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[1]] We report a new foraminifera-bound §'°N (FB-6"°N) record from the South China Sea
(SCS) extending back to 42 ka. This record shows a ~1.2%o glacial-to-interglacial §'°N
decrease, with a deglacial §'°N maximum similar to that observed in many bulk
sedimentary 6'°N records and in a Caribbean FB-6"°N record. The glacial-to-interglacial
8N decrease is smaller than in the Caribbean record, indicating that at least half of the
Caribbean §'°N decrease into the Holocene was regional, not global, supporting the
interpretation of a Holocene increase in Atlantic nitrogen fixation. At the same time, the
glacial-to-interglacial 6'°N decrease observed in the SCS may also be explained as a
regional signal of increasing nitrogen fixation into the Holocene. Other aspects of the SCS
record suggest an effect of physical circulation on FB-§"°N. FB-6"°N starts to increase
toward its deglacial maximum before the last ice age ends, and it continues to decrease
through the later Holocene, in contrast to the more pure glacial/deglacial/interglacial steps
in the Caribbean record. These changes have parallels in other Pacific §'°N records,
precessionally driven East Asian monsoon records, and the slow Holocene warming of
SCS surface waters. In addition, the SCS record exhibits two one-point high-§'°N
spikes in multiple foraminiferal species that coincide with apparent hydrographic events.
Thinning or weakening of the thermocline, in the late glacial and early Holocene as
well as during the noted events, may have yielded a higher 6'°N for thermocline nitrate

and thus a higher FB-6"°N.
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1. Introduction

[2] Biologically available, or fixed, nitrogen (N) is a crit-
ical nutrient for phytoplankton growth in most of today’s
ocean [Dugdale and Goering, 1967]. Temporal changes in
the global inventory of fixed N could generate changes in the
strength of the biological pump adequately large to con-
tribute to the glacial-interglacial variations in atmospheric
CO, [McElroy, 1983; Falkowski, 1997; Altabet et al., 1995,
2002; Ganeshram et al., 1995, 2002].

[3] The primary sources of fixed N to the ocean are ter-
restrial run-off, atmospheric deposition, and, most impor-
tantly, N fixation. The main sink is denitrification, in
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continental shelf sediments and the water columns of the
eastern tropical North and South Pacific and the Arabian
Sea. Sediment records from modern water column denitri-
fication zones show clear N isotopic evidence of reduced
water column denitrification during the last ice age relative
to the current interglacial [Altabet et al., 1995, 1999, 2002;
Ganeshram et al., 1995, 2002; De Pol-Holz et al., 2006,
2007; Robinson et al., 2007], and the sea level drop during
the last ice age should have substantially reduced sedimen-
tary denitrification [Christensen, 1994]. However, the his-
tory of fixed N inputs, especially N fixation, has proven
more difficult to reconstruct. Our current understanding of
the environmental regulation of N fixation has led to two
major competing hypotheses for the glacial/interglacial
changes in N fixation, one proposing a higher glacial N
fixation rate due to higher dust flux and the release of N
fixers from iron limitation [Falkowski, 1997, Broecker and
Henderson, 1998] and the other arguing for a lower glacial
N fixation rate as a response to lower denitrification rate in
order to maintain a relative constant N:P ratio in the ocean
[Redfield, 1958; Schindler, 1977; Broecker, 1982; Tyrrell,
1999; Deutsch et al., 2004]. Reconstructing the history of
global ocean N fixation changes over the recent glacial/
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interglacial cycles would not only clarify the strongest con-
trols on N fixation but also have significant implications for
changes in the ocean N budget and their carbon cycle
impacts.

[4] The nitrogen isotopes of organic N preserved in
sediments offer the potential to reconstruct past changes
in N fixation. Presently, mean ocean nitrate 6'°N (§'°N =
15N/14Nsample / N/M™N,eference—1, the universal reference is
N, in air) is around 5 %o [Sigman et al., 2000] and is mainly
controlled by the net isotope fractionation of global marine
denitrification [Brandes and Devol, 2002; Deutsch et al.,
2004]. Isotope fractionation during N fixation is modest so
that fixation introduces N with a §'°N close to that of atmo-
spheric N, (i.e., —2—0%o) [Wada and Hattori, 1976; Montoya
et al., 1992]. As a result, N fixation causes a regional
decrease in the §'°N of thermocline nitrate [Kar! et al., 2002;
Knapp et al., 2005, 2008]. The biomass produced in the
surface incorporates nitrate supplied from below and/or
newly fixed N. If well preserved in the sediments, the 6'°N of
the organic matter may thus allow us to study changes in N
fixation. However, the use of bulk sedimentary 6'°N in the
low-productivity, low-latitude open ocean, where N fixation
is thought to be focused, is normally compromised by bac-
terially driven degradation or terrestrial contamination
[Altabet and Francois, 1994; Schubert and Calvert, 2001].

