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[1] Constraining variations in marine N2‐fixation over glacial‐interglacial timescales is
crucial for determining the role of the marine nitrogen cycle in modifying ocean
productivity and climate, yet paleo‐records from N2‐fixation regions are sparse. Here we
present new nitrogen isotope (d15N) records of bulk sediment and foraminifera test‐bound
(FB) nitrogen extending back to the last ice age from the oligotrophic Gulf of Mexico
(GOM). Previous studies indicate a substantial terrestrial input during the last ice age and
early deglacial, for which we attempt to correct the bulk sediment d15N using its
observed relationship with the C/N ratio. Both corrected bulk and FB‐d15N reveal a
substantial glacial‐to‐Holocene decrease of d15N toward Holocene values of around 2.5‰,
similar to observations from the Caribbean. This d15N change is most likely due to a
glacial‐to‐Holocene increase in regional N2‐fixation. A deglacial peak in the FB‐d15N of
thermocline dwelling foraminifera Orbulina universa probably reflects a whole ocean
increase in the d15N of nitrate during deglaciation. The d15N of the surface dwelling
foraminifera Globigerinoides ruber and the corrected bulk d15N show little sign of this
deglacial peak, both decreasing from last glacial values much earlier than does the d15N of
O. universa; this may indicate that G. ruber and bulk N reflect the euphotic zone
signal of an early local increase in N2‐fixation. Our results add to the evidence that, during
the last ice age, the larger iron input from dust did not lead to enhanced N2‐fixation in
this region. Rather, the glacial‐to‐Holocene decrease in d15N is best explained by a
response of N2‐fixation within the Atlantic to the deglacial increase in global ocean
denitrification.
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1. Introduction

[2] Fixed nitrogen is the major limiting nutrient for primary
productivity in vast parts of the present‐day ocean. Hence, the
processes that govern the sources and sinks of this fixed
marine nitrogen pool constitute a potentially important con-
trol on the strength of the ocean’s biological pump and thus
on the atmospheric concentration of CO2, with implications
for global climate [Altabet et al., 1995; Broecker and
Henderson, 1998; Falkowski, 1997; Ganeshram et al.,

1995; Gruber, 2004]. The major source of fixed nitrogen to
the ocean is N2‐fixation by diazotrophic organisms, whereas
denitrification and anammox are its most important sink
processes [Gruber and Galloway, 2008]. Despite extensive
research, it is still not clear whether the marine nitrogen
budget is currently in balance [Codispoti, 2007; Deutsch
et al., 2007] and how much it has changed in the past
[Altabet, 2007; Deutsch et al., 2004; Gruber, 2004; Gruber
and Galloway, 2008].
[3] Stable nitrogen isotopes provide an important tool for

studying the sources and sinks of oceanic nitrogen. During
N2‐fixation, little isotopic fractionation is observed [Wada
and Hattori, 1991], resulting in a d15N for newly fixed N of
−2 to 0‰ (d15N (‰) = ((15N/14N of sample / 15N/14N of air)
− 1) * 1000). On the other hand, denitrification preferentially
removes light nitrogen, leaving 15N‐enriched nitrate behind
[Cline and Kaplan, 1975; Liu and Kaplan, 1989]. As a result,
water column denitrification in the oxygen minimum zones
increases the local and global ocean d15Nof nitrate. However,

1Geological Institute, ETH Zurich, Zurich, Switzerland.
2Department of Geosciences, Princeton University, Princeton, New

Jersey, USA.
3Institute of Biogeochemistry and Pollutant Dynamics, ETH Zurich,

Zurich, Switzerland.
4Deutsches GeoForschungsZentrum Potsdam, Potsdam, Germany.
5EAWAG, Kastanienbaum, Switzerland.

Copyright 2011 by the American Geophysical Union.
0883‐8305/11/2011PA002156

PALEOCEANOGRAPHY, VOL. 26, PA4216, doi:10.1029/2011PA002156, 2011

PA4216 1 of 13

Eawag_06712



the enrichment is only expressed if some of the nitrate
remains unconsumed by this process [Thunell et al., 2004].
Hence, denitrification in sediments, where nitrate supply is
limited by diffusion, does not appear to strongly elevate the
d15N of marine nitrate [Brandes and Devol, 1997, 2002;
Lehmann et al., 2004; Sebilo et al., 2003]. The isotopic
fractionation of the anammox process and the isotope
dynamics of partial nitrification coupled to denitrification are
poorly known. However, these processes have often been
tacitly included in estimates of the water column and sedi-
mentary denitrification isotope effects (see discussion in the
work of Sigman et al. [2003]). Moreover, ammonium and
nitrite consumption are often complete where anammox
appears to occur, probably leading to similar limitations on
the expression of the isotope effects of anammox as described
above for sedimentary denitrification. In steady state, then,
the average isotopic composition of oceanic nitrate appears to
be largely controlled by the relative global magnitude of
water column versus sedimentary denitrification [Brandes
and Devol, 2002], with some modulation by the complete-
ness with which nitrate is consumed in zones of water column
denitrification and how this signal is transported and mixed
into the global nitrate pool [Deutsch et al., 2004].
[4] In the oligotrophic regions of the ocean, such as most of

the tropical and subtropical ocean, the d15N of the total
organic nitrogen sinking out of the euphotic zone must be
equal to the flux‐weighted d15N of all “new” nitrogen that
enters this zone. This is because the pool of fixed nitrogen in
the euphotic zone is very small and turns over quickly. New
sources of nitrogen include vertical input of subsurface nitrate
from the thermocline, N2‐fixation, atmospheric deposition,
and riverine input of organic and inorganic nitrogen. The
d15N of the sinking flux will therefore be a combined (and
thus potentially complex) signal of changes in the isotopic
composition and/or relative importance of the various new
nitrogen sources. Furthermore, the d15N of thermocline
nitrate itself reflects the combined effect of changes in
deep ocean nitrate d15N and the accumulated signal of
regional processes such as N2‐fixation or water column
denitrification.
[5] N isotope records from the major denitrification zones

