RESEARCH

PALEOCEANOGRAPHY

Nitrogen isotope evidence for
expanded ocean suboxia
in the early Cenozoic
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The million-year variability of the marine nitrogen cycle is poorly understood. Before

57 million years (Ma) ago, the >N/*N ratio (5*°N) of foraminifera shell-bound organic

matter from three sediment cores was high, indicating expanded water column suboxia

and denitrification. Between 57 and 50 Ma ago, 5'°N declined by 13 to 16 per mil in the

North Pacific and by 3 to 8 per mil in the Atlantic. The decline preceded global cooling

and appears to have coincided with the early stages of the Asia-India collision. Warm, salty
intermediate-depth water forming along the Tethys Sea margins may have caused the expanded
suboxia, ending with the collision. From 50 to 35 Ma ago, 5°N was lower than modern values,
suggesting widespread sedimentary denitrification on broad continental shelves. 5'°N rose at

35 Ma ago, as ice sheets grew, sea level fell, and continental shelves narrowed.

iologically available nitrogen (or “fixed N”)
is needed by all organisms and commonly
limits biological productivity. Accordingly,
the cycling of fixed N is tightly linked to
that of carbon and oxygen (O,) in the ocean.
Dinitrogen (N,) fixation by cyanobacteria in sur-
face waters is the ocean’s main source of fixed
N (7). The dominant sink is denitrification, the
biological reduction of nitrate (NO3") to N, dur-
ing the oxidation of organic matter at low O,
availability (7). Denitrification occurs in (i) marine
sediments, where rates are largely determined
by organic matter flux, and (ii) O,-depleted (sub-
oxic or anoxic) zones of the thermocline and
intermediate-depth water column, which oc-
cur today in the eastern tropical Pacific and the
Arabian Sea (I).
Given that water column denitrification re-
quires suboxia, the marine N cycle may have

responded to changes in ocean O, content in
the geological past (2, 3). Over the Cenozoic era
[66 million years (Ma) ago to the present], deep
ocean temperatures declined by 8° to 10°C (4),
which would have increased the solubility of O,
in seawater by roughly 20% (5). Here, we report
records of the 8"°N {defined as [(**N/™*Ngmpe)/
(**N/™N,;) — 11 x 1000}, of organic matter
bound within fossil planktonic foraminifera
shells (foraminifera-bound "N, FB-§"°N) (6) from
70 to 30 Ma ago to examine the ocean N cycle
across this period of global cooling.

Ocean nitrate records the combined N iso-
topic signals of the inputs (mainly N, fixation)
and outputs (mainly denitrification) of fixed N
to and from the ocean (7). N, fixation produces
oceanic fixed N with a 8'°N of approximately
-1 per mil (%o) (8, 9). Sedimentary denitrifica-
tion typically removes nitrate from the ocean
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with minimal isotopic discrimination owing to
complete nitrate consumption in the sediment
porewaters (10). In contrast, water column de-
nitrification expresses a strong preference for
“N-bearing nitrate (with an isotopic discrim-
ination of ~15 to 25%o), causing the residual
nitrate to be enriched in N in the shallow
subsurface water column within and near the
suboxic zones (11). Water column denitrifica-
tion is largely responsible for the elevation of
global mean ocean nitrate 5"°N relative to newly
fixed N (5 and —1%e., respectively) (12).