[5] In order to avoid these concerns, we have developed
methods for the isotopic analysis of the organic N bound
within the walls of planktonic foraminiferal tests [Ren et al.,
2009]. As this organic N is physically protected from dia-
genetic reactions and cannot be contaminated b?/ detrital
inputs, its 6'°N (foraminifera-bound 6'°N, or FB-6'°N) may
be an effective recorder of the §'°N of N sources to the
surface ocean in the oligotrophic regions. Measurements of
modern surface sediments indicate that, the three euphotic
zone dwelling, symbiotic, spinose species Globigerinoides
ruber, Globigerinoides sacculifer, and Orbulina universa
have a 6'°N similar to that of the new N supply to the
euphotic zone [Ren et al., 2009], which, in nutrient-depleted
surface ocean regions, is set largely by the 6'°N of thermo-
cline nitrate [Altabet, 1988; Knapp et al., 2005]. The specific
upper ocean processes that control FB-§'°N are only now
being investigated, but the similarity of FB- §'°N among the
euphotic zone dwellers can be rationalized in terms of their
likely diet and their dinoflagellate symbionts [Uhle et al.,
1997; Ren et al, 2012]. The FB-§'°N of the deeper
dwelling, non-spinose and/or asymbiotic species also corre-
lates with, but is consistently higher than, the §'°N of the
thermocline nitrate [Ren et al., 2012].

[6] A sediment record from the Caribbean Sea shows
higher FB-6"°N during the last ice age [Ren et al., 2009].
Given that there is no evidence for such a 1ar§e glacial-to-
interglacial difference in mean ocean nitrate 6"°N [e.g., Kao
et al., 2008], the higher FB-6"°N in the Caribbean Sea dur-
ing the last ice age was interpreted as a regional reduction in
N fixation rate [Ren et al., 2009]. This evidence is support-
ive of a feedback between denitrification and N fixation,
such that the ice age reduction in N fixation was due to
global reductions in water column and sedimentary denitri-
fication at that time [Ren et al., 2009]. However, two issues
remain to be addressed. First, the history of mean ocean
nitrate 6'°N is a major uncertainty for this and other N iso-
tope studies. To the degree that there has been a significant
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decrease in nitrate §'°N since the last ice age, the data from
the Caribbean would call for a correspondingly smaller
change in Atlantic N fixation. Second, N fixation in the
Atlantic is only a modest fraction of the global ocean rate
[Deutsch et al., 2007; Knapp et al., 2008], so reconstructions
of N fixation in other basins (e.g., the Pacific) are needed to
understand the global N fixation response and to identify the
environments in which different sensitivities and feedbacks
apply.

[7] Bulk sediment §'°N records from the South China Sea
(SCS), a marginal sea in the western equatorial Pacific dis-
tant from the large denitrifying zones, have shown minimal
changes over the last glacial/interglacial cycle, which was
interpreted as evidence for a constant mean ocean nitrate
8N [Kienast, 2000]. However, this studsy has been dis-
puted; for example, other sedimentary 6'°N records from
an adjacent site show quite different features over the past
40 kyr [Higginson et al., 2003]. While the inconsistency
among bulk sediment records appears to arise from lateral
sediment transport [Kienast et al., 2005], one is still left with
questions regarding the reliability of bulk sedimentary §'°N
as a recorder of sinking N §'°N, in this region as elsewhere.
Furthermore, the modern SCS and surrounding regions
appear to be characterized by relatively rapid N fixation
[Capone et al., 1997; Wong et al., 2002; Chen et al., 2003;
Wong et al., 2007; Chen et al., 2008; Shiozaki et al., 2010],
which has been shown to lower the subsurface nitrate §'°N
relative to the deep nitrate 6'°N [Liu et al., 1996; Wong
et al., 2002]. Because of this and other processes, SN
changes in the N supply to the SCS euphotic zone cannot be
assumed to derive solely from changes in mean ocean nitrate
8'>N. Indeed, it is arguably one of the best regions in the
Pacific to use N isotopes to detect a regional change in N
fixation.

