
Bulk powder samples were analyzed by X-ray diffractometry (XRD) using a Philips PW1820 goniometer at AWI
Bremerhaven (40 kV, 40mA, from 3 to 100°, step rate 0.05°, Co kα radiation). XRD data were analyzed using
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MacDiff 4.0.7 (freeware by Rainer Petschick, University Frankfurt). Peak area intensities of the minerals quartz
(4.26 Å) and mica (10 Å) are plotted as indicators of terrigenous components in the bulk sediment.

The 10μm resolution red-green-blue color scans of all core segments were taken with a GEOTEK GEOSCAN II
camera soon after splitting to minimize color changes upon exposure to air. Major element abundances
(Fe, Ba, Ti, and Al) were determined by XRF core scanning (XRF-CS) using the Avaatech XRF core scanner
at AWI Bremerhaven at 1 cm resolution. Here they are given as uncalibrated peak area counts per second
(cps). Element ratios (e.g., Ba/Ti) are presented to compensate for matrix effects of the wet sediment
[Tjallingii et al., 2007].

Biogenic barite in marine sediments is commonly used as a proxy for paleoproductivity [e.g., Dehairs et al.,
1980; Dymond et al., 1992; Gingele and Dahmke, 1994; Pfeifer et al., 2001]. Biogenic barite crystals are thought
to form in the oxic water column during the decay of descending organic matter within Ba-supersaturated
microenvironments [e.g., Dehairs et al., 1980; Bishop, 1988; Ganeshram et al., 2003]. Under oxic to suboxic con-
ditions, the preservation potential for barite (~30% of total flux) is far better than for organic carbon (<1%)
and biogenic silica (<5%) [Paytan and Kastner, 1996]. Only in sedimentary environments with depleted pore
water sulfate is barite dissolved and barium mobilized, which then disables its use as a paleoproductivity
proxy [e.g., Dymond et al., 1992; von Breymann et al., 1992; Torres et al., 1996; Riedinger et al., 2006].

A recent study by Serno et al. [2014] casts doubt on the applicability of biogenic barite accumulation rates
(as well as opal fluxes) for reconstructions of primary productivity or export production in the Subarctic
North Pacific. Their preservation-corrected Holocene biogenic barium fluxes from 23 surface sediment
samples throughout this area show weak and inconsistent correlations with published reference data
for marine productivity and export production when being compared over regional scales. The authors
do not preclude using biogenic barite as a qualitative proxy for changes in export production at a single
location but strongly question the use of this method for quantitative and comparative purposes
between different sites. As we are not attempting the latter and as our main findings do not depend
on the proxy validity of biogenic barite, these findings are not critical here.

In order to differentiate the biogenic from the terrigenous barium components, many authors use Ba/Al or
Ba/Ti ratios under the assumption that the relative proportions of terrigenous Ba, Ti, and Al fluxes are
constant in space and time [Gingele et al., 1999; Reitz et al., 2004; Jaccard et al., 2010]. In our case, we opt
for the XRF-CS based Ti counts as Ba normalizer (instead of Al) because of the better analytical precision of
the XRF measurement for heavier elements [Tjallingii et al., 2007]. This makes no difference as the Ti and Al
records of core SO202-39-3 are highly similar and show just minor discrepancies.

To verify the preservation potential of barite, pore water samples for sulfate analyses were taken soon after the
recovery and opening of the core by means of rhizons, capillary soil moisture samplers, according to the proce-
dure described by Seeberg-Elverfeldt et al. [2005] and Dickens et al. [2007]. Pore water sulfate concentrations
weremeasured in 1:50 dilution using aMetrohmCompact IC 761 ion chromatograph at the AWI in Bremerhaven.

4. Chronostratigraphy
4.1. Magnetostratigraphy and Cyclostratigraphy of Core SO202-39-3

With near absence of carbonate (mostly <2%) at depths below 4500m, the available chronostratigraphic
methods are magnetostratigraphy, tephrochronology, cyclostratigraphy, and diatom biostratigraphy. With
sub-CCD North Pacific sedimentation rates of ~5–1 cm/kyr from west to east [Bleil, 1985; Hovan et al.,
1991], our ~20m long cores should have bottom ages of 400–2000 ka. Several previously published sediment
chronologies of the abyssal North Pacific sediments were obtained by correlating their RPI records to global
high-resolution RPI stacks [e.g., Yamazaki, 1999; Yamazaki and Kanamatsu, 2007]. A prerequisite for this
approach is to identify and exclude magnetically overprinted sections.

Some rock magnetic properties of the magnetic carriers are therefore first introduced on a depth scale
(Figure 2). All five magnetic parameters κ, Fe/κ, ARM, ARM/IRM, and S0.3T alternate coevally between two dis-
tinct levels, which obviously represent two different sediment states. In the prevalent state (corresponding to
lighter sediment colors), the magnetic concentration (κ, ARM), grain size (ARM/IRM), and mineral (Fe/κ, S0.3T)
parameter values show typical mean values for oxic pelagic and abyssal clay sediments with minor variations.
In the second state (corresponding to darker sediment colors, marked here by green shaded areas), a large
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reduction of κ and disappearance of fine-grained magnetite (negligible ARM) is observed. Sharp magnetite
grain size coarsening (reduced ARM/IRM) and a shift to a (relatively) more antiferromagnetic (S0.3T) and
paramagnetic (Fe/κ) petrology are strong indications for pervasive depletion of fine-grained magnetite,
the expected NRM carrier. Such large and sharp signal shifts are commonly recognized as relict signatures
of magnetite dissolution and known from many other marine records [e.g., Leslie et al., 1990; Hounslow and
Maher, 1999; Itambi et al., 2009; Hepp et al., 2009; Just et al., 2012]. In these depleted sections, RPI data are
of lower credibility and should not be used for dating according to established rules [e.g., Tauxe, 1993].

Outside the (coring-)disturbed 0–35 cm core top section, positive (56.8° ± 7.2°) and negative (�55.0° ± 6.8°)
ChRM inclinations are stable and correspond well to the expected inclination of 57.4° of a geocentric axial
dipole at 38°N (Figure 1). There is no discernable inclination shallowing suggesting that the sediment has
not been compacted much since deposition. The only polarity reversal is the Brunhes/Matuyama boundary
between 17.38 and 17.43m, which was assigned an age of 778 ± 1.7 ka [Tauxe et al., 1996]. Just below
(17.63–17.73m), the record shows the well-expressed Brunhes precursor excursion dated to 797 ka
[Roberts, 2008]. The polarity excursion (I= 6.3°) detected at 4.83–4.88m in the Brunhes Chron is thought to
represent the Iceland Basin excursion at 188 ka [Roberts, 2008].

