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[1] Study of bulk nitrogen contents and isotopic composition in Arctic Ocean sequences (Integrated Ocean
Drilling Program Expedition 302) over the past 60 Ma revealed changes in the export flux and sources of
sedimentary nitrogen. The paleoproductivity calculated from the fraction of organic nitrogen to total nitrogen is
distinctly lower (<20 g C m�2 a�1) during the ice-covered Neogene compared to the ice-free, warm, and
biologically active early Paleogene (�50–100 g C m�2 a�1). Nitrogen isotope measurements from late
Paleocene to early Eocene sediments provide evidence for a stepwise stratification and nutrient depletion in
surface water masses. Cyanobacterial nitrogen fixation appeared to be the main source of nutrient N in the Arctic
Ocean during the early-middle Eocene characterized by conditions of strong oxygen depletion, high nutrient N
losses, and high organic carbon accumulation rates. We speculate that biological CO2 sequestration in the Arctic
Ocean and enhanced organic carbon burial rates may have contributed to lower atmospheric CO2 subsequent to
the early Eocene climate optimum.
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1. Introduction

[2] The marine N cycle in the Arctic Ocean prior to the
last glacial cycle is not well constrained [Stein and
MacDonald, 2004]. The modern Arctic Ocean is a well-
stratified, nutrient-poor basin characterized by low primary
productivity and underlain by sediments with low organic
matter contents [Aagaard et al., 1985; Schubert et al., 2001;
Stein and MacDonald, 2004]. Variations in nitrogen isotope
ratios (d15N) in surface sediments generally reflect differ-
ences in relative nutrient utilization [Schubert and Calvert,
2001]. However, variability in sedimentary d15N values
during the last glacial/interglacial cycle may also have
depended on changes in water column stratification. Lower
d15N values during the Last Glacial Maximum compared to
the Holocene probably resulted from extensive sea ice cover
that promoted vigorous exchange between surface and
deepwater nitrate sources [Schubert et al., 2001].
[3] Different conditions may have existed during the early

Paleogene, when a warm ice-free, brackish and biologically
productive environment prevailed in the Arctic Ocean
[Backman et al., 2006; Moran et al., 2006]. Stein et al.
[2006] concluded based on detailed organic-geochemical
records constructed from Integrated Ocean Drilling Program

(IODP) Expedition 302 (Arctic Ocean Coring Expedition
(ACEX)) core material that euxinic ‘‘Black Sea-type’’
conditions existed throughout the early to middle Eocene
(�53–44 Ma). Salinity stratification due to variable fresh-
water discharge in combination with high surface water
productivity, enhanced export of phytoplanktonic organic
carbon (OC) and/or the flux of laterally supplied terrestrial
OC are most likely responsible for this development. A
brackish environment for the middle Eocene ‘‘Azolla’’
freshwater event [Brinkhuis et al., 2006] is inferred from
the consistent dominance of low-salinity dinoflagellate
cysts and abundant chrysophyte cysts [Backman et al.,
2006]. A similar setting inferred from the dominant abun-
dance of low-salinity-tolerant dinoflagellate cysts is sug-
gested for the Paleocene-Eocene transition [Sluijs et al.,
2006; Pagani et al., 2006].
[4] The nutrient inventory in this environmental setting

and its implications are unresolved. An important question is
whether surface water productivity in the Paleogene Arctic
Ocean was much higher compared to the Neogene as
inferred from micropaleontological [Backman et al., 2006;
Sluijs et al., 2006] and geochemical data [Stein et al., 2006],
and if so, is the enhanced production related to increased
fluvial nutrient supply as suggested by Pagani et al. [2006].
If the latter holds true, has marine productivity eventually
increased in response to increased nutrient inventories and
thus forced enhanced CO2 uptake that may have contributed
to the atmospheric CO2 decline during the early Eocene
[Pearson and Palmer, 2000; Lowenstein and Demicco,
2006]? In this paper, we use sedimentary nitrogen content
and its isotopic signature along with bulk organic proxies
(TOC, Rock Eval pyrolysis) and published micropaleonto-
logical data to investigate possible changes in paleoproduc-
tivity (PP), nutrient supply and the potential importance of
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atmospheric nitrogen (N2) fixation in the Cenozoic Arctic
Ocean.