in the eastern tropical north and south Pacific and the Ara-
bian Sea [e.g., Altabet et al., 1995; De Pol‐Holz et al., 2006;
Emmer and Thunell, 2000; Ganeshram et al., 1995; Pride
et al., 1999] consistently reveal lower d15N of sinking
organic matter during glacial times. This signal has been
interpreted as reflecting a lower thermocline d15N of nitrate,
which suggests decreased water column denitrification dur-
ing the glacial period in these regions. This observed pattern
led Ganeshram et al. [1995] and Altabet et al. [1995] to the
hypothesis that an excess of N2‐fixation over denitrification
in glacial times caused a larger global nitrate reservoir at that
time, potentially fuelling higher primary productivity, and
hence contributing to the lower CO2 levels in the atmo-
sphere. This would have been substantially reinforced by
decreased sedimentary denitrification due to the lower sea
level of the last ice age, which exposed large shelf areas
[Christensen, 1994]. However, implicit in the hypothesis of
Ganeshram et al. [1995] and Altabet et al. [1995] is the
assumption that N2‐fixation remained approximately con-
stant across the glacial‐interglacial transition.

[6] However, two contrasting views are proposing glacial‐
to‐Holocene changes in N2‐fixation as well, albeit in dif-
ferent directions. On the one hand, recent evidence of a
relatively tight coupling between denitrification and N2‐

fixation [Deutsch et al., 2007] suggests that N2‐fixation
would have responded to the observed changes in denitrifi-
cation, leading to decreased N2‐fixation in glacial times,
which would have kept the change in the inventory of fixed
nitrogen small [Haug et al., 1998; Tyrrell, 1999]. On the
other hand, N2‐fixation was proposed to have been enhanced
in glacial times in response to increased iron input by dust,
increasing the marine nitrogen reservoir and hence produc-
tivity in glacial times [Broecker and Henderson, 1998;
Falkowski, 1997]. The basis for this hypothesis is the high
iron content of the enzyme nitrogenase [Rueter et al., 1992],
which is required for N2‐fixation. However, the regional and
global role of iron limitation in setting the rate of N2‐fixation
is still a matter of discussion [Hood et al., 2000;Kustka et al.,
2003; Lenes et al., 2001; Mills et al., 2004; Moore et al.,
2009; Sañudo‐Wilhelmy et al., 2001]. It is possible that
both mechanisms interact, such that changes in the strength
or location of Fe sources influence where marine N2 fixation
responds to variations in global denitrification [Galbraith
et al., 2004].
[7] The assessment of past changes in N2‐fixation from

d15N measurements in marine sediments tends to be more
challenging than that of changes in water column denitrifi-
cation, as the signal is often overprinted by other processes
such as diagenetic alteration (especially at oligotrophic open
ocean sites) and allochthonous nitrogen input (because the
regions of interest tend to be characterized by sediments
with low nitrogen content, which are easily contaminated).
Furthermore, records from sites that are close to water col-
umn denitrification zones are challenging to interpret, as the
latter process tends to dominate the changes in the isotopic
signal. Recently, Ren et al. [2009] demonstrated that organic
nitrogen bound in foraminifera tests can be used to obtain
records from oligotrophic sites, thereby avoiding many of the
issues associated with diagenetic alteration and allochtho-
nous nitrogen input. But the labor‐intensive nature of these
measurements currently precludes records with the temporal
resolution that is easily achieved through bulk sediment
analysis. In order to obtain high‐resolution bulk sedimentary
d15N records from areas dominated by N2‐fixation, one seeks
exceptional sites that are distant from major denitrification
zones and yet characterized by good preservation of sedi-
mentary organic matter.
[8] In this study, we analyze sediments from such a site in

the oligotrophic Gulf of Mexico (GOM). In this region as
well as in the open subtropical North Atlantic, nitrogen
fixation is responsible for the low d15N of thermocline
nitrate (∼2.5‰) [Knapp et al., 2005, 2008]. The importance
of N2‐fixation is supported by elevated N/P ratios observed
in the subtropical North Atlantic thermocline [Gruber and
Sarmiento, 1997; Karl et al., 2002; Michaels et al., 1996]
and by numerous studies on the abundances and N2‐fixation
rates of diazotrophic organisms, such as Trichodesmium,
in the Caribbean, GOM, and subtropical North Atlantic
[Capone et al., 2005; Carpenter and Price, 1977; Carpenter
and Romans, 1991; Carpenter et al., 2004; Goering et al.,
1966; Lenes et al., 2001; Montoya et al., 2007; Moore
et al., 2009; Tyrrell et al., 2003]. Combined with the
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absence of a major water column denitrification region, the
elevated levels of N2‐fixation cause the Atlantic to be an
overall net source of fixed nitrogen [Gruber, 2004], making it
an ideal place to study how N2‐fixation might have changed
in the past.
[9] Orca Basin is an intraslope basin off the coast of

Louisiana and about 300 km southwest of the Mississippi
mouth (Figure 1). The basin has a maximum depth of 2400 m
and is surrounded by salt domes rising to 1800 m water depth
[Shokes et al., 1977]. Hence, the water column shallower
than 1800 m overlying the Orca Basin is indistinguishable
from the surrounding GOM. The lowermost 200 m of the
basin are filled with dense, hypersaline brine [Sackett et al.,
1979], resulting in anoxic bottom water below the brine‐
seawater interface and leading to excellent preservation of
organic matter in the sediments [Meckler et al., 2008].
Although water column denitrification occurs in the basin at
2200 m depth [Van Cappellen et al., 1998], this process is
not recorded in the organic matter sinking out of the surface
ocean and accumulating in the sediments. This is because of
the large distance of the relatively minute denitrification
zone from the surface ocean and from the strong subtropical
thermocline. The brine probably built up around 8000 years
before present (8 ka) due to lateral leakage from a salt
deposit [Addy and Behrens, 1980]. Laminated sections of
the sediment occurring deeper in the core indicate earlier
sub‐ to anoxic intervals as well, and it is possible that the
brine leakage has continuously supported low dissolved O2

in the basin. Therefore, Orca Basin offers the unique com-
bination of good organic matter preservation in an oligo-
trophic setting.