A further age marker is the prominent tephra layer at 1.76–1.785m, microscopically identified as the Aso-4
tephra [Gersonde, 2012]. This known event layer in MIS 5b, which is observed in many northwest Pacific
records up to 2900 km east of the eruption center, the Aso Caldera on the South Japanese Island Kyushu,
was dated to 86.8–87.3 ka [Aoki, 2008]. This and two other lithostratigraphically and magnetically prominent
tephra layers at 13.82–13.87m and 16.30–16.37m (marked red in Figure 2) stand out by their high suscept-
ibilities, low ARM/IRM ratios, and high RPI values. With linear interpolation of the previous age marks, these
ashes possibly coincide with previously described Deep Sea Drilling Project (DSDP) Hole 810C tephras with
stratigraphic correlation ages of ~590 ka and ~750 ka [Natland, 1993].

As expected, the RPI record shows low intensities at the Brunhes/Matuyama reversal and the three
mentioned geomagnetic excursions. The bias of the RPI records in the dissolution layers is not strictly
systematic, but in most instances, the signal is reduced. Over most parts of the RPI record, particularly the
unaltered lower 11.35–19.00m section, the signal patterns compare well to the NGC65/KR0310-PC1 North
Pacific RPI composite [Yamazaki and Kanamatsu, 2007] and the global but “more Atlantic” RPI stack SINT-2000
[Valet et al., 2005]. As Figure 3 shows, the mutual agreement of the two target records is good from 500 to
1000ka, while they differ remarkably from200ka to 500ka. The older part (>500ka) of the SOS202-39-3 RPI record
can be easily correlated with either RPI target curve. Some uncertainty exists in the overprinted record section
from~860 to ~920ka. The near-bottom RPIminimum at 19.98mwas correlatedwith the Santa Rosa geomagnetic
event dated at 922±4ka by Horng et al. [2002]. The section-wise overprinted younger part (<500ka) of the RPI
record has similarities with NGC65/KR0310-PC1, but the match is not as convincing as for the unaltered older part
and remains methodically questionable.

To overcome dating uncertainties within this younger 0–500 ka section, the 1 cm resolution Ba/Ti record of
SO202-39 was tied to the subarctic northwest Pacific Ba/Al record of Ocean Drilling Program (ODP) site 882
(Detroit Seamount, 3244m water depth) [Jaccard et al., 2010], one of the few available dated high-resolution
sediment records in this area. Both records also match well in the magnetically dated older 500–800 ka section
supporting our approach. The Ba correlation stratigraphy is also in accordance with the Aso-4 and Iceland
Basin ages. Remaining age uncertainties of the target records and our correlations are thought not to exceed
~30kyr. The resulting age-depth relation is relatively linear and yields a mean sedimentation rate of 2.14 cm/kyr.

4.2. Stratigraphic Correlation of SO202-39 to Cores SO202-38, -41, -42, -43, -44, and -45

The correlation of SO202-39-3 to six adjacent sediment cores of the same transect was established from stra-
tigraphically consistent shipboard susceptibility logs (Figure 4). The plot shows two series of tie points, which
can be followed over several cores. The “red series” encompasses nine tie lines (A–J) connecting isolated sus-
ceptibility peaks (in grey), which are clearly exceeding the usual plateau value (in brown) and were therefore
associated with tephra layers. The “green series” comprises nine further tie lines (I–IX) linked to susceptibility
minima, which usually descend to the assumed paramagnetic baseline value (light blue) and represent mag-
netite dissolution zones. The individual expression of both feature types varies from core to core, but the
degree of consistency is considered sufficiently high to assume a quasi-isochronous nature. The westernmost
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core SO202-45-1 could not be convincingly integrated into this stratigraphic network due to its numerous ash
layers. The easternmost core SO202-38-2 instead shows less pronounced dissolution minima and obviously
had the best preservation conditions for magnetite, possibly due to its lower sedimentation rate.

The averaged sedimentation rates (core length/bottom age) decline from west (4.5, 2.7, 3.0, and 2.9 cm/kyr) to
east (2.14 and 1.9 cm/kyr) of the Shatsky Rise, reflecting increasing distance to Asian dust sources [Hovan et al.,
1991; Yamazaki and Ioka, 1997]. For similar reasons, the frequency of identifiable tephra layers also decreases to
the east. Likewise, the κ plateau values in unaltered section (brown) descendmonotonously in steps of 600, 500,
450, 400, 300, and 250 · 10�6 SI units fromwest to east accompanied by an equivalent decrease of κ dissolution
minima (light blue threshold). Given that all cores have over 80% terrigenous content, the common case of
increasing nonmagnetic (carbonate, opal) dilution with land distance does not apply here and source mixing
and transport sorting need to be considered instead.

5. Proxy Records of Core SO202-39-3

The successful dating of core SO202-39-3 allowed us to compare the available multiproxy data in relation to
glacial/interglacial cycles and middle to late Pleistocene transitions. We first show interrelations of various

Figure 3. (c) Age model of core SO202-39-3 with relative paleointensity (RPI) record at center. Green bars mark zones of mag-
netite dissolution. Red triangles indicate ages from tephro- and reversal magnetostratigraphy (1—Aso-4 tephra, 86.8–87.3 ka
[Aoki, 2008]; 2—Iceland Basin excursion, 188 ka [Roberts, 2008]; 3—Brunhes/Matuyama boundary, circa 778 ± 1.7 ka [Tauxe et al.,
1996]; 4—Brunhes precursor excursion, 797 ka [Roberts, 2008]; and 5—Santa Rosa event, 922 ± 4 ka [Horng et al., 2002]). The
lower (brown) part of the RPI record was correlated to the (b) North Pacific RPI-stack of Yamazaki and Kanamatsu [2007]. The (a)
SINT-2000 RPI stack of Valet et al. [2005] is shown to point out its good overall correlation to Figures 3b and 3c as well as some
discrepancies. The upper part of the core, where the numerous magnetite dissolution zones question the fidelity of the RPI
record, has been dated by tying its (d) Ba/Ti record to the dated (e) Site 882 Ba/Al record of Jaccard et al. [2010].
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rock magnetic parameters to identify their proxy expression (Figure 5), look at the signatures and climate
conditions of magnetite dissolution (Figure 6), and present further records of biogenic and terrigenous
sedimentation (Figure 7).

