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[1] In a piston core from the central Bering Sea, diatom microfossil-bound N isotopes and the concentrations of
opal, biogenic barium, calcium carbonate, and organic N are measured over the last glacial/interglacial cycle.
Compared to the interglacial sections of the core, the sediments of the last ice age are characterized by 3%
higher diatom-bound d15N, 70 wt % lower opal content and 1200 ppm lower biogenic barium. Taken together
and with constraints on sediment accumulation rate, these results suggest a reduced supply of nitrate to the
surface due to stronger stratification of the upper water column of the Bering Sea during glacial times, with more
complete nitrate consumption resulting from continued iron supply through atmospheric deposition. This finding
extends the body of evidence for a pervasive link between cold climates and polar ocean stratification. In
addition, we hypothesize that more complete nutrient consumption in the glacial age subarctic Pacific
contributed to the previously observed ice age reduction in suboxia and denitrification in the eastern tropical
North Pacific by lowering the nutrient content of the intermediate-depth water formed in the subpolar North
Pacific. In the deglacial interval of the Bering Sea record, two apparent peaks in export productivity are
associated with maxima in diatom-bound and bulk sediment d15N. The high d15N in these intervals may have
resulted from greater surface nutrient consumption during this period. However, the synchroneity of the
deglacial peaks in the Bering Sea with similar bulk sediment d15N changes in the eastern Pacific margin and the
presence of sediment lamination within the Bering Sea during the deposition of the productivity peaks raise
the possibility that both regional and local denitrification worked to raise the d15N of the nitrate feeding Bering
Sea surface waters at these times.
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1. Introduction

[2] Large regions of the high-latitude ocean, the Antarctic
and the subarctic North Pacific in particular, are characterized
by high phytoplankton productivity and incomplete con-
sumption of the major nutrients nitrate and phosphate in the
surface. During much of the last ice age, however, biological
export production in both the Antarctic and the subarctic
Pacific, including the Bering and Okhotsk Seas, was consid-
erably lower than during the interglacial [Mortlock et al.,
1991; Kumar et al., 1995; Francois et al., 1997; Narita et al.,
2002; Kienast et al., 2004; Jaccard et al., 2005; Okazaki et
al., 2005a, 2005b]. The central question currently at hand is

whether this decline in productivity was associated with less
complete consumption of the gross nutrient supply by phy-
toplankton [Elderfield and Rickaby, 2000; Anderson et al.,
2002], such as might result from a deeper mixed layer or
pervasive summertime ice cover, or with a reduction in the
gross nutrient supply itself, such as would result from a
decrease in the exchange of nutrient-rich deep water with the
surface [Francois et al., 1997]. Distinguishing between these
two hypotheses has important implications for understanding
how the high-latitude ocean both responds to and mediates
climate change.
[3] The N isotopes have the potential to distinguish

between such alternative causes of past productivity
changes in the polar ocean. Phytoplankton preferentially
assimilate 14N nitrate [Pennock et al., 1996; Waser et al.,
1998], leaving surface water nitrate enriched in 15N [Wu et
al., 1997; Sigman et al., 1999b]. Because nitrate is the
ultimate N source for phytoplankton in nutrient-rich surface
waters, the degree of elevation in the 15N/14N of surface
nitrate is paralleled by the 15N/14N of organic nitrogen
produced in the surface ocean and exported as sinking
organic matter [Altabet and Francois, 1994; Altabet and
Francois, 2001; Lourey et al., 2003]. Thus the degree of
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nitrate utilization occurring in the surface ocean is region-
ally correlated with the d15N of N sinking out of the
euphotic zone and accumulating in the sediments [Altabet
and Francois, 1994; Farrell et al., 1995; Francois et al.,
1997] (d15N = {[(15N/14Nsample)/(

15N/14Nreference)] � 1} �
1000, where the reference is atmospheric N2).
[4] The use of the N isotopes to understand the implica-

tions of reduced polar productivity during the last ice age
began largely in the Antarctic [Francois et al., 1997; Sigman
et al., 1999a]. These and more recent N isotope studies in the
region suggest that the decline in productivity was associated
with reduced communication of nutrient-rich deep waters
with the surface [Crosta and Shemesh, 2002; Robinson et al.,
2004]. Specifically, while glacial export production was
lower, the degree of nitrate consumption was either higher
or unchanged, suggesting less gross nitrate supply to the
surface. However, the N isotope evidence suggesting that the
degree of nitrate consumption was not pervasively greater
across the glacial Antarctic (i.e., one Atlantic record shows
no clear glacial/interglacial change [Robinson et al., 2004])
complicates the interpretation, requiring that we consider the
controls on major nutrient consumption in the polar ocean.
[5] The incomplete consumption of the major nutrients

nitrate and phosphate in the modern Antarctic is often
attributed to iron limitation [Martin et al., 1990; Moore et
al., 2000], although light is also a potentially limiting
resource. From this perspective, an increase in the com-
pleteness of nitrate consumption requires an increase in the
iron-to-nitrate (Fe:NO3