The production of N-containing biomass in the
surface ocean is fueled by nitrate supplied from
the shallow subsurface (~100 to 300 m depth),
and this nitrate reflects both the §"°N of mean
ocean nitrate and any regional isotopic imprint
of N, fixation and/or water column denitrifica-
tion. In regions of complete nitrate consumption,
both bulk sedimentary N and foraminifera-bound
N have been shown to reflect variations in the
5'°N of the shallow subsurface nitrate (13-15).
Most existing N isotope records are of bulk
sediment (2, 3, 16). In contrast to bulk sedi-
mentary organic matter, foraminifera-bound
organic matter is isolated within, and thus pro-
tected by, the mineral matrix of the foraminifera
shell wall, making it less vulnerable to isotopic
alteration during burial or to contamination by
exogenous N sources (14, 17, 18). Measurements
of bulk sediment N content and §'°N confirm the
benefit of FB-§'°N for our study of millions-of-
years-old sediment records (fig. S1). Most of the
data presented here are on sieved size fractions
of foraminifera shells of mixed taxa (6). By analyz-
ing picked foraminiferal genera for FB-8°N at
select depths, we verified that the mixed taxa FB-
5'°N is not controlled by changes in the abun-
dance of taxa with different FB-5'°N (figs. S2
and S3).

We report FB-5"°N records from three Ocean
Drilling Program (ODP) sites: one each in the
North Pacific, North Atlantic, and South Atlantic
(Fig. 1 and table S1) (19-21). The paleo-locations
of the sites suggest that all were characterized by

Fig. 1. Foraminifera-bound 5*°N from 70 to

30 Ma ago. Size fractions of >250 um

(closed symbols) and 125 to 250 um (open
symbols) from ODP Site 1209 (red circles), ODP
Site 1263 (blue triangles), and IODP Site U1409
(gray squares). Correspondingly colored

bold lines represent the three-point moving
average across both size fractions, with shaded
uncertainty intervals indicating their lo.
Representative error bars in the lower right
show the average 2¢ for all the replicates analyzed
for each site (6). Arrows on the left indicate
core-top FB-8°N values from South Atlantic Site
516 (blue) and Site U1409 (gray), which overlap,
and Site 1209 (red). Inset map shows a global
plate reconstruction at 55 Ma ago (46), with
markers indicating the estimated paleo-locations
for the ODP and IODP sites used in this study.
Geologic epochs are based on GTS2012 (47).
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complete nitrate consumption at the surface (6).
As such, FB-8"’N should reflect the §'°N of
shallow subsurface nitrate (14, 15). At all sites,
FB-8"N decreases from 57 to 50 Ma ago in the
Paleocene to early Eocene (Fig. 1). The largest
FB-8"N decline occurs at Site 1209 in the North
Pacific: From 57 to 50 Ma ago, FB-3'°N decreases
from >15 to 2%o. At Site 1263 in the South
Atlantic, the change occurs with similar timing
but is of a lower magnitude, from 11 to <5%eo.
The International Ocean Discovery Program
(IODP) Site U1409 in the Northwest Atlantic
shows a still smaller change, from 9 to 5%o. After
a period of relatively stable and low FB-§"°N
through the middle Eocene, FB-6"°N at Sites 1209
and 1263 increases in the late Eocene, reaching
710 8%o in the Oligocene; the Eocene-to-Oligocene
change at Site U1409 is currently not well resolved.
Although these changes were not observed in
previous bulk sediment studies (fig. S4) (2), they
are evident in our limited set of bulk sediment
5'°N measurements, albeit with lower amplitude
and less clarity than in FB-6"N (fig. SI).

As this is the first application of FB-§°N to the
million-year time scale, the potential impact of
diagenesis was considered with multiple lines of
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evidence. Together, they indicate that the FB-
8'°N changes are best interpreted as primary
(22). A major role for diagenesis in the FB-§'°N
records is inconsistent with (i) the coincidence of
FB-8°N changes across distant records, regard-
less of depth in the sediment; (ii) a positive
(not negative) correlation between FB-§"°N and
FB-N content; and (iii) a lack of correlation of FB-
5N and FB-N content with other sedimentary
properties [among other observations (22)].
Prior studies indicate that FB-N content changes
associated with early diagenesis of foraminiferal
shells do not affect FB-8"°N (15). These findings
are consistent with the chemically labile, amino
acid-dominated composition of FB-N (23, 24): The
exposure of FB-N due to calcite diagenesis should
lead to complete loss of the exposed N rather than
the survival of an isotopically altered residuum.
We proceed with the interpretation that the FB-
5N records indicate past changes in the §"°N of
shallow subsurface nitrate.