5.1. Magnetic Mineral Assemblage and Magnetic Proxy Expression

In the following enviromagnetic approach, we identify magnetic minerals and their properties first by their con-
trastingmultiparametric properties (Figure 5) asmarkers of dust, tephra, fluvial and glaciomarine input, authigen-
esis, and diagenesis before interpreting them in a stratigraphic context (Figure 6). Mostmagnetic source fractions
are mineral mixtures whose properties vary with grain size and regional parent rock petrology. It is difficult to
identify and quantify magnetic source or mineral fractions purely from their mixed magnetic properties. A mag-
netic provenance study would require a more representative sampling area, extensive electron microscopy, and
a wider range of magnetic analytics. Such detailed petromagnetic studies of Pacific sediments were undertaken,
e.g., by Vali et al. [1989] and Yamazaki and Ioka [1997]. According to their findings, the magnetic petrology of our
North Pacific abyssal clays should primarily encompass three source fractions and one relict fraction: (1) terrige-
nous dust: moderately ferrimagnetic, hematite-rich, ~2–4μmparticles, (2) volcanic tephra: strongly ferrimagnetic,
hematite-poor, 10–300μm particles, (3) bacterial magnetofossils: ferrimagnetic, hematite-free,<<1μm particles
(chains), and (4) diagenetic relict facies: fine (<1μm) ferrimagnetic inclusions, relict hematite.

Typical respective clastic particle sizes for the central North Pacific are from (1) Rea [1994], (2) Natland [1993],
and (3) Yamazaki and Ioka [1997]. From the magnetic sources (1)–(4) above, we deduce that only (1) contri-
butes to HIRM, (2) and, less, (1) contribute to IRM20mT, and (3) plus submicrometer magnetic inclusions of all
other fractions contribute to ARM.

Figure 4. Correlation of shipboard magnetic susceptibility (κ) records of seven SO202 piston cores from the W-E northwest
Pacific Basin transect (see Figure 1) versus depth. Peak values thought to correspond to tephra layers are interconnected by
red lines and marked by letters. Minima associated with magnetite depletion are linked by green lines and labeled with
Roman numbers. Tie line ages at right have been extrapolated from the SO202-39 age model. Light blue shaded areas
indicate the paramagnetic portion of κ with a decreasing W to E (70 to 300) baseline level. Brown colors show ferromag-
netic susceptibilities in unaltered sections, while grey spikes correspond to higher volcanic contents (tephra layers).
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The four magneto-sedimentary fractions and their mixing regimes are depicted in Figure 5, where plot symbols
of identified tephra layers are shown in red, unalteredmud in orange and brown, and altered (reduced) mud in
green. From data groupings, three area-specific, plausible rock magnetic threshold criteria were defined to
identify altered samples: Fe/κ> 450, S0.3T< 0.961, and ARM< 80 · 10�3 A/m. The Fe versus κ plot (Figure 5a)
shows a large 1:6 range of sediment susceptibilities from 70 to 400 · 10�6 SI (300–900 idem: · 10�6 SI for ashes)
contrasting to a much smaller 1:1.5 range of Fe contents (~9000–14000 cps without outliers); obviously, most
iron is not bound in a ferrimagnetic state. Altered samples have much lower and tephra samples far higher
susceptibilities per Fe content. This allows us to define local oxic/suboxic boundary conditions for the Fe/κ
proxy. The IRM20mT versus κ plot (Figure 5b) shows a close linear correlation of both parameters indicating that
a varying accumulation of magnetite (dust) particles changes susceptibility κ from 200 to 400 · 10�6 SI, while
reductive dissolution of these particles drives κ below the oxic baseline at 250 · 10�6 SI down to the paramag-
netic suboxic baseline of 70 · 10�6 SI (total magnetite dissolution except for inclusions). Tephra of varying
composition is reflected by intense but widely scattered magnetic properties.

The ARM100mT versus IRM100mT plot (Figure 5c) shows considerablymore scatter than Figure 5b due to the strong
grain size dependence of ARM. Pure bacterial magnetite has higher ARM/IRM values ≥0.10, while fine dust is
around 0.02–0.04 [Schmidt et al., 1999]. The data scatter with ARM/IRM ratios of 0.025–0.055 in Figures 5c and
5d implies that the sediment body is basically made up of fine dust, while bacterial magnetite is a variable addi-
tive. It is evident that all submicron magnetofossils disappear at the first onset of dissolution (little scatter below
diagenesis threshold). A sharp drop of ARM is therefore a reliable indication, that iron-reducing conditions have
been established in the sediment column. The curved track of progressive magnetite dissolution (Figures 5c and
5d) implies that only increasingly coarser detrital magnetite crystals can persist. The ARM/IRM versus IRM20mT plot
(Figure 5d) shows separate grouping of unaltered, altered, and volcanic facies. Interestingly, the ultimate relict
facies has a nonzero ARM/IRM value of 0.015–0.02, equivalent to the respective ash value. This is due to the
known fact that relatively small magnetic particles protected as inclusions within silicate host minerals
[Hounslow and Maher, 1999; Alekseeva and Hounslow, 2004] and Ti-rich and therefore Fe(III)-poor Fe-Ti oxides

Figure 5. Rock magnetic proxy analysis of the SO202-39-3 core samples. Samples with high tephra content are characterized by high susceptibilities and rather high
IRMs are marked as red triangles. Sediments without magnetite dissolution (orange circles and brown stars) contain varying mixtures of terrigenous (dust) and
biogenic magnetic minerals, which do not differ before (brown) and after (orange) 500 ka. Samples from magnetite dissolution zones (green diamonds) are
characterized by their low susceptibility, ARM, and IRM values and can be clearly separated from the unaltered sediment and tephra samples.
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such as hemoilmenites [Dillon and Bleil, 2006; Dillon and Franke, 2009] can escape even pervasive reductive dis-
solution. Such inclusions and minerals are very common in volcanic ashes. Turning to the HIRM versus IRM20mT

plot (Figure 5e), we find that hematite is much less sensitive to reductive dissolution than magnetite (smaller
HIRM loss versus higher IRM loss). This observation has been described by many previous studies [e.g.,
Robinson et al., 2000; Yamazaki et al., 2003; Liu et al., 2004; Emiroğlu et al., 2004; Garming et al., 2005]. The good
distinction of unaltered and altered samples turns the S0.3T ratio into a mineral-magnetic diagenesis index here.
The only moderate correlation of HIRM and IRM20mT in unaltered sections suggests variations in dust composi-
tion such as different sources or weathering states. The final HIRM versus ARM plot (Figure 5f) spans a mixing
model of terrigenous (HIRM) versus biogenic magnetite content with respective depletion tracks.