�) supply ratio. Upwelling from the
ocean interior supplies both Fe and NO3

� to the surface
layer, while atmospheric inputs typically supply Fe in a
much higher ratio to bioavailable N. Thus an increase in the
Fe:NO3

� supply ratio in the Antarctic, such as would drive
higher nitrate consumption during the last ice age, would
likely require an increase in the relative importance of
atmospheric Fe input, by increasing the atmospheric input
and/or decreasing the deep water input. In the modern
Antarctic, it appears that nearly all of the iron supply is
from below [Archer and Johnson, 2000; Parekh et al.,
2004]. As a result, model simulations suggest that a
remarkably large increase in dust supply would be required
to significantly raise the Fe:NO3

� supply ratio, even with
reduced surface deep communications [Lefevre and Watson,
1999]. From this perspective, stratification of the Antarctic
during the last ice age, if it occurred, might have failed to
drive a pervasive increase in the degree of nitrate consump-
tion [Robinson et al., 2004].
[6] Glacial/interglacial reconstructions of export produc-

tion in the subarctic North Pacific indicate great similarity to
the Antarctic [Gorbarenko, 1996; Narita et al., 2002; Sato
et al., 2002; Nürnberg and Tiedemann, 2004; Jaccard et al.,
2005; Okazaki et al., 2005a, 2005b], suggesting that a
common mechanism operated in these two regions to
produce the observed changes. Jaccard et al. [2005] have
recently argued that this mechanism is the development of a
more strongly stratified water column associated with global
cooling, as has been posed for the Antarctic. However, in
contrast to the Antarctic, the modern subarctic Pacific
receives a significant fraction of its iron via aerial deposition
[Martin and Gordon, 1988; Fung et al., 2000]. Given this

situation, if stratification were to reduce the gross nutrient
supply in this region, one would expect a more robust
increase in the Fe:NO3

� supply ratio than in the Antarctic,
yielding a higher degree of nitrate consumption during
glacial times. This work employs the nitrogen isotopes, as
well as a suite of other paleoceanographic proxies, to test
this hypothesis for the subarctic Pacific, both in its own
right and as it relates to the paleoceanographic data from the
Antarctic.
[7] The degree of nutrient utilization in surface waters is

not the only signal that may contribute to changes in down
core N isotope records; changes in the d15N of source nitrate
will also influence these records. In the eastern Pacific, in
particular, the d15N of nitrate upwelled to the surface may
be higher than the ocean mean of �5% [Sigman et al.,
2000], due to exchange with zones of water column
denitrification [Cline and Kaplan, 1975; Liu and Kaplan,
1989]. Denitrification, the dissimilatory reduction of nitrate
to gaseous N2 by bacteria, occurs where oxygen concen-
trations are too low to support rapid oxic respiration of
organic matter (roughly less than 5 mM) [Codispoti et al.,
2001]. During denitrification, bacteria preferentially remove
14N nitrate, leaving the residual nitrate pool enriched in 15N
[Barford et al., 1999, and references therein]. Some of this
high 15N/14N nitrate is eventually mixed into the surface
ocean and taken up by biota, which then transmit the high
15N/14N signal to the sediments. Water column denitrifica-
tion occurs primarily in three regions of the ocean today: the
eastern tropical North Pacific (ETNP), the eastern tropical
South Pacific, and the Arabian Sea. As previous studies
have shown that 15N-enriched nitrate from the ETNP does
in fact propagate northward along the eastern edge of the
Pacific [Liu and Kaplan, 1989; Altabet et al., 1999; Kienast
et al., 2002; Sigman et al., 2003], changes in subsurface
nitrate d15N will have to be considered when interpreting a
paleoceanographic record of sedimentary d15N from the
subarctic Pacific.
[8] Isotopic studies of bulk sedimentary nitrogen in open

ocean settings are complicated by diagenetic processes
occurring in the sediments, which tend to raise the d15N
of the preserved organic matter. Studies of sediments from
modern productive, continental margin environments find
no evidence for an effect [Altabet et al., 1999; Thunell et al.,
2004]. In contrast, open ocean studies have observed clear
enrichments of as much as 5% [Altabet and Francois,
1994; Altabet, 1996; Sachs et al., 1999], and downcore
changes in this effect are likely.
[9] To avoid the concern of diagenetic alteration, a