2. Material and Methods

[5] The sediment sequence (approximately 430 m)
recovered from the Lomonosov Ridge (Figure 1) during
ACEX spans the Cenozoic and is divided into four major
lithologic units (details given by Backman et al. [2006] and
Moran et al. [2006]). According to the existing age model
[Backman et al., 2006] the upper �200 mcd (meter com-
posite depth) extends from the early Miocene to the present
with average sedimentation rates of 1–2 cm ka�1, while the
sequence from �200 to 390 mcd are late Paleocene to the
early middle Eocene (�44–56 Ma) in age with average
sedimentation rates of �1 to 3 cm/ka. Total nitrogen (Ntot)
content and its organic (Norg) and inorganic (Ninorg) fractions
have been analyzed for the upper three units (0–400 mcd)
consisting of siliciclastic, organic carbon-poor (unit 1),
microlaminated, organic carbon-rich and biosilicious-rich
(unit 2), and siliciclastic sediments (unit 3) with variable

organic carbon content (Figure 2). The nitrogen isotopic
compositions of the total (d15Ntot) and organic (d15Norg)
fractions are determined for the interval 295–303 mcd
and 367–391 mcd representing the Paleocene/Eocene
transition (�56–53 Ma) and the ‘‘Azolla’’ freshwater
event (�49–48 Ma), respectively. d15Ninorg values will
be published elsewhere.
[6] Sediment samples (120) were analyzed for bulk

nitrogen and its isotopic signature in Neogene and Paleo-
gene sequences of IODP Leg 302 core material using the
analytical procedures of Knies et al. [2007]. Briefly, total
nitrogen (Ntot in wt %) content was determined on 20 mg
of freeze-dried and homogenized sediment sample. A
second aliquot of equal mass was treated with KOBr-
KOH solution to remove organic nitrogen (Norg) and the
amount of inorganic nitrogen (Ninorg in wt %) bound as
ammonium to the fine-grained sediments was determined
[Silva and Bremner, 1966]. Total N (Ntot), inorganic N
(Ninorg), as well as the isotopic signature of total nitrogen
(d15Ntot) and inorganic nitrogen (d15Ninorg) were deter-
mined by elemental analyzer isotope ratio mass spectrom-

Figure 1. Paleogeographic map of the Northern Hemisphere around 50 Ma [Backman et al., 2006].
Arctic Ocean Coring Expedition (ACEX) core location is displayed in red. Abbreviations are NA, North
America; A, Asia; Gr, Greenland; and E, Europe. Arrows indicate surface water currents according to
Backman et al. [2006, and references therein].
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etry (EA-IRMS) on an ANCA-GSL/20-20 system (Europa
Scientific, Crewe, UK). Approximately 20% of the samples
were analyzed in duplicate producing a mean standard
deviation of 0.16%. The results are in the per mil notation
(% versus air). Reference material IA-R001 (wheat flour;
d15N value = 2.55%, 1.88% N (w/w)) was obtained from
Iso-Analytical Ltd. and analyzed repeatedly throughout
sample analysis to check the accuracy of the measure-
ments. The precision for treated and untreated samples was
better than ±0.2% (n = 120).
[7] Norg content and d15Norg values were calculated from

the measured amounts of Ntot and Ninorg and isotopic values
d15Ntot and d15Ninorg using isotope mass balance [Schubert
and Calvert, 2001]. The possible influence of exchange-
able nitrogen that is bound to clay mineral surfaces was
not considered in this study. However, earlier studies
[Müller, 1977; Freudenthal et al., 2001; Knies et al.,
2007] in various settings have shown that the exchange-
able nitrogen fraction represents a minor proportion,

showing that exchangeable nitrogen is below 5 and 1%
of the total nitrogen, respectively.
[8] The phosphorus content was determined on freeze

dried and homogenized sediments, mixed with 3600 mg
of a mixture of dilithiumtetraborate/lithiummetaborate
(50% Li2B4O7/50% LiBO2), preoxidized at 500�C with
NH4NO3 (p.a.), and fused to glass beads. All samples were
analyzed for the major elements, including Al and P by XRF
using a Philips PW 2400 X-ray spectrometer. Analytical
precision and accuracy were better than 5% for all elements,
as checked by international and several in-house reference
materials.

3. Results and Discussion

3.1. Organic Matter Sources Inferred From Various
Nitrogenous Fractions

[9] The Cenozoic sediments in the Arctic Ocean are
characterized by two distinctly different Ntot contents.