Figure 6. Selected magnetic parameters of core SO202-39-3 displayed versus age (see text). Marine isotope stages (MIS,
glacial stages indicated by light blue bars) and (a) marine isotope stack LR04 [Lisiecki and Raymo, 2005] are given as
paleoclimate reference. Depletion of fine magnetite and magnetic coarsening during glacial MIS 2, 6, 8, 10, 12, and 22 are
observed in all magnetic records except for Figure 6e, whereas the glacial MIS stages 14–20 of the MPT show (b, c, h) minor
or (f, g) absent signal shifts. Tephra layers are marked by red bars.
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It can be concluded that rock magnetic parameters provide a clear and consistent view of the composition
and differential dissolution of the sedimentary magnetic mineral inventory. Bacterial submicron magnetite
particles of identical size are dissolved most rapidly after the establishment of suboxic conditions, identifying
ARM as most sensitive parameter for absent bottom water oxygenation. Fine magnetite dust particles
dissolve more slowly, while hematite (coatings?) and ferrimagnetic inclusions do not dissolve at all.

Figure 7. Selected geochemical and sedimentological parameters of core SO202-39-3 displayed versus age (see text).
MIS (glacial stages indicated by light blue bars) and (a) marine isotope stack LR04 [Lisiecki and Raymo, 2005] are given
as paleoclimate reference; (b) ARM marks magnetite depletion zones. (c) TOC represents the residual carbon content
with highest values in magnetite dissolution zones. (d) Ba/Ti stands for organic carbon degradation in the water
column. (e) Stable modern pore water sulfate suggests that no barite was mobilized. (f) Opal content mostly of
diatomaceous origin shows that biogenic input has been higher during warmer stages, while (g) mica and (h) quartz
concentrations indicate higher dust input during glacial times. Tephra layers are marked by red bars.
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5.2. Climate Dependency of Magnetic Mineral Dissolution

To put reductive magnetite dissolution into a paleoclimate framework, all magnetic records of core SO202-39-3
are compared to the global marine δ18O isotope stack LR04 of Lisiecki and Raymo [2005] (Figure 6a). All ARM
dissolution minima coincide with glacial δ18O maxima (Figure 6b). An apparently reverse climate correlation
is observed from270 to 230 ka, wheremagnetite is preserved in the late glacial MIS 8 and instead dissolved over
a ~15kyrs period in the early warm MIS 7. This narrow ARM trough seems to correspond to cold MIS substage
7.2 but is slightly offset. This feature may be an irregularity or a dating uncertainty, which does not show up in
the two adjacent sediment cores (Figure 4).

The dissolution of bacterial magnetite during the cold MIS 22, 12, 10, 8, 6, and 2 (but not MIS 4) is pervasive
down to the previously described minimum baseline of shielded magnetic inclusions (Figure 5d). During
these middle to late Pleistocene glacial stages, the ARM record appears like a switching function, where fine
magnetite dissolution turned on at an early glaciation stage and back off at the beginning of the deglaciation
stage. In the section corresponding to mid-Pleistocene cold stages MIS 20, 18, 16, and 14, ARM is reduced by
about 30%, but not flattened. This moderate ARM variability and even the amplitudes of 100–150 · 10�3 A/m
resemble glacial/interglacial ARM cycles of shallower Equatorial Pacific records published by Yamazaki and
Oda [2005]. Whether these obviously climate controlled, but only gradual changes in fine magnetite content
represent productivity, accumulation rates or light dissolution effects, remains open at this point. Moving to
the IRM20mT record (Figure 6c) and the very similar susceptibility κ record (Figure 6d) we find comparable dis-
solution signals for dust-borne detrital magnetite during the same glacial stages as for ARM. The transitions
between interglacial and glacial stages are more gradual and dissolution minima do not appear quite as flat
and low. As shown before (Figure 5c), the much wider grain size and compositional variability of detrital litho-
genic (as compared to biogenic) magnetic minerals leave room for a range of different reduction kinetics.
Five narrow high spikes in both records identify magnetite-rich tephra layers.

The HIRM record (Figure 6e) should mainly reflect hematite and goethite content but may also be influenced by
cation-substituted Fe oxides of intermediate coercivity (maghemite and hemoilmenite). HIRM shows a cyclic cli-
mate dependency only in the youngest MIS stages 1–5. Interestingly, the elevated HIRM values seen in the warm
MIS 1 and 5 are not found in older interglacial periods. HIRM dissolution minima, e.g., within MIS 22, could sug-
gest that two different high-coercitivity mineral phases exist of which the first is robust and persistant (crystalline
hematite?) and the second ismore sensitive and hencemore ephemeral in the lower part of the core (amorphous
goethite?). As a result of the much lower variability of HIRMwith respect to IRM300mT, the S0.3T ratio preferentially
reflects magnetite dissolution. Cyclic S0.3T records have been repeatedly interpreted as indication for changing
eolian input to the deepNorth Pacific [Doh et al., 1988; Yamazaki and Ioka, 1997; Yamazaki, 1999]. The S0.3T record
of SO202-39-3 does not seem to bear much change in dust signature and remains almost constant over the full
mid-Pleistocene period from MIS 21-13. The WE orientation and heavy alterations of the selected INOPEX cores
are not ideal to track Asian dust and tephra provenance andwewill keep our focus to postdepositional alteration.
Some shallower, shore parallel INOPEX core transects hold more promise for provenance studies.

The ARM100mT/IRM100mT record (Figure 6g), a magnetogranulometric ratio also used as a ventilation proxy by
Larrasoaña et al. [2003], follows the ARM dissolution cycles of Figure 6b. The surprisingly small change from
~0.04 down to only ~0.02 was already explained in the context of Figure 5d by the relatively high ARM/IRM
ratio of the magnetic relict inclusions in silicate minerals. Ash layers form notches in the ARM/IRM record due
to their much coarser magnetic particle size, similarly to the Fe/κ record (Figure 6h). Fe/κ and S0.3T stand out
as mirror-like, equivalent dissolution records of the ferrimagnetic mineral fraction.

The coincident expression of all three diagnostic criteria (fine versus coarse magnetite, magnetite versus
hematite, and ferrimagnetism versus paramagnetism) makes a very strong case for reductive magnetite
dissolution in the abyssal northwest Pacific during glacial periods after and probably also before a strikingly
different mid-Pleistocene phase from MIS 21 to MIS 13. It does not seem possible to explain such marked
signals with terrestrial source changes or iron biomineralization.