growing body of paleoceanographic work is focusing on
the organic matter internal to microfossils, with most
work to date involving the siliceous frustules of diatoms
[Shemesh et al., 1993; Sigman et al., 1999a; Crosta and
Shemesh, 2002; Crosta et al., 2002; Robinson et al., 2004,
2005]. This organic matter appears to be native to the
diatoms and protected from early bacterial diagenesis [King,
1977; Swift and Wheeler, 1992; Kröger et al., 2000; Ingalls
et al., 2003; Poulsen et al., 2003; Ingalls et al., 2004]. Here,
we further the development of this paleoceanographic
measurement and apply it to a sediment record from the
central Bering Sea, one of the more nutrient-rich regions of
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the subarctic North Pacific. We report d15N records of both
diatom microfossil-bound N (d15Ndb) and bulk sedimentary
N, considering the influences of both nitrate consumption in
the surface and the isotopic composition of the subsurface
nitrate supply. We also report sedimentary concentrations
and accumulation rates of biogenic barium (Babio), opal,
nitrogen, and CaCO3, which we interpret in terms of the
productivity of the region.

2. Materials

[10] The sediments studied in this work were collected
during a cruise in June–July 2002 aboard the USCG Healy
(Healy 0202) and are archived at the Woods Hole Science
Center’s Core and Sediment Archive. Piston core JPC17
was retrieved from the southwestern flank of Bowers Ridge
(53.9330�N, 178.6988�E, 2209 m; Figure 1). This site in the
central Bering basin is protected from turbidites from the
Alaskan continental margin that have been found to com-
promise records recovered from the deep seafloor northeast

of Bowers [Nakatsuka et al., 1995]. The basic chronology
of the record is given by foraminiferal d18O stratigraphies of
the planktonic species Neogloboquadrina pachyderma
(sinistral) and of the benthic genus Uvigerina, as well as
by seven radiocarbon dates (measured on N. pachyderma (s.)
>150 mm) [Cook et al., 2005; additional data]. Radiocarbon
dates were converted into calendar years using Calib5.0.1
(http://radiocarbon.pa.qub.ac.uk/calib), (Stuiver et al. [1998]
using DR = 300 year, corresponding to a �700 year
reservoir correction); corrections for dates >21.4 ka were
estimated using the results of Hughen et al. [2004] (see
auxiliary Table S1 for uncorrected and calibrated ages).1 No
correction is applied to the radiocarbon date at 49,100 years
as the error is significant (640 year 1SD) and the
atmospheric 14C record is poorly constrained at this
time. Average sedimentation rates calculated for intervals

Figure 1. Map showing location of piston core JPC17. This site (53.9330�N, 178.6988�E) is on the
western flank of Bowers Ridge at 2209 m depth and is protected from turbidites from the Alaskan shelf
and slope. Dark gray area represents the aerially exposed paleocontinental shelf during the LGM due to a
100 m lowering of sea level. Light gray area represents paleobathymetry from 0 to 900 m. Lines illustrate
approximate boundaries between regions of seasonal sea ice cover, drift ice, and open water during the
LGM. The map and all ice age features are redrawn from Katsuki and Takahashi [2005] with permission
from Elsevier.

1Auxiliary material data sets are available at ftp://ftp.agu.org/apend/pa/
2005pa001205. Other auxiliary material files are in the HTML.
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between 14C-dated layers are �15 cm/kyr during the Holo-
cene and �12 cm/kyr during the Last Glacial Maximum. On
the basis of extrapolation of measured accumulation rates in
the upper part of the core, and consistent with the variations
in opal, biogenic barium content, and d15Ndb, JPC17 appears
to extend back to the interglacial conditions of early stage 5.
[11] ‘‘Green layers’’ rich in organic matter, CaCO3, and

biogenic opal characterize the Bølling-Allerød and early
Holocene in this core. These layers are well correlated with
laminated intervals in shallower cores from the Bering slope,
which indicate middepth suboxia in the Bering Sea at these
times [Cook et al., 2005]. The remainder of JPC17 is
extremely poor in CaCO3 (generally less than 5%), whereas
opal content tends to vary somewhat systematically with
d18O, with interglacials characterized by higher opal content.

3. Methods

[12] The isotopic composition of diatom-bound organic N
was determined using the method described by Robinson et
al. [2004, 2005], but with modifications to the chemical
cleaning of the diatom microfossils. The method detailed by
Robinson et al. [2004] (R04 below) involves (1) physical
separation of the diatom fraction from the bulk sediment
[Sigman et al., 1999a], (2) removal of labile organic matter
coating the diatom frustules by oxidation with hydrogen
peroxide, (3) conversion of organic nitrogen to NO3

� by
persulfate oxidation [Knapp and Sigman, 2003], (4) mea-
surement of NO3

� concentration by chemiluminescence
[Braman and Hendrix, 1989], and (5) conversion of NO3