Figure 2. Down core variations of total organic carbon and total nitrogen as well as its various fractions
(organic and inorganic) and their relative amounts on the total nitrogen content. Recovery, lithological
units, and stratigraphic boundaries are displayed on the left-hand side [Backman et al., 2006].
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Neogene sediments (0 to �200 mcd) are almost devoid of
nitrogen (0.02–0.06%, Figure 2). Below the hiatus sepa-
rating lithological subunits 1/5 and 1/6, high-amplitude
variations in Ntot between 0.05 and 0.2% occur (Figure 2).
Ntot contents are highest (0.3%) in subunit 1/5 sediments.
Unfortunately the stratigraphic age of subunit 1/5 is not
well constrained [Backman et al., 2006]; therefore it is not
discussed further. Consistently high Ntot (mean 0.14%)
occur in biosilicious oozes of unit 2 while short-term
fluctuations mark the late Paleocene-early Eocene transi-
tion (unit 3) (Figure 2). Various fractions of Ntot can
represent different sources (aquatic versus terrigenous) of
OM and may be quantitatively separated (Figure 2).
Recent studies from the marginal Arctic Ocean indicated
the potential of using relative amounts of Ninorg and Norg

to track inputs of terrigenous (TOM) and aquatic/marine
organic matter (MOM) to marine sediments [Winkelman
and Knies, 2005; Knies et al., 2007]. Applying this
approach to the ACEX records, we identify a prominent
pattern in organic matter (OM) supply for Neogene sedi-
ments. Percent Ninorg (defined asNinorg/Ntot percent, Figure 2)
indicates dominant TOM input to Arctic Ocean sediments
consistent with the well-know depositional environment
during the last glacial/interglacial cycle [e.g., Schubert
and Stein, 1996; Stein and MacDonald, 2004]. The dom-
inance of inorganic nitrogen (>80% Ninorg) in generally
nitrogen-poor sediments strongly suggests low-productive,
presumably annual sea ice-covered surface waters
throughout the Neogene and is consistent with the
presence of ice-rafted debris [Moran et al., 2006] indi-
cating glacial erosion and fluvial (meltwater) outwash of
the adjacent hinterland. This is also supported by persis-
tently elevated maximum pyrolytic hydrocarbon genera-

tion temperatures (Tmax > 450�C) determined by Rock
Eval indicating allochthonous, reworked, highly mature
OM in Neogene sediment sequences (Figure 2) [Backman
et al., 2006].
[10] Our records of various nitrogenous fractions indi-

cate that the depositional environment during the Paleo-
gene ‘‘greenhouse’’ was quite different from the Neogene
‘‘icehouse’’ conditions [Moran et al., 2006]. Percent
Ninorg content is distinctly lower in Paleogene sequences
compared to the Neogene (Figure 2). Particularly, the
biosilicious oozes of unit 2 are characterized by constantly
high percent Norg values (>40%) suggesting the predomi-
nance of MOM input that is consistent with the interpre-
tations of bulk organic data and kerogen microscopy
[Stein et al., 2006]. A trend to lower percent Norg values
occurs near the Paleocene/Eocene boundary (Figure 2).
Particularly, prior and subsequent to the Paleocene-Eocene
thermal maximum (PETM), significantly higher amounts of
percent Ninorg indicate pulses of enhanced TOM input most

likely resulting from variability in sea level (Figure 2)
[Sluijs et al., 2006; Stein et al., 2006].

3.2. Paleoproductivity in the Arctic Ocean Over the
Past 60 Ma

[11] To obtain quantitative information on paleoproduc-
tivity changes in the Arctic Ocean over the past 60 Ma, we
estimated paleoproductivity (PP) in surface waters from
marine organic carbon data of the underlying sediments
[Knies and Mann, 2002, and references therein]. Applying
marine organic carbon as a paleoproductivity proxy has
been extensively discussed for Cenozoic sediments under-
lying oxic and anoxic bottom waters [e.g., Müller and
Suess, 1979; Brumsack, 1980; Stein, 1986, 1991; Sarnthein
et al., 1987, Bralower and Thierstein, 1984]. The amount of
marine organic carbon was derived from percent Norg data
which is reasonable to assume based on the correlation of
percent Norg with Rock Eval hydrogen index (HI) values
and kerogen microscopy (Figure 3, see discussion above);
the latter two are well-established tracers for separating
terrigenous (higher plant) and aquatic (fresh water and/or
marine) OM [e.g., Stein et al., 2006]. High percent Norg