[10] A weakness of the location in the sense of this study is
its proximity to the continental margin and to the mouth of
the Mississippi River in particular (Figure 1). As a result of
this proximity, input of terrestrial material can be large and
numerous studies have shown that it has changed through
time due to changes in sea level and meltwater inflow
[Jasper and Gagosian, 1990, 1993; Meckler et al., 2008;
Newman et al., 1973; Northam et al., 1981]. Because ter-
rigenous material has a different nitrogen isotopic compo-
sition to that of marine organic matter [Calvert et al., 2001;
Meyers, 1997; Peters et al., 1978; Schubert and Calvert,
2001], the bulk d15N record can be significantly affected
by this input. For this reason, we measured the FB‐d15N at
selected intervals of the core. As an autochthonous marine
signal, FB‐d15N should be insensitive to the input of
allochthonous particulate nitrogen as long as it is not incor-
porated into the marine food web. We will discuss the bulk
and FB‐d15N data from Orca Basin regarding (1) local and
regional changes in N2‐fixation at Orca Basin and in the
tropical North Atlantic, respectively, and (2) the implications
of our findings for the marine nitrogen cycle and its potential
influence on global climate.

2. Material and Methods

[11] The 9.09 m long giant box core MD02–2550 was
taken during IMAGES cruise VIII (PAGE) in 2002. Its
chronology is based on 13 radiocarbon dates on foraminifera
and has been described by Meckler et al. [2008]. In the
Holocene section, a large hiatus of around 4.2 kyr (from 2.8
to 7.0 ka) is observed. The upper 232 cm of the core (back
to 8.5 ka) consist of clearly laminated sediment colored

Figure 1. Map of the Gulf of Mexico showing the location of Orca Basin as well as the sites of d15N
records in the Caribbean. Arrows indicate surface currents. The inset shows bathymetry of the Louisiana
slope and Mississippi Fan. Approximate location of last glacial maximum (LGM) coastline is indicated.
Core MD02–2550 was taken from the slope of Orca Basin, in a water depth of 2249 m at 26°56.77N and
91°20.74W. Isobath spacing is 20 m above 200 m and 200 m below.
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black by metastable iron sulfides, which accumulated under
anoxic conditions in the brine layer [Addy and Behrens,
1980]. However, laminated sediment suggesting anoxic
conditions can also be found below this depth. Below 567 cm
(16.8 ka) the sediment appears mostly homogenous, except
for several bundles of black layers in the bottom section of
the core.
[12] Bulk sediment d15N was measured with a Carlo‐

Erba CN2500 elemental analyzer online coupled to a
Thermo Finnigan DELTAplusXL mass spectrometer at the
GFZ. The core was sampled in 1 cm increments, corre-
sponding to about 22 years on average, except for 0–150 cm
and below 630 cm, where samples were taken every 10 cm.
The freeze‐dried and homogenized samples were analyzed
without any further treatment. All samples were measured at
least in duplicate and precision based on measurements of
the reference standards IAEA N1 and N2 was better than
0.2‰. Total nitrogen (TN) and total organic carbon (TOC),
measured on the same samples, as well as the resulting C/N
ratios were published previously [Meckler et al., 2008].
[13] The nitrogen isotopic composition of organic matter

preserved in foraminiferal tests (FB‐d15N) was measured in
selected intervals. Where species abundance was sufficient,
measurements were made both on Globigerinoides ruber
and Orbulina universa, each picked from the >355 mm size
fractions. In three samples, G. ruber was also picked from
the 250–355 mm fraction. The results were indistinguishable
from the larger size fraction and were therefore averaged. In
addition, mixed (unpicked) foraminifera samples of the
125–250 mm size fractions were analyzed. This size fraction
contained abundant Globigerina bulloides, but otherwise
varied in species composition with depth (not quantified).
All foraminifera‐based samples were replicated (n = 2–8)
including in most cases two or more subsamples which were
prepared separately (see Table 1). Standard errors for the
averages of all replicates ranged from 0.02 to 0.46‰ (mean =
0.19‰, Table 1).
[14] The protocol for measuring FB‐d15N [Ren et al.,

2009] includes (1) chemical treatment of the foraminifera
shells to remove external N contamination, followed by acid
dissolution of the cleaned shells, (2) conversion of organic

N released into solution to nitrate by persulfate oxidation
[Knapp et al., 2005; Nydahl, 1978]; (3) measurement of
nitrate concentration by chemiluminescence [Braman and
Hendrix, 1989], and (4) bacterial conversion of nitrate to
nitrous oxide [Sigman et al., 2001], with measurement of the
d15N of the nitrous oxide by gas chromatography‐isotope
ratio mass spectrometry using a modified Thermo GasBench
II and DeltaPlus [Casciotti et al., 2002].
[15] As the first step in cleaning the samples prior to

FB‐d15N analysis, 5 to 10 mg of foraminifera tests per sample
were gently crushed, treated with 5 min of ultrasonication
in 2% sodium hexametaphosphate (pH 8), then rinsed
twice with deionized water (DI). To avoid any organic con-
tamination associated with metal oxides, we conducted
a reductive cleaning using sodium bicarbonate buffered
dithionite‐citrate reagent [Mehra and Jackson, 1958]. Sam-
ples were then soaked in 13% sodium hypochlorite (“bleach”)
for 6 h at room temperature, with several agitations to expose
surfaces, and then rinsed with DI. The bleach treatment was
previously compared with persulfate cleaning, which is likely
a harsher treatment [Brunelle et al., 2007]. The two cleaning
methods yielded indistinguishable N content and d15N,
indicating complete removal of external contamination and
confirming the physically protected nature of shell‐bound N.
Following cleaning, the remaining 3 to 5 mg of cleaned
foraminifera tests were completely dissolved in 6 N hydro-
chloric acid, releasing organic matter for analysis. After
conversion of organic nitrogen to nitrate and prior to nitrate
and d15N measurement, we centrifuged the solutions and
removed the calcium precipitates generated during persulfate
oxidation. This modification of the protocol reduces the
influence of calcium ions and improves the precision of iso-
topic analysis by the denitrifier method [Ren, 2010].