5.3. Climate Dependency of Carbon Burial and Terrigenous Input

Potential drivers for pervasive glacial stagemagnetite dissolution in the abyssal northwest Pacific are low bot-
tom water oxygenation and/or burial of reactive organic carbon. Several driving factors must be considered:
on one hand, a stronger stratification and lower ventilation of deep ocean basins due to changes in
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thermohaline circulation, on the other hand, higher bioproductivity and more efficient export and preserva-
tion of organic matter (OM). We therefore present additional geochemical and sedimentological records of
core SO202-39-3 as evidence for changes in the productivity, export, and preservation of organic carbon.
Higher terrigenous input can also actively enhance nutrient supply, scavenging, and carbon burial.

We use again the LR04 δ18O stack as climate signal (Figure 7a) and SO202-39-3 ARM as the most sensitive and
indicative of all shown magnetic depletion parameters (Figure 7b). Sedimentary TOC content (Figure 7c) is rela-
tively low (~0.15–0.2wt %) in all the unaltered interglacial sections. It is higher (~0.4–0.6wt%) in the younger
glacial sections with magnetite dissolution and just slightly enhanced (~0.3wt %) in the mid-Pleistocene glacial
sections. Biogenic magnetite appears to remain stable in sections with TOC levels ≤0.25wt % and is fully dissolved
at TOC levels at ≥0.4wt %. Interestingly, exactly the same TOC thresholds were observed for pelagic Equatorial
Atlantic records [Funk et al., 2004a]. The residual organic carbon phase apparently does not react with Fe(III)
and not even with O2, as elevated TOC values of 0.6wt % at 20 cm sediment depth (MIS 2) suggest. If reactive
TOC was buried under glacial conditions within Fe(III)-depleted zones, it should not have survived the O2 burn
down during the subsequent deglaciation. It is therefore reasonable to assume that all preserved TOC is of non-
reactive character. The glacial-interglacial TOC changes during cold MIS 22, 12, 10, 8, 6, and 2 (0.4–0.6wt % versus
0.15–0.25wt %) correspond to a variation factor of 2–3. Given that the (diluting) eolian background sedimentation
rates were also some 2–3 times higher during the LGM than during the Holocene [Rea, 1994; Kohfeld and Harrison,
2001; Balsam et al., 2005; Shigemitsu et al., 2007], the accumulation rates for (nonreactive) organic carbon must
have been ~4–6 times higher during glacial periods to produce the observed glacial TOC concentrations.

It is an obvious question whether these varying TOC fluxes into the sediment reflect higher productivity,
more efficient transport, and/or better preservation of organic carbon. Opal content (Figure 7f) and Ba/Ti
(Figure 7xd) are commonly used but quite controversial proxies for paleoproductivity [Zonneveld et al.,
2010]. A precondition for the long-term conservation of biogenic barite is permanent absence of sulfate
depletion [Torres et al., 1996]. Constant sulfate pore water concentrations of >26mmol/L over the full core
(Figure 7e) seem to support barite stability under present conditions. In published records from the subarctic
northwest Pacific [Jaccard et al., 2010], both opal and Ba/Ti show systematically higher values for warmer cli-
mate stages, implying that bioproductivity and carbon export from the photic zone were at their “maximum
efficiency” [Jaccard et al., 2010] during interglacial stages. The flat Ba/Ti minima of core SO202-39-3 during
glacial stages possibly mark the lithogenic Ba baseline. They imply either far lower organic matter fluxes
and/or widespread suboxic conditions in the water column limiting barite formation in sinking aggregates.

The anticorrelations of TOC and both (under ruling conditions uncertain) productivity proxies suggest that
organic carbon accumulation and bioproductivity were decoupled during glacial conditions. Lower or absent
oxygen content in the glacial NPDW would considerably reduce the modern ~97% recycling rate of POM
[e.g., Martin et al., 1987] during its descent from the surface ocean (100m) into the deep North Pacific
(5000m). Under modern oxic conditions, benthic organic carbon degradation in the benthic boundary
layer remineralizes another ~98% (abyssal) of the effectively settled POM [Hartnett et al., 1998], where
the net burial rate depends mainly on “oxygen exposure time.” This major carbon loss after settling would
have been inhibited in the hypothetical case of near absence of dissolved oxygen (and nitrate) in glacial
bottomwater. A likely third clue ismore rapid and efficient organic carbon transport via scavenging by enhanced
and coarser glacial dust falls. Such higher glacial dust fluxes are documented by larger terrigenous contents (from
80% to 90%, see Figure 7f). Higher quartz and mica contents (Figures 7g and 7h) coincide with higher dust grain
sizes. We speculate that quicker sinking of large agglomerates of detrital and organic matter after dust outbreaks
would have reduced organic carbon decomposition in the oxygenated upper water column.

6. Paleoceanographic Implications of Carbon Trapping and Magnetite Dissolution
6.1. Multiproxy Perspective at a North Pacific 100 kyr Ice Age Cycle

The observed glacial stagemagnetite depletion zones in the abyssal northwest Pacific Ocean appear to have par-
taken in a climatic process chain driven by Milankovic cycles. The coupling of POM oxidation with magnetite
reduction ties the rock magnetic proxy records to Northern Hemisphere glaciation and global carbon cycles.
The 220–120 ka section of SO202-39-3 proxy records (Figure 8a) exemplifies the characteristic sediment response
to a 100 kyr ice age cycle, which coincides with periodic insolation changes and is mediated by sawtooth-type
variations in atmospheric greenhouse gas concentrations (EPICA CO2) and global ice volume (benthic δ18O).
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The quartz and (residual) TOC records of Figure 8a show relatively symmetric triangular cycles. Quartz
content peaks with known enhanced dust flux from Asia during early glacial stages [Hovan et al., 1991;
Rea, 1994], enabling a more efficient POM transport to the seafloor by scavenging mechanisms. The TOC
peak lies within the midglacial period, when NW Pacific bottom water oxygenation may have reached its
minimum according to our scenario. Under the premise that suboxic or even anoxic sediment conditions
enabled an additional, proportionally higher burial of reactive organic matter, which was remineralized
and released during deglaciation, the relict TOC record (Figures 7c and 8a) should underestimate the original
glacial TOC content in the sediment subsurface by far.

The Ba/Ti pattern is clearly anticyclic with TOC; it features steep symmetric triangular maxima in interglacial
stages and flat baseline minima during glacial stages. According to Jaccard et al. [2010], Ba peaks link to
nutrient-controlled interglacial productivity maxima. However, as the formation and input of barite to the
sediment is assumed to be controlled by aerobic decay of TOC in the water column, glacial barite formation
could have been lowered by quicker sinking (ballasting) and shorter exposure to oxygenated water layers.
Both factors reduce carbon remineralization and biogenic barite formation during descent and at the
sediment surface. We conclude that the benthic carbon degradation efficiency should have been at
minimum during glacial periods.