values generally coincide with HI values >250 mg HC/g
TOC reflecting a gradual increase in hydrogen-rich MOM
supply (Figure 3).
[12] Primary productivity was estimated using the method

of Knies and Mann [2002, and references therein]. Their
equation includes the three main processes relating marine
sedimentary organic carbon content to primary productivity
in surface water: (1) decomposition of primary produced
OM in the water column, (2) decomposition in sediments
(burial efficiency), and (3) dilution by inorganic sediment.
[13] These factors are numerically expressed as

organic carbon flux

#

MOC ¼ 0:409PP1:41*z�0:63

10

� �
*

dilution

#

100

DBD*LSR

� �
*

burial efficiency

#

0:54� 0:54*
1

0:037*LSR1:5 þ 1

� �� � ð1Þ

where MOC is marine organic carbon (in percent), PP is the
primary productivity (in g C m�2 a�1), z is the water depth
at the time of deposition (in m), DBD is the dry bulk density
of sediment (in g cm�3), and LSR is the linear sedimenta-
tion rate (in cm ka�1).
[14] Marine organic carbon contents were transformed

into mass accumulation rates using the mean sedimentation
rates and physical property data of Backman et al. [2006].
Paleowater depth estimates in the Arctic Ocean over the past
60 Ma were derived from Moore and Leg 302 Expedition
Scientists [2006]. Solving equation [1] for PP allows esti-
mation of primary paleoproductivity of the overlying surface
water from sediment data:

PP ¼ MOC*0:378*DBD*LSR*z0:63

1� 1

0:037*LSR1:5 þ 1
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0
BB@

1
CCA

0:71

ð2Þ
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[15] Estimated PP for Neogene sediments of Leg 302 is
low, generally less than 20 g C m�2 a�1 (Figure 3). These
values may reflect the low-productive, presumably annual
sea ice-covered environment and are comparable with
present-day PP values in the Central Arctic [e.g., Wheeler
et al., 1996; Sakshaug, 2004]. In contrast, estimated PP values
during the early Paleogene in Leg 302 sediments are
remarkably high, but display strong fluctuations (Figure 3).
Paleogene PP increases threefold relative to the Neogene and
generally range between 40 and 80 g C m�2 a�1, agreeing
very well with calculated PP value of 50–75 g C m�2 a�1

published by Stein [2007]. Within the ‘‘Azolla’’ freshwater
event (AFE) PP reaches maximum values of 120 g C
m�2 a�1 (Figure 3). Stein et al. [2006] suggested that a
euxinic environment and increased OM preservation existed
during deposition of unit 2 and partly unit 3, therefore
calculated PP values may be slightly lower (see red curve
in Figure 3) since euxinic conditions in sediments potentially
would have preferentially preserved OM. These distinctly
higher Paleogene PP estimates compared to the Neogene
indicate a change in environmental conditions suggesting
ice-free conditions allowing year-round surface water pro-

Figure 3. (a) Data compilation of kerogen microscopy (terrigenous macerals in percent), temperature at
maximum hydrocarbon generation (Tmax in �C), and Rock Eval hydrogen index [Backman et al., 2006;
Stein et al., 2006] versus relative amounts of organic nitrogen on the total nitrogen fraction (percent Norg).
(b) Percent Norg-based estimate of marine organic carbon (MOC) and total organic carbon contents as
well as calculated paleoproductivity using the formula of Knies and Mann [2002, and references therein].
Black smoothed curve shows moving average PP data; red smoothed curve shows moving average PP
data assuming increased preservation under anoxic conditions, i.e., applying a preservation factor of 1
according to Bralower and Thierstein [1984]. Recovery, lithological units, and stratigraphic boundaries
are displayed on the left-hand side.
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ductivity. Surprisingly, PP estimates remains consistently
high despite evidence for ice in the Arctic Ocean since
�45 Ma [Moran et al., 2006] indicating that seasonal
(winter) sea-ice formation did not significantly effect
annual primary production estimates. Relative to PP in
modern environments estimated Paleogene PP is charac-
teristic of enclosed and/or silled oceanic basins such as the
Baltic Sea or Black Sea [Romankevich, 1984; Berger et
al., 1989; Stein, 1991; Antoine et al., 1996] supporting the
reconstruction of ‘‘Black Sea-type’’ conditions in the
Paleogene Arctic Ocean [Stein et al., 2006]. For develop-
ing these ‘‘Black Sea-type’’ conditions, Sluijs et al. [2006]
and later Stein et al. [2006] suggested that in addition to
decreased mixing, increased primary production due to
enhanced fluvial runoff might have caused euxinic con-
ditions. This is neither supported nor confirmed by our PP
calculations because the onset of euxinia was probably not
recorded [Sluijs et al., 2006]. Arthur and Dean [1998]
showed for the Black Sea that the development of anoxia