3. Results and Discussion

[16] During the late Holocene, both bulk and FB‐d15N
show values of 2.2–3.2‰, which is much lower than the
mean isotopic composition of oceanic nitrate (∼5‰) [Sigman
et al., 2000]. The Orca Basin d15N values during this interval
are, however, indistinguishable from the d15N of today’s

Table 1. FB‐d15N Results From Core MD02–2550, Given as Averages and Their Standard Errorsa

Depth

(cm)

Age

(yr BP)

G. ruber O. universa 125–250 mm Size Fraction (mixed species)

Average

Standard

Error

Number of

Total

Measurements

Number of

Subsamples

Prepared

Separately Average

Standard

Error

Number of

Total

Measurements

Number of

Subsamples

Prepared

Separately Average

Standard

Error

Number of

Total

Measurements

Number of

Subsamples

Prepared

Separately

38 632 3.15 0.17 3 2 3.14 0.02 3 2 – – – –

39 649 – – – – – – – – 2.32 0.33 2 1

89 1481 – – – – – – – – 2.97 0.34 2 1

90 1497 2.39 0.20 4 2 2.77 0.18 8 3 – – – –

208 7832 2.62 0.12 4 2 3.75 0.15 4 1 3.52 0.36 2 1

287 10047 3.68 0.13 6 3 4.77 0.09 2 1 5.87 0.19 4 2

314 10808 3.69 0.12 6 3 6.75 0.46 3 1 6.01 0.23 2 1

423 14285 3.36 0.21 6 3 – – – – 3.37 0.22 2 1

530 16298 4.20 0.19 6 2 5.22 0.17 2 1 4.22 0.19 2 1

715 19474 5.37 0.04 2 1 – – – – 4.75 0.06 2 1

872 23121 4.76 0.05 2 1 – – – – 5.36 – 1 1

896 23709 – – – – 5.32 0.34 2 1 – – – –

898 23758 5.00 0.11 5 2 – – – – 5.68 0.14 2 1

aMissing data are due to insufficient abundance of foraminifera.
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nitrate in the thermocline of the subtropical Atlantic (around
2.6‰), likely reflecting the input and subsurface reminer-
alization of newly fixed nitrogen [Knapp et al., 2005, 2008].
While the hiatus between 2.8 and 7.0 ka prevents assessing
the evolution of d15N through much of the Holocene, the
early Holocene data before the hiatus suggest that the
present‐day low d15N values were almost reached by 7 ka.
Thus, the substantial contribution of N2‐fixation to the
thermocline nitrate pool in today’s subtropical North
Atlantic appears to have persisted for at least the last 3 kyr,
if not through most of the Holocene.
[17] Further back in time, the different types of records

have both similarities and differences. All three FB‐d15N
records, i.e., those of G. ruber and O. universa as well as
that of the mixed species size fraction, show a clear differ-
ence between a glacial d15N of 4.8–5.7‰ and the lower
Holocene values of 2.4–3.2‰ (Figure 2). But the different
species diverge markedly during the deglaciation and early
Holocene. The beginning of this species divergence occurs

around the time of peak deglacial meltwater input into the
GOM, indicated by depleted d18O (Figure 2). In Orca Basin
this interval is characterized by laminated sediments and
elevated TOC concentrations (up to 1.6 wt%). Two of the
FB‐d15N records, the O. universa and the mixed species size
fraction, exhibit a pronounced deglacial peak of d15N cen-
tered around 10 ka BP and reaching 6–7‰, whereas the
deglacial peak is only very subtle in the G. ruber data. In
contrast to FB‐d15N, the bulk d15N record does not exhibit
a clear glacial‐to‐Holocene difference. As in the FB‐d15N
data, a deglacial peak is apparent in the bulk d15N record
centered at 9–11 ka. Maximum values during this peak
(around 3.7‰) are much lower than peak d15N of O. uni-
versa and the mixed size fraction, but similar to the signal of
G. ruber. During the meltwater interval, bulk d15N is similar
to glacial and late Holocene values, except for a minimum
of around 1.8 ‰ during and after the deposition of a
homogenous interval in the core that is rich in terrigenous
material [Meckler et al., 2008].