Paleocene FB-8"N is ~5 to 10%o higher than
core-top FB-"°N in the studied regions (Fig. 1),
suggesting a higher Paleocene global mean ocean
nitrate §°N. Mean ocean nitrate 5N dominantly
reflects the relative rate of water column versus
sedimentary denitrification (7, 12, 25), with a high
mean ocean nitrate §°N indicating either a high
global-ocean rate of water column denitrification
or a low rate of sedimentary denitrification.

The FB-8"N differences among the sites sup-
port the first alternative: enhanced water col-
umn denitrification during the Paleocene. Water
column denitrification causes strong spatial gra-
dients in shallow subsurface nitrate 5'°N (26)
and thus can explain the FB-8"°N elevation at
Site 1209 relative to Sites 1263 and U1409 during
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the Paleocene. Moreover, among these three sites,
the late Paleocene to early Eocene FB-5'°N de-
cline was greatest at Site 1209, as would be ex-
pected if the 8'°N of the nitrate supply at Site
1209 was lowered by declines both in global mean
ocean nitrate 5'°N and in regional nitrate §"°N
elevation associated with nearby water column
denitrification (22). These findings imply that
the Pacific hosted water column denitrification
during the Paleocene, as it does today, but at
greater rates.

Elevated water column denitrification points
to more extensive suboxia in the Paleocene
ocean. This is consistent with planktonic foram-
iniferal I/Ca data from just before the Paleocene-
Eocene thermal maximum (27). Two mechanisms
could increase suboxia: (i) higher export produc-
tion or (ii) lower starting (preformed) dissolved O,
concentrations. We are unaware of any evidence
for, or reason to expect, higher export production
in the Paleocene (28). The globally warmer con-
ditions of the early Cenozoic would have lowered
preformed O, by reducing O, solubility in surface
waters. However, if global climate were the sole
driver, FB-8"°N and global temperature would
be positively correlated, with cooling leading to
higher preformed O,, less expansive suboxia, less
water column denitrification, and thus lower FB-
5°N. In contrast, most of the §'°N decline from
high Paleocene values precedes Eocene cooling
as recorded in benthic foraminifera §'°0 (Fig. 2)
(29). Instead, the §'°N decline coincides with the
approach to the early Eocene climate optimum
at 50 Ma ago. Global warmth may have con-
tributed to the enhanced Paleocene suboxia
and denitrification; however, the mismatch in
timing indicates that it alone was insufficient.

Fig. 2. Comparison of FB-5"°N and temperature
proxy changes at Site 1209 in the North
Pacific. TEXgg values (purple crosses) are
converted to sea surface temperatures using
the calibration of (48). TEXgg measurements are
connected by a bold line; shaded purple region
indicates the 90% confidence interval of the
temperature calibration. Temperatures were
calculated from the calcite §'®0 of surface- and
thermocline-dwelling planktonic foraminifera
and benthic foraminifera from Site 1209

(41) and from a benthic foraminifera §'€0

global compilation (29), using the equation

of (49) as in (4, 41); the gray interval for

the benthic foraminiferal line indicates

when ice volume change likely compromises
this calculation. The FB-8°N moving average