was probably triggered by a short-term (2–3 ka) burst of
primary production, while anoxic conditions persisted
subsequently throughout the water column despite much
lower primary production and decreased flux of OM. The
latter is in agreement with our observations that only
moderate PP values (�100 g C m�2 a�1) in highly
stratified waters provided the necessary preconditions to
sustain anoxic conditions throughout the early middle
Eocene. We now focus on two prominent global climate
events during the Paleogene, the PETM and the ‘‘Azolla’’
freshwater event, and discuss the coupling of moderate PP
values in stratified waters using the nutrient inventory in
the following section.

3.3. Negative Nitrogen Isotope Excursions During
Extreme Climate Events

[16] The d15N record of the total (d15Ntot) and organic
nitrogen (d15Norg) during the Paleocene-Eocene transition
ranges from �3.0 to �2.0% and �4.0 to �3.0%, respec-

Figure 4. Down core variations of total phosphorus (P in percent), phosphorus/aluminium (P/Al) ratio,
d13C of organic carbon, d15N of total and organic nitrogen, and Rock Eval hydrogen index during course
of the (top) ‘‘Azolla’’ freshwater event and (bottom) Paleocene-Eocene thermal maximum (PETM). Core
recovery and stratigraphy are displayed.
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tively (Figure 4). The change to lighter values in the
organic fraction is likely due to contributions of inorganic
nitrogen to the Ntot. Both records show a stepwise deple-
tion in 15N as a function of time from higher d15N values at
the Paleocence-Eocene boundary interrupted by short-term
negative excursions during the PETM (<0.5%) and the
‘‘Elmo event’’ (<0%) [Sluijs et al., 2006; Stein et al., 2006] to
generally lower d15N values (<�1%) during the middle
Eocene ‘‘Azolla’’ freshwater event (Figure 4) [Brinkhuis et
al. 2006].
[17] The negative nitrogen isotope values occur only in

sediments that are generally enriched in organic carbon
(units 3 and 2) implying a close relationship to changes in
the fertility of surface waters and coincident changes in the
nutrient cycling in the Paleogene Arctic Ocean. Alternative-
ly, the stratigraphic d15N records indicate that diagenetic
overprint during particle settling and/or post depositional
isotope fractionation are significantly different between
organic carbon-rich and carbon-poor sediment sequences.
The latter issues are probably of less relevance because of
the following reasoning: (1) Moderate to good preservation
of sedimentary OM in productive and oxygen depleted
settings result in little diagenetic effects on d15N values
compared to sinking particles [e.g., Altabet et al., 1999a,
1999b]. Although only studied in modern settings, similar
conclusions may be drawn from the ‘‘Black Sea-type,’’
oxygen deficient conditions in the Paleogene Arctic Ocean.
(2) Postdepositional isotope effects associated with changes
in thermal maturity and admixture of terrestrial-derived
inorganic nitrogen (i.e., 14NH4

+ uptake onto clays) [Rau et
al., 1987] is excluded because Rock Eval Tmax values <
425�C indicate thermally immature OM [Stein, 2007] and
Ninorg was removed prior to nitrogen isotopic analyses. The
small offset (mean 0.9%) between the d15Ntot and d15Norg

confirms that there is little net influence of NH4
+ generation

and/or, vertical diffusion, and adsorption between lattices of
clay minerals on the sedimentary d15N values.
[18] Thus, by excluding diagenetic alteration of d15N

values, we suggest that the ACEX sediment record directly
reflect the d15N values of past inputs from the water
column. Generally, d15N values of MOM in open ocean
sediments reflect the extent of nitrate utilization by phyto-
plankton and the d15N of subsurface nitrate [e.g., Altabet
and Francois, 1994; Farrell et al., 1995]. However, in
oxygen-deficient environments, denitrification can cause a
loss of biologically available nitrogen to the atmosphere
(as N2O and N2), which leads to 15N enrichment of the
remaining substrate at the depth of oxygen consumption
[Cline and Kaplan, 1975]. Indeed, euxinic conditions in
the Arctic Ocean would likely have favored denitrification
in the water column resulting in 15N enrichment in the OM
in underlying sediments. However, this is not supported by
the sedimentary isotope data. Encoding the isotopic signa-
ture of denitrification in the sediments requires upwelling
of a 15N-rich water mass into the photic zone. If on the
contrary, N2 fixation were occurring in surface waters, the
biological input of the biomass of diazotrophs (�0 to �4%
[e.g., Carpenter et al., 1997; Holl et al., 2007]) would lead
to very significantly reduced values of d15N of particulate
nitrogen. Indeed, sediment d15N values are constantly low