�

to N2O by the denitrifier method [Sigman et al., 2001], with
measurement of the isotopic composition of the N2O by gas
chromatography isotope ratio mass spectrometry using a
modified ThermoFinnigan GasBench II and Delta Plus
[Casciotti et al., 2002]. Robinson et al. [2005] added a
reductive cleaning step between steps 1 and 2 above (using
dithionite-citric acid), as a precaution to prevent interference
of metal oxides with the subsequent oxidative cleaning.
[13] We undertook our study of JPC17 realizing that these

sediments may be problematic for the cleaning protocol of
R04, which was designed for the relatively ‘‘clean’’, high-
opal sediments of the Southern Ocean. In that work, diatom
opal extracted from clay-rich (�40% opal) glacial Antarctic
sediments proved more difficult to clean of external N than
opal-rich Holocene material, requiring multiple refreshings
of hydrogen peroxide to stabilize. While we do not know
why the opal from clay-rich sediments is more difficult to
clean, it likely involves diagenetic alteration of the frustule
surfaces (H. Ren, unpublished data, 2006). For much of the
glacial section of JPC17, opal content is between 20 and
40% by weight, and the sediments are more difficult to
physically separate than are Southern Ocean materials,
suggesting a greater degree of diagenetic reaction between
the opal and aluminosilicates. Thus we were suspicious that
the peroxide cleaning protocol would not be sufficient in the
glacial section of JPC17.
[14] Indeed, while measurements of d15Ndb with the R04

protocol in opal-rich Holocene samples from JPC17 were
highly reproducible, replicate cleanings of individual sam-
ples from the opal-poor sediments of the Last Glacial

Maximum (LGM) yielded exceedingly poor reproducibility
(Figure 2). For several of these LGM samples, we applied
additional refreshings with hydrogen peroxide to test
whether a consistent isotope value could eventually be
obtained, with mixed results. Similarly, the addition of the
reductive cleaning step during our tests of the peroxide
cleaning appeared to improve the results only moderately
(results not shown).
[15] In cleaning tests by R04, boiling perchloric acid

yielded a harsher cleaning than did peroxide, although with
clear evidence for occasional alteration of the diatom-bound
N in opal-rich samples, yielding sporadically higher d15Ndb.
On the basis of those results, we tested oxidative cleaning
by heating the sample with �55% perchloric acid until
boiling. This approach is very similar to the ‘‘perchloric
soft’’ treatment applied by R04, which generated good
reproducibility for more clay-rich samples from the Antarc-
tic. Indeed, this yielded much more consistent results for
samples from the clay-rich LGM section of JPC17
(Figure 2). However, as was feared based on the results of
R04, this protocol yielded occasional high-d15Ndb ‘‘flyers,’’
perhaps more frequently in the more opal-rich Holocene
samples (Figure 2). We then tried a gentler perchloric
cleaning, in which samples in �55% perchloric acid are
heated at 100�C for 2 hours.
[16] The 100�C cleaning with perchloric acid compares

well with the heat-until-boiling protocol, especially for the
clay-rich LGM sediments (Figure 2). However, as we had
hoped, the 100�C perchloric cleaning largely reproduces the
results from peroxide cleaning in opal-rich Holocene sedi-
ments, in which peroxide has been shown previously to
yield consistent and reproducible results (Figure 2; for
higher opal sediments from deeper in the core, see auxiliary
Figure S1). Moreover, the 100�C perchloric protocol lacks
the sporadic high d15Ndb measurements that occur with the
boiling perchloric protocol. Reproducibility for individual
samples with the 100�C perchloric protocol is 0.3% 1SD.
[17] In light of these experiments, our current cleaning

protocol (and the protocol used here) is identical to that of
Robinson et al. [2005], except that the boiling hydrogen
peroxide step is replaced with a single application of
hydrogen peroxide in a 100�C water bath for one hour (to
consume extremely labile organic matter and any residual
reducing capacity from the reductive cleaning) followed by
a strong oxidative cleaning with perchloric acid in a 100�C
water bath for 2 hours (see auxiliary material for complete
protocol). This method has recently yielded excellent
reproducibility and oceanographically consistent downcore
trends in sediments with opal content as low as 10%
(B.G. Brunelle, unpublished data, 2005).
[18] Biogenic opal concentration was determined using

the method described by Mortlock and Froelich [1989].
Precision was generally better than 4 wt%.
[19] The content and isotopic composition of bulk sedi-

mentary N were analyzed using an elemental analyzer
(NC2500 Carlo Erba) coupled with a ConFlow III interface
on a stable isotope ratio mass spectrometer (ThermoFinni-
gan DELTA + XL) at the GeoForschungsZentrum in Pots-
dam, Germany. Replicate analyses indicated a standard
deviation of 0.2% for d15N and 0.007 wt % for N content.
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