is as in Fig. 1. Gray background indicates
Paleocene and Oligocene epochs.
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During the Cenozoic, India and Africa con-
verged on Eurasia, closing the Tethys Sea, with the
first manifestations of the collision at 59 Ma ago,
coincident with the start of the 5'°N decline
(30, 31). The Tethys was surrounded by extensive
shallow seas, located at subtropical latitudes
where seawater evaporation exceeds precipita-
tion (30). We propose that formation of warm,
salty subsurface waters in these shallow seas
introduced water with low preformed O, into the
thermocline and/or intermediate-depth waters
of the global ocean, expanding suboxia and thus
water column denitrification (Fig. 3). This hy-
pothesis is inspired by previous suggestions of
warm and salty deep water formation in warmer
climates (32, 33) but involves thermocline and
intermediate depths only and thus does not con-
tradict observational and modeling evidence for
high-latitude deep water formation during this
time (29, 34-36). Modern analogs for the pro-
posed Tethys water are the Mediterranean and
Red Sea outflow waters, although these are not
currently formed and exported at rates adequate
to strongly affect the global ocean’s thermocline
or intermediate-depth O, concentration.

‘We propose that changes accompanying the
closure of the Tethys (30) effectively ended the
ventilation of the ocean’s thermocline and inter-
mediate depths by warm, salty, low-preformed-
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0, Tethys water. This could have been due to a
loss of shelf environments needed for forming
Tethys water or the development of new bathy-
metric features that impeded its export to the
open ocean. In either case, this lost low-latitude
source of ventilation would have been replaced
by colder and thus more O,-rich high-latitude
source regions, which dominate today (e.g., the
sub-Antarctic zone of the Southern Ocean). Higher
preformed O, in thermocline and intermediate-
depth waters would have contracted the suboxic
zones (Fig. 3), reducing water column denitrifica-
tion and lowering nitrate 8°N. The §°N decrease
is nearly coincident with a conspicuous rise in
the 8%*S of barite and foraminifera carbonate-
associated sulfate (fig. S5) (37-39). The 5>*S rise
has also been interpreted as the consequence of
the India-Asia collision and a resulting decline in
the extent of shallow continental shelves (39).
Our hypothesis makes the prediction that the
temperature difference between the thermocline
and deep ocean should have declined from the
Paleocene to early Eocene, because of a change in
the source of thermocline water from the warm,
salty Tethys to the colder high-latitude surface
ocean. As a step toward constraining thermocline
and intermediate-depth water temperature, we
used the TEXgs proxy to reconstruct sea surface
temperature (SST) at Site 1209 (40). Benthic for-
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Fig. 3. Proposed mechanisms and N flux calculations for the major FB-5'°N changes.
Panels represent the oxygen concentrations and N cycle fluxes of the global ocean (A) after

the Eocene-Oligocene transition, (B) during the middle Eocene, and (C) before the early Eocene
FB-5'°N decline. (Top panels) White arrows show proposed ventilation of ocean interior, with oxygen
content indicated by color; black arrows show the input of fixed N to the ocean by N fixation
(straight) and the losses of fixed N by water column and sedimentary denitrification (wavy),

with arrow width proportional to calculated N flux; gray-green arrows represent the internal cycling
of fixed N. (Bottom panels) Results of the one-box, steady-state isotope mass balance calculations,
with arrow positions reflecting the §!°N of the N fluxes and arrow widths reflecting the flux
magnitudes (“Fix" for Ny fixation, “WC" for water column denitrification, and “Sed” for sedimentary
denitrification). Flux estimates are given in teragrams of nitrogen per year (Tg N/year, where

1 Tg is 102 g). It is assumed that the N input from N, fixation has a §'°N of —1%o and that

its rate equals the summed rates of N loss by water column and sedimentary denitrification.

It is assumed that water column denitrification occurs with an isotope effect, g, of 20%o

and that sedimentary denitrification expresses no isotope effect. The modern water column
denitrification flux is used for (A) (43); all other fluxes are calculated from mean ocean nitrate
5'°N based on the two Atlantic FB-8'°N records [see text and (6)].
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aminifera §'®0 records a warming in deep waters
from 57 to 50 Ma ago (29, 41), whereas the TEXgq
data from Site 1209 indicate that SST decreased
continuously from ~62 to 30 Ma ago (Fig. 2). The
resulting convergence of deep and surface temp-
erature from 57 to 50 Ma ago is consistent with a
change in the source of Pacific thermocline and
intermediate-depth waters from a warmer, lower-
preformed-O, source to a colder, higher-preformed-
0, source over the time that FB-8'°N declined
(Fig. 2 and fig. S6). Measurements of planktonic
foraminifera §'®0 from Site 1209 (41) corroborate
this interpretation (Fig. 2), with additional evi-
dence from different taxa of planktonic forami-
nifera that the convergence toward deep ocean
temperature was greater at thermocline depths
than at the surface (fig. S6).