(<0%) during phases of high organic carbon flux and
persistent oxygen deficiency, and approach values similar
to the oceanic mean d15N-NO3

� (4–5%) [Sigman et al.,
1999] only during short-term intervals prior and subsequent
to the PETM when oxic conditions prevailed (Figure 4)
[Stein et al., 2006]. Accordingly, atmospheric dinitrogen
(N2) fixation must be considered likely during periods of
high OM supply, which was concomitant with denitrifica-
tion in suboxic waters overlying anoxic water masses.
Apart from oligotrophic oceanic regions where N2 fixation
is a widely known phenomenon [e.g., Karl et al., 1997, and
references therein], evidence for N2 fixation also exist from
oxygen depleted, stratified modern and ancient (semien-
closed) oceanic basins [Rau et al., 1987; Walsh, 1996;
Capone et al., 1997; Brandes et al., 1998; Haug et al.,
1998; Sachs and Repeta, 1999; Septhon et al., 2002;
Kuypers et al., 2004; Sigman et al., 2005; Westberry and
Siegel, 2005; Voss et al., 2005; Deutsch et al., 2007;
Junium and Arthur, 2007; White et al., 2007].
[19] In the well-stratified and euxinic Arctic Ocean,

upwelling of nitrate deficit waters generated in oxygen
minima zones by denitrification and/or anammox bacteria
[Cline and Kaplan, 1975; Kuypers et al., 2003] followed by
Redfield-type nutrient drawdown should result in nitrate
limitation in the photic zone and may have given N2-fixing
organisms an ecological advantage. The excess of phos-
phate in these laminated, organic-rich sediments (Figure 4)
in conjunction with precipitation of carbonate fluorapatite
CFA (C. Vogt, personnel communication, 2007) from the
Arctic Ocean directly supports this suggestion. Phospho-
genesis and water column denitrification are closely coupled
processes in oxygen-depleted environments [Codispoti,
1989; Ganeshram et al., 2002] resulting in a deficit of
nitrate relative to phosphate in anoxic water masses. Occa-
sional perhaps wintertime mixing would deliver to surface
waters nutrient concentrations depleted in N relative to P
(low N:P ratio), which would favor the growth of N2 fixers
until P became depleted [Tyrrell, 1999; Deutsch et al.,
2007]. Excretion of organic and inorganic N by diatrophs
and remineralization of the biomass may have released a
15N depleted nitrogen source for algal growth in the photic
zone. Another plausible explanation follows the reasoning
for sapropel formation in the Mediterranean Sea [Sachs and
Repeta, 1999], where high abundances of specific diatom
assemblages supporting nitrogen-fixing bacterial symbionts
existed in stratified, nutrient-impoverished waters and con-
tributed extensively to the organic-rich nature of the sapro-
pels [Kemp et al., 1999]. However, it is currently unclear
whether any members of the diatom assemblage in the
Arctic sediments were able to live in symbiosis with N2

fixers (K. Takahashi, personnel communication, 2006).
However, Backman et al. [2006] reported the regular
occurrence of the diatom Hemiaulus spp. in lithological
unit 2. Laboratory and field studies have demonstrated that
Hemiaulus spp. has specific adaptations for stratified waters
including symbiosis with N2-fxing bacteria [Villareal, 1991;
Carpenter et al., 1999] and that these diatoms contributed to
the formation of organic-rich Mediterranean sapropels
[Kemp et al., 1999], a hypothesis that might be tested using
nitrogen isotopic analyses of diatom matrix organic matter
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[Robinson et al., 2005]. Moreover, Azolla aquatic fern is
associated with nitrogen-fixing symbionts [Peters and
Meeks, 1989]. Regardless of the dominant process, other
sources of nitrogen such as rivers, rain, or exchange with
open ocean water may be unlikely because the isotopic value
of the nitrogen inventory, assuming modern conditions,
would be 15N enriched. Hence, we conclude that the unusu-
ally low d15N values are best interpreted as reflecting the
growth of N2-fixing organisms in nutrient-impoverished,
well stratified surface water masses during the early middle
Eocene suggesting that theses organisms played a major role
in the development of early Paleogene organic-rich deposits
in the Arctic Ocean.