Figure 2. Bulk sediment and foraminifera‐bound (FB) d15N records from Orca basin core MD02–2550
(this study) in comparison with %TOC, C/N and d18O from the same core [Meckler et al., 2008]. Error
bars on FB‐d15N are 1 standard error of the mean where replicate analyses were performed (see Table 1).
Lithology changes as described in the text are shown at the bottom (solid bar: black and laminated
sediment, hatched bar: continuous laminations) and arrows specify depths of 14C age control (see Meckler
et al. [2008] for a description of the age model). Light shading indicates time of meltwater flow,
corresponding to high %TOC and well‐laminated sediment. YD signifies Younger Dryas.
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[18] The potential reasons for the differences between the
various records are manifold. Our working assumption is
that the foraminifera‐based d15N records are the most reli-
able recorders of the d15N of the nitrogen input to the
euphotic zone, and that differences between the species
reflect differences in their habitat, food, and trophic order. In
contrast, we suspect that the bulk d15N was altered by the
increased abundance of terrigenous organic matter prior to
11.5 ka. We furthermore suspect that greater concentrations
of inorganic nitrogen in the glacial interval before around
17 ka further altered the bulk measurements. The most
important lines of argument in support of this interpretation
are that (1) bulk d15N is strongly negatively correlated with
C/N (Figure 3b) in the glacial and deglacial part of the record
before 11.5 ka, and that (2) a crossplot of TOC and TN has a
positive intercept for the data prior to 13.4 ka (Figure 3a)
[Meckler et al., 2008]. High C/N ratios in organic matter are
often a signal of terrestrial organic matter, whereas a positive
intercept in the TOC‐TN plot indicates the presence of
inorganic nitrogen in the total nitrogen pool. Further support
for the influence of terrestrial organic nitrogen on bulk d15N
in the glacial and deglacial period comes from a correlation
of d13Corg and d15N in these intervals (low d13Corg being
another indication for terrestrial organic matter), although
the smaller number of data points makes this relationship
less clear (Figure S1 of the auxiliary material).1 As both
terrestrial organic nitrogen and inorganic nitrogen usually
have a lower d15N than marine organic nitrogen [Calvert
et al., 2001; Meyers, 1997; Peters et al., 1978; Schubert and
Calvert, 2001], a larger contribution of these nitrogen sour-
ces would lower the bulk sediment d15N, explaining the
difference between bulk and FB‐d15N before 11.5 ka. After

11.5 ka, in contrast, the negative correlation between d15N
and C/N breaks down (Figure 3b). Instead, in this interval a
slight positive correlation between d15N and C/N is observed,
which is due to the Holocene d15N decrease coinciding with
a subtle decrease in C/N. This subtle early to‐late Holocene
trend is also seen in d13Corg [Meckler et al., 2008] and
likely reflects a continued small decrease in the contribution
of terrestrial organic matter. This reversed relationship of
proxies for terrestrial organic matter and bulk d15N in the
Holocene and the good correspondence of bulk d15N with
FB‐d15N of G. ruber argue that the Holocene decrease in
bulk d15N from the deglacial maximum is not caused by
changes in the input of terrestrial material.
[19] Other potential influences on bulk d15N that generally

need to be considered, such as diagenetic alteration and
variations in nutrient consumption, are unlikely to affect the
Orca Basin record. Although the redox conditions in the
water column varied in the course of the history of Orca
Basin, lithologic changes (from bioturbated to laminated and
to black sediment) in the core do not coincide consistently
with shifts in d15N, making such changes seem unlikely as a
source of major artifacts. Rather, from the last ice age to
the present, the Orca Basin seems to belong to the high‐
accumulation, organic‐rich sites where little or no diagenetic
alteration of the d15N record is observed [Altabet et al., 1999;
Thunell et al., 2004]. Changes in the completeness of nitrate
consumption are unlikely given the oligotrophic nature of
the open GOM. Furthermore, this would have affected both
bulk and FB‐d15N in a similar manner.

3.1. Correction of the Bulk Sediment d15N Record

[20] The anti‐correlation between bulk d15N and the C/N
ratio in the older parts of the record provides a basis for
correcting the bulk d15N record for terrestrial inputs and
to estimate the d15N of marine organic matter. To this end,

Figure 3. (a) Total nitrogen versus total organic carbon, grouped by age, and the respective regression
lines (modified fromMeckler et al. [2008]). Reduced Major Axis Regression was used instead of standard
regression as in the work of Meckler et al. [2008], in order to minimize both y and x deviations from the
regression line. Data from the homogenous interval (14.6–15.0 ka) are excluded. Only the oldest data
group (24.0–16.8 ka) shows a significant positive intercept (arrow), indicating inorganic nitrogen con-
tribution. (b) C/N versus bulk d15N for the four age groups with respective regression lines. Symbols as in
Figure 3a. Also shown is the combined regression for all data older than 11.5 ka BP and its parameters.
The slope of this line is used to correct bulk d15N for terrestrial inputs (see text and Figure 4).

1Auxiliary materials are available in the HTML. doi:10.1029/
2011PA002156.
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we move the data points along the regression line for all data
older than 11.5 ka to a C/N ratio of 9, the mean value of the
Holocene data group (d15Ncorr = ((9 − rC/N) / −4.96) + d15N;
Figure 4). Because using individual regression lines for
different age groups does not change the general picture, we
applied the same correction to all pre‐11.5 ka data. A more
thorough analysis would require determining the terrestrial
end‐member value and calculating the exact mixing line.
However, as we do not have sufficient constraints for the
nitrogen isotopic composition of the terrestrial end‐member,
we are using this linear approximation.
[21] The correction increases the d15N of bulk marine

organic matter during the glacial by almost 1‰, suggesting
that the “true” (i.e., marine) d15N values during the glacial
period were about 1‰ more positive than during the
Holocene, and as high as during the deglacial d15N peak
observed in the uncorrected record (Figure 4). Hence, the
corrected bulk d15N record supports the conclusions drawn
from the FB‐d15N data that the d15N of marine organic
matter was significantly higher during the last glacial
compared to the Holocene. Still, the bulk record shows a
substantially smaller change than indicated by the FB‐d15N
data.
[22] However, the C/N ratio data suffer from ambiguities

involving a possible inorganic nitrogen contribution. Inor-
ganic nitrogen would work to lower the glacial C/N ratios to
some extent, erasing the signal of terrestrial organic matter
input while most likely contributing additional low‐d15N
nitrogen to the sediment [Schubert and Calvert, 2001].
Therefore, the correlation between d15N and C/N yields a
conservative estimate for the impact of terrestrial inputs,
especially in the glacial part of the record before 16.8 ka,
when inorganic nitrogen seems to be present in significantly
larger amounts. Since the estimate of Ninorg contribution
from the intercept of the TOC‐TN regression (Figure 3a) is
only a rough approximation and depends on the definition of

group boundaries (Figure S2 of the auxiliary material), we
did not correct C/N ratios for inorganic nitrogen. However,
a sensitivity test using different possible ways for an Ninorg

correction of C/N reveals that a bulk d15N record that is
corrected for both terrestrial and inorganic nitrogen con-
tributions can be as high as 5.5‰ in the glacial sediment
(Figure S2 and gray shaded area in Figure 4), which would
bring the bulk record into good agreement with FB‐d15N.
Hence, the divergence between bulk and FB‐d15N in the
glacial section of the core can be fully explained by the
effects of significant terrigenous organic and inorganic
nitrogen input. In the following, we only apply the C/N‐
based correction, as we regard the correction for the inor-
ganic contribution as overly sensitive to assumptions.