The characteristic generalized waveform of submicrometer magnetite content (ARM) is rectangular (Figure 8a)
where zones of total depletion fall into glacial stages. The steep flanks toward preservation coincide with early
glaciations and early deglaciations. More than other presented records, the preservation or dissolution of
bacterial magnetite (which is formed by microaerophilic microbes in the subsurface sediment) is a nonsteady
state process, where the reaction of organic carbon with fine-grained Fe3O4 in the surface sediment is on and
off according to changing bottom water oxygenation and resulting redox conditions in the subsurface sedi-
ment, where magnetotactic bacteria live. One may ask, which pore water conditions are actually required to
sustain bacterial magnetite biogenesis. As magnetotactic bacteria are an ancient microaerophilic species

Figure 8. (a) Compilation shows indicative parameter changes during an exemplary 100 kyr cycle from interglacial MIS 7 (Figure 8b1) over glacial MIS 6 (Figure 8b3)
into interglacial MIS 5 (Figure 8b5) with highlighted interglacial periods (1, 5), glaciation (2), full glacial (3), and deglaciation (4). (b) Columns 1–5 represent a conceptual
model of glacial carbon cycling andmagnetite depletion in abyssal NW Pacific sediments over the five situationsmarked in Figure 8a. Changes in atmosphere (CO2, dust
input) and ocean conditions (productivity, O2 minimum, current strengths, scavenging, and DIC +DOM content) entail glacial sedimentary carbon trapping, zonal
magnetite depletion, and rapid deglacial CO2 release. The glacial atmospheric CO2 change depicted in Figure 8a is shown for reference and not as a direct result of the
above depicted carbon capture process. The meaning of arrows is explained on the right side panel or in the plots. White circles represent northward (cross) and
southward (dot) current directions where symbol size stands for current intensity.
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adapted to nearly O2-free early Earth conditions [Chang and Kirschvink, 1989], they are commonly found even in
poorly ventilated aquatic environments [Bazylinski et al., 1991]. Magnetite biomineralization should therefore
persist even under suboxic glacial conditions; however, magnetosomes will not be fossilized then.

6.2. Conceptual Process Model for Glacial Carbon Trapping and Release

The above described interrelations and feedbacks can be formulated as a simplified conceptual process model
(Figure 8b). Alternating glacial-interglacial conditions are provided by the anticyclic ventilation changes of the
North Pacific Intermediate and Deep Water bodies [Jaccard and Galbraith, 2013]. Starting in a well-ventilated
interglacial world (Figures 8b–81), our exemplary ice age cycle is set off by a (initially insolation driven) slow
down ofmeridional overturning circulation in the deep Pacific. The closure of the Bering Strait at falling sea level
enhances NPIW formation [Knudson and Ravelo, 2015]. In the early glaciation stage, a still oxic benthic redox
environment is exposed to northward expanding, increasingly stagnant, oxygen-depleted, and CO2-saturated
AABW-sourced bottom water (Figure 8b2). Downward oxygen diffusion is no longer replenished from above
and sedimentary reservoirs are rapidly consumed. This shifts the interglacial iron redox boundary from an
estimated 1–2m sediment depth to near the sediment-water interface. The burial and accumulation rates of
reactive POM increase dramatically since organic carbon degradation with mineral-bound Fe(III) is much slower
and energetically less favorable compared to aerobic remineralization. The very fine grained bacterial magnetite
is firstly and irreversibly consumed as electron acceptor for organic carbon remineralization. As the glacial
period evolves further (Figure 8b3), the magnetically depleted layer widens.

At the glacial termination (Figure 8b4), the deep ventilation of the Pacific is reactivated [Okazaki et al., 2010,
2012] and newly arriving oxygen diffuses into the suboxic sediment, burning off the trapped reactive carbon
[e.g., Thomson et al., 1984;Wallace et al., 1988; Kasten et al., 2001] and releasing an intense CO2 flux out of the
sediment into the bottom water from which it can later escape to the atmospheric pool. Higher glacial TOC
levels and a prominent depletion in iron oxideminerals remain permanent signatures of suboxic glacial redox
conditions (Figure 8b5). Secondary minerals formed by reoxidation of Fe2+ are generally amorphous and
paramagnetic [Hounslow and Maher, 1999]; they do not contribute to magnetic remanence parameters.

6.3. Storage Capacity and Reservoir Age of the Sedimentary Carbon Pool

As argued above, sediments deposited in a low-oxygen glacial NW Pacific abyss must have experienced much
lower benthic OMdegradation losses. In thewell-ventilated Pacific basins of today, low sedimentation rates and
good oxygenation result in the lowest known benthic OM preservation rates of ~0.001–0.01%, while
hundredfold higher rates of ~0.1–1% occur in low-oxygen zones of the East Pacific margin [Bralower and
Thierstein, 1984]. Under anoxic bottom water conditions, carbon burial is entirely decoupled from sedimenta-
tion rate and controlled by microbial turnover. We can speculate how high glacial TOC contents in the glacial
subsurface of our areamay have been by looking at modern TOC values in East Pacific oxygenminimum zones.
Hartnett et al. [1998] published values of 0.5–2.8wt% TOC for the oxygen-poor (38–104μmol/L O2) Washington
slope and 7.5–12.8wt % TOC for the almost oxygen-free (0–12μmol/L O2) Mexican slope.

To provide a rough estimate for NW Pacific glacial carbon trapping capacity under suboxic conditions, we
assume a 2wt % surplus TOC burial (i.e., a total of ~2.5wt % TOC), 2 cm/kyr sedimentation rate, 2.5 g/cm3

grain density, 80% sediment porosity, and 50 kyr ice age duration. These numbers yield a cumulative
temporary glacial organic carbon deposit of ~10 kg/m2. If we delineate the abyssal northwest Pacific space
below 4500m with ~3 · 1012m2, this translates into glacial sedimentary carbon trapping of 30 PgC. The
200–280 ppm glacial-interglacial atmospheric CO2 change corresponds to ~170PgC [Sigman and Boyle, 2000]
and the estimated carbon storage capacity therefore appears as irrelevant. Extrapolating the 10kg/m2 glacial
carbon storage capacity to the entire abyssal Pacific Ocean delivers a cumulative release of ~650PgC, which is
a more relevant number. But without local evidence, such ocean-wide extrapolations are highly questionable
considering the varying POM fluxes and burial rates of different deep Pacific Ocean basins.