3.4. Paleoceanographic Implications

[20] The Paleocene-Eocene thermal maximum (PETM)
represents a prominent and abrupt climate anomaly in
Earth history with sea surface temperatures increasing by
as much as 5�C in the tropics and the Arctic Ocean [e.g.,

Röhl et al., 2000; Thomas et al., 1999, 2002; Zachos et al.,
2003, 2006; Tripati and Elderfield, 2004; Sluijs et al.,
2006]. Evidence suggests that a rise in greenhouse carbon
levels (CH4 and/or CO2) was responsible for this global
warming [e.g., Dickens et al., 1995, 1997; Bowen et al.,
2004; Svensen et al., 2004]. The PETM response in the Arctic
Ocean was a drastic change in the depositional environment
from apparently near coastal, oxic to anoxic conditions; the
latter caused by increased sea surface temperatures and
fluvial runoff accompanied by higher nutrient load that
triggered primary production and thus oxygen deficiency
[Pagani et al., 2006; Sluijs et al., 2006; Stein et al., 2006].
[21] However, our proxy records do not support this

overall conclusion. Rather we suggest that the abrupt shift
to more negative d15N values during the PETM (the lower
bound of the PETM was probably not sampled because of
recovery problems [Sluijs et al., 2006]) marks a change in
the nitrogen inventory in the Arctic Ocean driven by a
coupling of denitrification with N2 fixation (Figure 5a). We

Figure 5. Paleoceanographic model showing suggested processes in the eastern Arctic Ocean during the
(a) PETM (anoxic, photic zone euxinia) and (b) middle Eocene (anoxic).
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suggest that nitrogen supply to the photic zone from
enhanced river runoff was insignificant compared to diazo-
trophy as the main nitrogen source. Nutrients imported
through runoff to the Arctic Ocean would rapidly have
been recycled and trapped in a nutricline-associated halo-
cline. The expansion and intensification of the euxinic
conditions during the PETM may have increased the con-
version of nitrate to N2 via denitrification (Figure 5a). A
deficit of nitrate relative to phosphate in the photic zone
would allow N2-fixing organisms to compete effectively
with or even outcompete other marine phytoplankton (dur-
ing summer stratification) and lead to low d15N values in
sinking material and sediments (during winter mixing and
fallout) [cf. Rau et al., 1987; Kemp et al., 1999]. The signal
may be amplified by the utilization of nitrogen derived from
15N depleted ammonium sourced from the underlying
euxinic water column, as suggested for the photic zone
euxinia during the Cretaceous OAE II [Junium and Arthur,
2007]; however, unless the significance of anaerobic am-
monium oxidation by anammox bacteria [e.g., Kuypers et
al., 2003] for the PETM is clarified this assumption remains
rather speculative.
[22] Thus enhanced fluvial runoff and rapid sea level rise

likely triggered the incursion of nutrient-rich waters during
onset of the PETM providing the baseline for phytoplankton
blooms and oxygen deficiency, but, contrary to previous
inferences, did not supply appreciable quantities of nitrogen
for enhanced phytoplankton production during the PETM.

Instead, N2-fixing organisms in a brackish, nutrient-
impoverished photic zone provided the N source, directly
through diazotrophy or indirectly through remineralization of
their biomass, to sustain phytoplankton growth and thus
higher organic carbon flux in the water column (Figure 5a).
By the end of the PETM, the system recovered, surface water
cooled and sea level dropped. N2-fixing organisms were then
outcompeted as soon as denitrification and primary produc-
tion ceased and riverine-derived TOM supply increased.
[23] Persistently low d15N values during the Azolla fresh-