3.2. Regional Comparison

[23] Comparison of the FB‐d15N data from Orca Basin
with a deglacial FB‐d15N record from the close‐by Ocean
Drilling Program Site 999 in the Colombian Basin of the
Caribbean Sea [Ren et al., 2009] reveals very similar glacial
and late Holocene values at the two sites (Figure 4). Fur-
thermore, throughout the records, O. universa d15N is
almost identical at the two locations, with a glacial‐to‐
interglacial decrease of around 2.6‰ and a clear deglacial
peak. The Caribbean and the GOM are located along the
same path of surface and intermediate waters from the
tropical to the subtropical North Atlantic, with the GOM
being downstream of the Caribbean. The consistent glacial‐
to‐interglacial decrease in FB‐d15N therefore confirms the
previous interpretation of a region‐wide increase in N2‐

fixation from the last ice age to the Holocene, lowering the
thermocline nitrate d15N [Ren et al., 2009]. The similarity of
the O. universa signal at the two sites throughout the records
suggests that this subsurface dwelling species is the best
recorder of such changes in regional thermocline nitrate
d15N. In addition to changes in regional N2‐fixation,

Figure 4. Comparison of Orca Basin FB‐d15N, corrected bulk d15N from Orca Basin, and FB‐d15N from
ODP site 999 in the Caribbean Sea [Ren et al., 2009]. The inset illustrates the correction of bulk d15N
before 11.5 ka by shifting data along the regression line of C/N versus d15N to C/N = 9. For the cor-
rection, data from the homogenous interval (14.6–15.0 ka) were excluded. Grey shaded area depicts range
of results of a sensitivity test for additional correction of bulk d15N for Ninorg (see auxiliary material).
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the subsurface nitrate d15N is influenced by variations in
mean ocean nitrate d15N, which is likely the cause for the
observed deglacial peak in O. universa d15N. Such a max-
imum has been proposed based on similar deglacial features
in d15N records from diverse settings worldwide [e.g.,
Altabet et al., 2002;Galbraith et al., 2004;Ganeshram et al.,
2000; Kao et al., 2008;Meckler et al., 2007] and is predicted
by models simulating the denitrification changes that
occurred globally in sediments and the water column at the
end of the last ice age [Altabet and Curry, 1989; Deutsch
et al., 2004].
[24] In contrast to O. universa, the FB‐d15N of the mixed

layer dwelling species G. ruber shows clear differences
between Orca Basin and Site 999 until values converge in
the late Holocene. While G. ruber d15N in the Orca Basin is
slightly higher than at Site 999 during the last glacial
maximum, the deglacial and early Holocene parts of the
records from about 17 ka to 8 ka are characterized by much
lower G. ruber d15N in the GOM compared to the Carib-
bean. The cause of this difference between the two sites and
the divergence between species at Orca Basin during the
deglacial period is as yet a mystery. One option is that the
deglacial and early Holocene GOM was characterized by
much stronger depth gradients in the d15N of particulate
organic nitrogen (PON) compared to the Caribbean Sea. In
addition, G. ruber lives near the sea surface and is therefore
likely more susceptible than O. universa to local influences
affecting the surface ocean.
[25] One difference between the two core sites is the

proximity of Orca Basin to the Mississippi River, which was
even greater when sea level was lower during the last ice
age. Furthermore, large amounts of freshwater from the
melting Laurentide ice sheet were delivered to the GOM
during deglaciation. The potential influence of the Mis-
sissippi input on Orca Basin FB‐d15N is twofold. First, input
of isotopically light dissolved or small particulate nitrogen
could have decreased the isotopic composition of surface
plankton, and second, the freshwater input could have led to
a stronger stratification of the water column compared to
today. However, the timing of meltwater input and sea level
rise likely caused these influences to decrease with time
through the deglaciation. The (G. ruber‐based) d18O record
from Orca Basin (Figure 2) [Flower et al., 2004; Meckler
et al., 2008] shows that the meltwater input was most pro-
nounced before the Younger Dryas, i.e., before 12.9 ka, and
mostly ceased afterwards due to rerouting of the meltwater
toward the northern North Atlantic. In contrast, the largest
inter‐species divergence in d15N is observed after this input
had declined. The deglacial rise in sea level continuously
increased the distance between Mississippi river mouth and
Orca Basin from 19 ka onwards, and the Orca Basin
d18Oseawater record [Flower et al., 2004] shows no sign of a
substantial change in salinity after the Younger Dryas.
Hence, the Mississippi‐related influences might have con-
tributed to the earlier part of the species divergence in
FB‐d15N at Orca Basin and the difference in G. ruber d15N
between Orca Basin and Site 999, but they appear to have
inappropriate timing to explain the long duration of this d15N
difference through the Younger Dryas and into the Holocene.
[26] Another potential factor is a local increase in N2‐

fixation confined to the GOM, affecting mostly the PON
and recycled nitrogen in the surface mixed layer, while not

strongly altering the d15N of thermocline nitrate. The large‐
scale circulation in the region is dominated by the Caribbean
Current, which brings waters from the tropical Atlantic into
the Caribbean, and then flows around the Yucatan peninsula
into the Gulf of Mexico as the Loop Current, before exiting
again around the southern tip of Florida. Due to this surface‐
intensified circulation much of the isotopic imprint of N2‐