According to estimates, the global DIC and DOM pools of the deep oceans are as large as 38,000 Pg
[Sigman and Boyle, 2000] and even small temperature-driven changes of this vast mass outnumber by
far the temporary carbon trapping capacity of the volumetrically much more constrained abyssal surface
sediment. Still, POM residence time in the sediment could be as long as a full glacial period, i.e., much
longer than the deep water DIC reservoir age, which is thought to be in the order of 1250 kyr.
Providing an additional rapid CO2 release during deglaciation, the sedimentary carbon pool can possibly
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play a role for deglaciations as positive feedback mechanism. Originating from 14C-dead POM, this sudden
sedimentary CO2 release should have evoked reversed 14C ages of benthic microfossils, which has been
observed elsewhere under comparable conditions [Broecker et al., 2004; Hain et al., 2011] but could not be
measured here because of the negligible carbon content and missing carbonate.

6.4. Spatiotemporal Variability of Sedimentary Magnetite Depletion Patterns

A local driver of the depicted nonsteady state redox process is sedimentation rate. Higher terrigenous
background sedimentation enhances carbon burial efficiency and retards the postglacial carbon burn
down. NW Pacific susceptibility records in greater proximity to Asia and hence with higher dust accumula-
tion show more frequent and more complete magnetite dissolution features (Figure 4). Signal characters
and widths of corresponding dissolution layers seem to vary from core to core, underlining that the
geochemical zonation in the subsurface varies with local sedimentation conditions. For example, the sus-
ceptibility troughs between tie lines III and IV (MIS 6 and 8) become increasingly deeper toward the adja-
cent western core sites SO202-41, -42, and -43 and are shallower at the eastern site SO202-38. The two
westernmost cores show spikier and more complex records due to the many tephra layers intermitting
the background sedimentation. The easternmost core SO202-38-2 (5501m) experienced only partial
magnetite dissolution throughout all cold stages before 900 ka, which could at least partly result from its
low mean sedimentation rate of 1.9 cm/kyr. Core SO202-42-1 is from comparable depth (5537m) but
farther west; its mean sedimentation rate of 3.0 cm/kyr is 60% higher, and accordingly, it suffered pervasive
magnetite dissolution during almost every glacial stage. Obviously, higher sedimentation rates facilitate
glacial magnetite depletion.

Another environmental factor is local bottom current intensity, which depends on seafloor topography and
the location of deep water passages. Under conditions of a very sluggish bottom circulation, benthic oxygen
minimum zones should preferentially develop in topographically sheltered zones with nearly stagnant
laminar flow and minimum vertical mixing. The resulting lateral variability in bottom water O2 depletion
should be mirrored in sedimentary redox conditions.

6.5. Deep Pacific Ventilation During and After the Mid-Pleistocene Transition

The mid-Pleistocene transition (MPT) at around 900 ka marks a climate system change from an obliquity-
(41 kyr world) to an eccentricity-dominated (100 kyr world) ice age cyclicity [Maasch, 1988; Raymo et al.,
1997; Mudelsee and Schulz, 1997; Diekmann and Kuhn, 2002]. At the same time, CaCO3 records from Atlantic and
Pacific sectors reverse their correlation from in phase to antiphase [Sexton and Barker, 2012]. SO202-39-3
stretches over the past 960 kyr and covers this entire global cooling period (Figures 9a and 9b). It is interesting
to note that MIS 22 (900–865 ka), the first “real” 100 kyr cycle beside precursor MIS 34 [Schmieder et al., 2000],
corresponds to an incisive early magnetite dissolution event recorded by all our cores, even the otherwise
unaffected westernmost core SO202-38-2.

Little or no magnetite dissolution occurred during the following mid-Pleistocene glacial stages MIS 20, 18, 16,
and 14 (815–530 ka) (Figures 6b, 6f, and 6h). Our rock magnetic data indicate that the abyssal northwest
Pacific was much better oxygenated during these cold stages of the MPT than during the subsequent cold
stages MIS 12, 10, 8, 6, 4, and 2. Figure 5 differentiates data with magnetite preservation into syn-MPT
(>500 ka, brown) and post-MPT (<500 ka, orange) categories. The overlap of both subgroups suggests that
the magnetic mineral composition did not vary much through time. Conditions for glacial magnetite
preservation (and therefore the oxygenation conditions) were however far better during the MPT than after
the establishment of regular 100 kyr cycles (Figure 9b).

Mills et al. [2010] studied the distribution of redox-sensitive metals in metalliferous hydrothermal plume fall-
out deposits at the southern East Pacific Rise and identified uranium and manganese precipitation layers
which mark one active and three relict oxidation fronts. These fronts were only found within (U), respectively,
above (Mn) MIS 12, 10, 8, and 6 (very faintly also in MIS 2) but are absent in older glacial sections (Figure 9c).
The authors’ hypothesis of a basin-wide deep Pacific ventilation at glacial-interglacial terminations since
500 ka agrees well with our findings. Their core is from shallower water depth (3044m) than ours and also
frommuch farther south (14°47.9′S, 113°30.1′W). It is not clear how the vertical reach of suboxic bottomwater
conditions at this site relates to the northwest Pacific.
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Figure 9. Comparison of core SO202-39-3 with published records for deep ocean ventilation. (a) Marine isotope stack LR04
by Lisiecki and Raymo [2005] is given as paleoclimate reference; (b) ARM lows mark magnetite-depleted zones (red arrows)
and coincide with uranium precipitate layers (purple arrows) from repeated deglacial oxygen burn downs of a metalliferous
(c) East Pacific Rise core [Mills et al., 2010]. (d) The Indian Ocean Grain Size Index by Bassinot et al. [1994] and (e) the
Subtropical South Atlantic Susceptibility Stack by Schmieder et al. [2000] signalize anticorrelated glacial lysocline shifts in
both basins, which suggest a change in AABW partitioning between Atlantic and Indo-Pacific sectors. (f) The mean sortable
silt size at ODP Site 1123 east of New Zealand [Hall et al., 2001] indicates reduced AABW flow into the SW Pacific Ocean
between MIS 21 and MIS 13. Dashed and dotted lines mark means and standard errors for the periods from MIS 28 to MIS
22, MIS 21 to MIS 13, and MIS 12 to MIS 1.
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Schmieder et al. [2000] concluded from pelagic South Atlantic susceptibility records controlled by carbonate
accumulation changes that the MPT interim state from 920 to 540 ka experienced a vertical expansion of
LCDW in the deep South Atlantic (Figure 9e). The resulting upward shift of the glacial CCD considerably reduced
calcite preservation in the deep South Atlantic and thereby enhanced the magnetic susceptibility of the
carbonate-depleted pelagic sediments. This period corresponds largely to a high in the Indo-Pacific supercycle
of pelagic carbonate preservation [Bassinot et al., 1994] (Figure 9d), which points at better bottom water ventila-
tion in this sector before the Mid-Brunhes Event (MBE) from MIS 15 to MIS 11 with higher carbonate dissolution.