water event (�49 Ma) (Figure 4) [Brinkhuis et al., 2006]
imply that the Arctic Ocean nitrogen inventory may have
still been sustained by diazotrophy (Figure 5b). Large
quantities of the fern Azolla indicate strong salinity strati-
fication and episodic freshening of Arctic surface waters
during a 0.8 Ma interval [Brinkhuis et al., 2006]. Oxygen
deficient conditions prevailed during this period [Stein et
al., 2006], but surface water temperatures were much cooler
during the Azolla event (�10�C) and TOM supply was
rather low compared to the PETM (Figure 5a) [Brinkhuis et
al., 2006; Stein et al., 2006]. Nonetheless, the low d15N
values imply that N2-fixing organisms likely sustained the
surface water productivity and thus may be the driving force
for anoxia (Figure 5b). The former is supported by the fact
that Azolla freshwater plant is typically associated with N2-
fixing symbionts [Peters and Meeks, 1989].
[24] This model of denitrification-N2 fixation coupling

has been linked to short-term global/regional climate per-

Figure 6. Compilation of carbon dioxide levels [Pearson and Palmer, 2000] and benthic foraminifer
d18O record [Zachos et al., 2001] during the early Cenozoic and the accumulation rates of marine organic
carbon in the central Arctic Ocean. Dashed lines represent two biostratigraphic datums (55 and 48.3 Ma)
in the ACEX record.
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turbations associated with anoxia such as the late Triassic
[Sephton et al., 2002], Cretaceous oceanic anoxic events
[Rau et al., 1987; Junium and Arthur, 2007], Pleistocene
sapropel formation in the Mediterranean [Sachs and Repeta,
1999] and glacial/interglacial cycles in the Cariaco basin
[Haug et al., 1998]. Recent observations for black shale
formation during the middle Cretaceous (oceanic anoxic
events (OAE) 1 and 2) [Kuypers et al., 2004] show that N2

fixation was likely the primary source of nutrient N for
marine phytoplankton growth that contributed to high
MOM accumulation under anoxic environmental condi-
tions. Kuypers et al. [2004] further speculated whether the
enhanced burial of organic carbon during OAEs may have
acted as a biological pump, effectively reducing carbon
dioxide (CO2) concentrations of the middle Cretaceous
‘‘greenhouse’’ atmosphere. Interestingly, enhanced burial
of organic carbon in the Arctic Ocean persisted from the
PETM/Elmo to the Azolla freshwater event (�55–49 Ma)
(Figure 6), only interrupted shortly prior to and after the
PETM. Pearson and Palmer [2000, and references therein]
argued that the decline in atmospheric CO2 subsequent to
the early Eocene climate optimum might have been caused
by various factors including reduced CO2 outgassing and
increased organic carbon burial. However, there is no direct
evidence for sequestering of organic carbon into marine
sediments in the Eocene. Bains et al. [2000] argued that
high rates of organic carbon burial at the Paleocene-Eocene
boundary might be indicative of a distinct cooling of the
PETM greenhouse climate by additional sequestration of
atmospheric CO2. However, this model has been argued
against in various studies [e.g., Dickens et al., 2003, and
references therein]. Yet it remains to be shown whether a
�5–6 million year long period of enhanced ‘‘biological
pump’’ was possibly fuelled by N2-fixing organisms in the
eastern Arctic Ocean between Lomonosov Ridge and the
Siberian mainland (Figure 1) (there is currently no evidence

for euxinic conditions in the western Arctic Ocean (Amer-
asian Basin)) and has any implications on global CO2

sequestration and thus atmospheric CO2 concentration dur-
ing the early Paleogene. At this stage, we can only speculate
that an analogue to the ‘‘Miocene Monterey Formation
hypothesis’’ [Vincent and Berger, 1985; Raymo, 1994]
occurred in the Arctic during the early middle Eocene,
namely, that high burial rates of marine organic carbon
may have contributed to the global decline in atmospheric
CO2 subsequent to the early Eocene climate optimum.

4. Conclusions

[25] Two prominent features in the nitrogen record of the
Cenozoic Arctic Ocean reveals that (1) a very low produc-
tive surface water environment that is characterized by
relatively high nutrient utilization prevailed throughout the
Neogene and (2) a moderately productive surface environ-
ment existed during the early Paleogene that was apparently
fuelled by N2-fixing organisms. Both periods were sup-
posed to be well stratified, however, in contrast to the
Neogene, a tight coupling of denitrification and N2 fixation
in an anoxic environment with a well-established pycno-
cline might have caused nitrate depletion relative to phos-
phate that stimulated N2 fixation during the early Paleogene.
We speculate that biological CO2 sequestration in the Arctic
Ocean and enhanced organic carbon burial rates may have
contributed to lower atmospheric CO2 subsequent to the
early Eocene climate optimum.
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