fixation occurring in surface waters in the GOM might
therefore be exported laterally into the North Atlantic
instead of accumulating in the GOM thermocline, where it
would be recorded by the thermocline dwelling O. universa.
Thermocline nitrate d15N at Orca Basin instead likely
reflects the integrated isotopic imprint of the N2‐fixation
that occurs in tropical Atlantic waters as they flow north-
ward [Deutsch et al., 2007; Knapp et al., 2008;Moore et al.,
2009], explaining the good correspondence of the d15N of
O. universa at the Caribbean Site 999 and Orca Basin.
G. ruber d15N, in contrast, would be more sensitive to var-
iations in local surface water N2‐fixation in such a system,
and would be expected to reflect a combination of variations
in thermocline nitrate d15N and local surface inputs of
nitrogen. If this interpretation is correct, then the strength of
local N2‐fixation should be reflected by the magnitude of the
difference between G. ruber and O. universa d15N, sug-
gesting that N2‐fixation rates in the vicinity of Orca Basin
peaked during deglaciation. During the early Holocene, in
contrast, the difference between the two species stays
approximately constant, suggesting that the decrease in
FB‐ and bulk d15N during this time might be due to a
combination of a more regional N2‐fixation increase further
south and the proposed decrease in mean ocean nitrate d15N
after the deglacial peak [Deutsch et al., 2004]. It is important
to note that at Site 999 in the Caribbean, the opposite trend
in species differences has been observed, with records
converging at around 16 ka. This discrepancy between the
sites could be due to differences in the extent to which
subsurface d15N variations are overprinted by local pro-
cesses, or in the extent to which surface d15N changes
penetrate through the euphotic zone. We hope to test our
interpretation of inter‐species differences in FB‐d15N at both
sites with further work in the Caribbean Sea and Gulf of
Mexico as part of a broader effort to develop a mechanistic
understanding of FB‐d15N differences among species.
[27] A possible influence on FB‐d15N that is difficult to

constrain is a change in food source of the heterotrophic
foraminifera. Since each trophic level is characterized by an
increase in the d15N of organic tissue by about 3.5‰
[Altabet, 1988; Deniro and Epstein, 1981; Montoya et al.,
2002], a change in preference of phytoplankton versus
zooplankton as food source, for example, would affect the
d15N of foraminifera. However, the good regional corre-
spondence of the O. universa records and the agreement of
G. ruber d15N with corrected bulk d15N at Orca Basin argue
for changes in the d15N of the nitrate and PON pools as
discussed above as the primary reason for the observed
variations in FB‐d15N.
[28] Together, the records from the Orca and Colombian

Basins argue clearly for a higher glacial d15N of tropical
Atlantic thermocline nitrate, indicating that the regional N2‐

fixation rate was reduced during the last ice age. This result
also suggests that Fe input is not the crucial factor deter-
mining the temporal changes in the N2‐fixation rates in this
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region and on the timescales we are investigating, since the
likely greater ice age input of dust and iron to the tropical
and subtropical Atlantic [Mahowald et al., 1999] did not
cause a corresponding increase in N2‐fixation rates. This
might be due to the presently already high iron input into
this region.

3.3. Global Implications

[29] With no evidence of glacial N2‐fixation having
responded to increased inputs of atmospheric dust to the
Atlantic, why then was N2‐fixation lower during glacial
periods, and what is the temporal relationship of the changes
in marine N2‐fixation in the Atlantic with the changes in
water column denitrification in the Indo‐Pacific? The Orca
Basin record is from an oligotrophic regime that is distant
from the Indo‐Pacific regions of water column denitrification

in a region where N2‐fixation is the dominant control on the
d15N difference of nitrate in the thermocline from that of
mean ocean nitrate [Knapp et al., 2008]. Hence, we can use
the data in comparison with the other available records to
assess the interplay of denitrification and N2‐fixation as well
as changes in mean ocean nitrate d15N.
[30] It is widely accepted that water column denitrification

increased from lower glacial levels in the major water col-
umn suboxic zones of the eastern Pacific and Arabian Sea.
This shift is well documented by several high‐resolution
nitrogen isotope records, showing a deglacial increase in
d15N, with a superimposed deglacial peak or double peak
(Figure 5). In the Eastern North Pacific and the Arabian Sea,
the strongest increase is observed at around 15 ka, the peak
is interrupted by low Younger Dryas values, and the early
Holocene decrease commences at around 10–9 ka [e.g.,

Figure 5. Global comparison of d15N records for Termination I. Shown are records from denitrification
zones in the east Pacific off Chile [De Pol‐Holz et al., 2006] and off California (Santa Barbara Basin)
[Emmer and Thunell, 2000], and the Arabian Sea off Oman [Altabet et al., 2002] and off Somalia
[Ivanochko et al., 2005] in comparison with the data from Cariaco Basin off Venezuela [Meckler et al.,
2007], Colombian Basin [Ren et al., 2009], and Orca Basin (this study). The uncorrected record from
Orca Basin is shown in gray, and FB‐d15N is shown by filled (O. universa) and open (G. ruber) circles.
The inset shows the core locations on a map displaying the major oxygen minimum zones (dark gray),
where most of the global water column denitrification is occurring. Some records are shifted for better
comparison.
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Altabet et al., 2002; Emmer and Thunell, 2000; Ivanochko
et al., 2005; Pride et al., 1999]. In the Eastern South Pacific,
the trends appear similar, but suggest a southern hemispheric
timing, with the increase in d15N starting already at around
18–17 ka and a temporary minimum during the Antarctic
cold reversal [De Pol‐Holz et al., 2006; Higginson and
Altabet, 2004].
[31] The overall last glacial‐to‐Holocene decrease in the