There is also sedimentological evidence [Hall et al., 2001] from ODP Site 1123 (3290m depth, middle CDW)
and environmental magnetic evidence [Venuti et al., 2007] from Site MD97-2114 (1935m depth, upper
CDW), both situated at the NE slope of New Zealand’s Chatham Rise, that the DWBC experienced unusually
low bottom current velocities between MIS 21 and MIS 13 (Figure 9f). Both studies take changes in the glacial
production of AABW associated with polar sea ice sheets responsible for variations in the deep Pacific Ocean
inflow during the MPT interim phase. As pointed out by Jaccard and Galbraith [2013], this flow did not seem
to reach the abyssal North Pacific.

Cyclic glacial magnetite depletion in the abyssal northwest Pacific started in MIS 12 after the MPT phase from
MIS 21 to MIS 13 and points to an expansion of ultracold and saline AABW over the previously described
choke points into the abyssal northwest Pacific. This northward glacial expansion into the Indo-Pacific sectors
in MIS 13 could be the consequence of a coeval retreat in the Atlantic sector. A driving factor of LCDW/AABW
partitioning between oceans could be the shift from a significantly lower North Atlantic Deep Water (NADW)
production from MIS 21 up to MIS 12 [Raymo et al., 1997] to a larger NADW production from thereon.

Several studies have compiled and compared MPT records of different origin and nature [e.g., Wang et al.,
2003, 2004, 2014] and no holistic explanation has yet been presented to explain all phenomena. There is
debate whether the MPT climate shift was primarily driven by the 400 kyr eccentricity supercycle, the so-
called “heartbeat of the Oligocene” [Pälike et al., 2006] and other Neogene periods [e.g., Wang et al., 2003,
2004, 2014], or by a quasi-cyclic ~500 kyr adjustment of the cooling Pleistocene climate system. Whether such
an adjustment should be considered as a “contrasting state of the Pleistocene global circulation system with
reduced NADW formation and weaker deep water exchange between Atlantic and Indo-Pacific” [Schmieder
et al., 2000] or rather as a “slightly irregular cycle” resulting from the distortion of a 400 kyr supercycle by dis-
crete events [Bassinot et al., 1994] is still an open issue to which our new records and compilations contribute
within their limited age frame. There is a clear need for longer abyssal NW Pacific records to see, how far back
in time the glacial abyssal magnetite depletion process existed and if was synchronous with other known
400–500 kyr supercycles of the Pacific [Wang et al., 2004].

7. Conclusions

Themagnetic susceptibility records of a piston core transect across the abyssal northwest Pacific show largely
consistent cyclic glacial magnetite dissolution zones and episodic tephra spikes. The conclusive geomagnetic
polarity and paleointensity patterns of the master record SO202-39-3 imply continuous sedimentation since
960 ka at a mean rate of 2.1 cm/kyr. Rock magnetic analyses confirm that all authigenic bacterial and most
lithogenic eolian magnetite in the glacial sections of “100 kyr” MIS 22, 10, 8, 6, 4, and 2 has been irreversibly
dissolved, while it largely survived in the glacial sections of MIS 20, 18, 16, 14, and 12 during the MPT interim
phase. In all interglacial sections, however, the detrital and the delicate submicron bacterial magnetite frac-
tion are remarkably well preserved. Such abrupt shifts in sedimentary mineral content cannot be explained
with source changes or transport effects and must result from large changes in preservation conditions,
i.e., the abyssal redox environment.

Ferric iron contained inmagnetite, hematite, goethite, and other paramagnetic ironminerals is a preferential elec-
tron acceptor for organic carbon remineralization in the absence of oxygen and nitrate. Themagnetically depleted
zones evidence oxygen depletion in the glacial northwest Pacific bottomwater below 4500–5000mwater depth.
A coeval rise in dust export from inner Asia is documented by higher glacial stage quartz and mica contents. Dust
falls possibly accelerated and intensified the descent of organic matter from sea surface into the abyss by ballast-
ing. The more rapid sinking of POM through the less ventilated deep Pacific Ocean may have lowered biogenic
barite formation and raised TOC export, which can possibly account for the observed anticorrelation of TOC
(glacial maxima) and Ba/Ti (interglacial maxima), but sedimentary barite dissolution is equally possible.
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As the suboxic reduction of detrital magnetite with POM is very slow, we estimate that the observed perva-
sive magnetite alteration required far more contact time with OM than the short exposure to suboxic bottom
water before burial could have provided. Only the long-term coexistence of buried iron oxides and reactive
carbon could have enabledmicrobial communities to successively use most of the sedimentary iron oxides as
electron acceptors for organic carbon degradation. Under these premises, enhanced glacial POM accumula-
tion rates paired with far better OM preservation conditions in the suboxic sediment should have resulted in
temporary carbon trapping as a prerequisite for the Fe(III) reduction.

When bottom water circulation reestablished during deglaciation, the oxygenation of the seabed should
have caused a rapid burn down of still reactive sedimentary organic carbon, causing an important release
of CO2 into the ocean and further into the atmosphere. We estimate that the temporary glacial storage capa-
city of the abyssal northwest Pacific could amount to ~10 kg C perm2 corresponding to 30 Pg C for the total
area. Extrapolating this value to all other Pacific basins below 4500m yields a potential cumulative deglacial CO2

release of up to 650PgC, far more than the glacial-interglacial atmospheric CO2 shift of 170PgC. Clearly, this
number is an upper limit and the estimated oceanic DIC and dissolved organic carbon (DOC) reservoirs are much
larger, but the long-term retention and rapid deglacial release capacity of sediment-trapped carbon could still be
a nonnegligible positive feedback of Quaternary climate cycles. The reduced oxygenation of the abyssal North
Pacific Ocean, which our records suggest, should have also increased the residence time of DOC.

A comparison of our time series to other published records supports the idea that the MPT interim phase
ended with a modified glacial LCDW/AABW partitioning from the abyssal South Atlantic to the more spacious
abyssal Indo-Pacific. The North Pacific seems to have encounteredmore efficient carbon trapping at the same
time when 100 kyr ice age cyclicity fully established. Even if this did not cause a lowered glacial atmospheric
pCO2, it may have increased oceanic carbon retention times and supported longer ice ages.
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