During the middle Eocene, FB-3!°N at all
sites was lower than core-top FB-8"°N (Fig. 1),
suggesting that Eocene mean ocean nitrate 8"°N
was lower than modern. One possible explana-
tion is that sedimentary denitrification fluxes
were higher than modern due to a greater area
of submerged continental shelves before the
growth of the Antarctic ice sheet at the Eocene-
Oligocene transition (Fig. 3) (30). Because these
shelves would have also been present before
50 Ma ago, the high ocean nitrate §'°N in the
Paleocene was achieved despite such higher
rates of sedimentary denitrification. This implies
an even greater global rate of water column
denitrification during the Paleocene.

Around the Eocene-Oligocene transition
(33.9 Ma ago), FB-8"°N increases by 4 to 5%o
in both the Atlantic and Pacific (Sites 1209
and 1263) (Fig. 1). This suggests an increase in
mean ocean nitrate §°N without a strengthening
of the regional nitrate 8"°N gradients, pointing
to a change in sedimentary rather than water
column denitrification. The Eocene-Oligocene
transition is marked by the expansion of Antarctic
ice sheets, lower global sea level, and a reduction
in the area of submerged continental shelves
(30, 42). We propose that the Eocene-Oligocene
increase in FB-8"°N occurred because of a decline
in shelf-hosted sedimentary denitrification due to
this ice sheet growth (Fig. 3).

The FB-8"°N records presented above suggest
large changes in the fluxes of water column and
sedimentary denitrification. Here, we use a simple
steady-state isotope mass balance calculation
to provide first-order estimates of the potential
scale of the proposed changes in the inputs and
outputs of marine fixed N (Fig. 3) (6). We derive
the mean ocean nitrate §'°N from the average
of the Atlantic records and assume that Oligocene
N fluxes were similar to modern (6, 43). This
calculation suggests that the global rate of sedi-
mentary denitrification was almost two times
higher in the Eocene and Paleocene than in the
Oligocene (250 versus 130 Tg N/year) and that
the rate of water column denitrification was
3.5 times higher in the Paleocene than in the
Oligocene and Eocene (210 versus 60 Tg N/
year) (Fig. 3 and table S2). We estimate that the
net global marine denitrification rate during
the Paleocene was more than twice the modern
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rate (460 versus 190 Tg N/year). Increased deni-
trification requires a compensatory increase in
N, fixation during the Paleocene to prevent the
ocean from losing its fixed N in a matter of mil-
lennia. It is not clear whether this balance was
struck at a N reservoir size similar to that of the
modern ocean. Today, N, fixation is typically less
important than subsurface nitrate in the annual
supply of fixed N to surface waters (9); in the
Paleocene, the higher rate of N, fixation would
have made these two supply terms more compa-
rable (Fig. 3).

Our study of early Cenozoic FB-8'°N indicates
that tectonics, through its effect on ocean cir-
culation, can substantially alter global biogeo-
chemistry. In past extinction events (44) and
under future global warming (45), declining
ocean oxygen has been implicated as a driver
of biotic and geochemical change. Ocean circula-
tion influences the oxygen content of thermocline
and intermediate-depth water, in part by dictating
the water’s source region and thus its temperature
and starting oxygen concentration. Over the early
Cenozoic, it appears that ocean circulation was
more important than global average temperature
in modulating oxygen depletion and denitrifica-
tion in the ocean interior.
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