different d15N records from the Orca Basin and those from
the Caribbean suggest that local to tropical Atlantic‐scale
N2‐fixation responded to this global increase in denitrifi-
cation [Meckler et al., 2007; Ren et al., 2009]. If correct, this
lends strong support to the proposed N/P ratio feedback
[e.g., Codispoti, 1989; Gruber, 2004; Haug et al., 1998;
Tyrrell, 1999], which would work to stabilize the global
marine nitrogen budget on glacial‐interglacial timescales.
The strength of the feedback and hence the timescale of the
N2‐fixation response determines the amount of nitrogen that
is lost from the ocean during deglaciation [Deutsch et al.,
2004]. The identification of the exact onset of N2‐fixation
is hampered by the confounding imprint of the apparent
deglacial peak in mean ocean nitrate on the records from the
GOM and the Caribbean Sea. However, in the Orca Basin
record, the divergence between the O. universa d15N
(interpreted as being dominated by changes in thermocline
nitrate d15N) on the one hand, and the G. ruber and corrected
bulk d15N (interpreted as including a shallow mixed layer
signal) on the other hand, suggests an onset of N2‐fixation
before 16 ka at this location. While a possible influence
of meltwater‐related nutrient input into GOM surface waters
at the beginning of this divergence has to be acknowledged,
the observed timing would suggest a tight coupling of
N2‐fixation in the Atlantic to global changes in denitrifica-
tion, minimizing the deglacial loss of fixed nitrogen from
the ocean. In order to further investigate the question of
glacial‐interglacial changes in the marine nitrogen budget,
an assessment of changes in N2‐fixation in the other ocean
basins and their timing is necessary.
[32] In both Orca Basin and the Colombian Basin (Site

999), the overall decrease in d15N is largely completed in the
early Holocene. In contrast, a d15N record from the Cariaco
Basin off Venezuela shows a two‐step decrease reaching
into the late Holocene [Meckler et al., 2007] (Figure 5). The
second part of the decrease was interpreted to reflect a
re‐establishment of Saharan dust input after it had ceased in
the early Holocene during the African Humid Period
[Adkins et al., 2006]. That this later decrease in d15N is not
observed further north in the GOM and in the West Carib-
bean suggests that the inferred late increase in N2‐fixation is
either local to the Cariaco Basin or confined to the tropical
Atlantic. It is possible that the Intertropical Convergence
Zone acted as a rain curtain for Saharan dust in the region of
the Cariaco Basin until it migrated adequately southward
over the course of the Holocene [Haug et al., 2001]. Inter-
estingly, several d15N records from various settings world-
wide show late Holocene changes in d15N in either direction
[e.g., Altabet et al., 2002; De Pol‐Holz et al., 2006; Emmer
and Thunell, 2000; Kienast et al., 2008; Pride et al., 1999]
(Figure 5). The fact that not all records show such late
changes might suggest that these are independent of the
larger deglacial reorganizations in the marine nitrogen cycle

and instead confined to sites sensitive to Holocene variations
in climatic forcing such as the Intertropical Convergence
Zone migration.

4. Conclusions

[33] The Orca Basin data add to previous evidence for
proposed feedbacks within the nitrogen cycle that stabilize
the marine nitrogen budget on glacial‐interglacial timescales
[Galbraith et al., 2004; Haug et al., 1998; Kienast, 2000;
Meckler et al., 2007; Ren et al., 2009; Tyrrell, 1999]. While
the bulk sediment d15N record at face value exhibits similar
values during the glacial and Holocene, the combined sed-
iment data from the Orca Basin suggest that the bulk d15N
was lowered by terrigenous nitrogen input during glacial
times. When a C/N ratio‐based correction is applied, marine
d15N is found to have decreased by ≥1‰ from the last
glacial maximum to the late Holocene. The FB‐d15N data
support this evidence for a decrease in marine d15N since the
last ice age. Together with FB‐d15N data from the Colom-
bian Basin and bulk sediment d15N data from the Cariaco
Basin, these results argue against a strong sensitivity of N2‐

fixation on dust input on glacial‐interglacial timescales in
the subtropical West Atlantic and support instead a view that
the magnitude of N2‐fixation in the Atlantic is dominantly
coupled to that of water column denitrification in the Indo‐
Pacific Ocean.
[34] The divergence of FB‐d15N data from G. ruber and

O. universa during the deglaciation and early Holocene is
interpreted to reflect stronger vertical gradients in the d15N
of PON during these times. While a meltwater‐related input
of low‐d15N nitrogen and/or increase in stratification may
affect this difference during the deglaciation, the persistence
into the Holocene suggests that the divergence reflects an
early increase in N2‐fixation affecting primarily the surface
mixed layer where G. ruber dwells. Based on this interpre-
tation, N2‐fixation would have started to increase sometime
before 16 ka in the Gulf of Mexico, quickly after global
sedimentary and water column denitrification are thought to
have increased. Such a rapid response would suggest a strong
feedback between denitrification and N2‐fixation, limiting
nitrogen losses from the ocean during deglaciation.
[35] However, testing of this interpretation regarding the

timing of the N2‐fixation increase will require further work
on the controls of FB‐d15N. In particular, the divergence
among different foraminifera species was not observed upon
deglaciation in the Caribbean Sea [Ren et al., 2009], where
in fact a deglacial convergence of FB‐d15N of various
species was found. This difference between the two sites
may result from a stronger local signal of N2‐fixation in the
mixed layer of the Gulf of Mexico than in the open Carib-
bean, but this is only one of many possible interpretations.
[36] Bulk sedimentary d15N is the most widely used proxy

for changes in the marine nitrogen cycle, as it very efficiently
obtained. This study highlights one of the limitations of this
proxy when applied in continental margin settings where
terrestrial overprint is likely, while also suggesting the utility
of correcting the isotopic data based on other bulk sediment
parameters. Furthermore, the similarity of the bulk and
foraminifera‐bound d15N records in the Holocene suggests
that the two proxies do converge under optimal conditions.
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