[s] Here, we report a new FB-6"°N record from South
China Sea during the last 42 kyr. We interpret the data in
context of the factors that affect the §'°N of the nitrate
supply to the euphotic zone of the South China Sea, which
include mean ocean nitrate 6'°N, the regional N fixation
rate, and the lateral and vertical communication of nitrate
isotope signals by ocean circulation.

2. Study Area

[9] South China Sea (SCS) is the largest marginal sea in
the world (Figure S1 in the auxiliary material) [Sverdrup
et al., 1942; Chen et al., 2001], located in the tropical-
to-subtropical western North Pacific.' The Luzon Strait
between Taiwan and the Philippines is the principal deep
channel allowing water exchange between the SCS and the
western Pacific Ocean, whereas other channels (Taiwan
Strait, Karimata Strait, and Mindoro Strait) are either too
shallow or too narrow for effective water transport. The
incoming North Pacific Tropical Water from the western
North Pacific appears as a salinity maximum at around
150 m depth in the SCS [Wong et al., 2007]. The North
Pacific Intermediate Water (NPIW), which appears as a
salinity minimum centered around 500 m in the SCS, can
be traced to its source in the subpolar regions in the North

'Auxiliary materials are available in the HTML. doi:10.1029/
2010GB004020.
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Pacific [You, 2003; Wong et al., 2007]. Deep water in the
western North Pacific overflows the sill that separates it
from the SCS at about 2200 m and fills the deep SCS.
Consequently, the composition of deep water in the SCS
is rather uniform and has characteristics similar to those in
the western North Pacific at this depth [Chen et al., 2006;
Wong et al., 2007]. During the glacial periods, when
falling sea level exposed the broad shelves, the basin
remained well ventilated and connected to the western North
Pacific through the deep Luzon Strait [Broecker et al., 1988,
1990; Thunell et al., 1992]. Although the SCS was also
connected to the Sulu Sea through Mindoro Strait during the
glacial periods, the water transport today is mainly from SCS
into Sulu Sea [Chen et al., 2006] and was likely the same
during the last ice age. In summary, the exchanges affecting
the biogeochemistry of the SCS are dominated by the open
western North Pacific.

[10] The surface circulation of the SCS changes seasonally
in response to the monsoons. The northeastern monsoon,
which prevails in winter and spring, forms a cyclonic gyre in
the SCS, whereas the southwestern monsoon forms an anti-
cyclonic gyre in summer and autumn [Liu et al., 2002]. The
monsoonal activity influences the nutrient dynamics and
surface productivity of the SCS. The summer monsoon
results in upwelling and enhanced primary productivity off
the east coast of Vietnam, while the winter monsoon causes
upwelling northwest of Luzon and north of the Sunda Shelf
[Liu et al., 2002]. Paleoceanographic records over the recent
glacial cycles indicate higher export production associated
with stronger winter monsoon in the northern basin, and
with stronger summer monsoon in the southern basin
[Tamburini et al., 2003; Wang et al., 2007]. It is thus unclear
how the basin-wide thermocline should change in response
to the precessionally driven ~20 kyr cycle in summer and
winter monsoon strength.

[11] The surface water of the SCS is generally warm,
stratified and oligotrophic. Both nitrate and phosphate con-
centrations in the mixed layer are typically below detection.
New production at the surface is supported mostly by
nutrients supplied from the subsurface [Chen et al., 2004;
Chen, 2005]. Nitrogen appears to be the primary limiting
nutrient, rather than phosphorus, based on nutrient enrich-
ment experiments [Chen et al., 2004; Chen, 2005]. This N
limitation may derive from the excess phosphorus in the
lower thermocline: the water below 200 m in the northern
SCS has a negative N* (N* = N—P + 2.90) and a §'°N of
around 6.2%o, higher than the mean deep ocean nitrate §'°N,
both of which suggest the communication of the signals of
water column denitrification in the Eastern Tropical North
Pacific (ETNP) across the Pacific by the vigorous lateral
circulation [Wong et al., 2002, 2007]. N fixation has been
suggested to be an important source of fixed N to the SCS
euphotic zone, in addition to the import of nitrate from
below. Evidence for N fixation includes an increase in N*
from depth to the subsurface by about 6 uM [Wong et al.,
2002, 2007], as well as relatively low subsurface nitrate
85N, which is as low as 4%o in the north [Wong et al.,
2002], and 2.9-3.6%0 in and around the Vietnamese
upwelling area [Loick et al., 2007]. As a result of local and
regional N fixation, the 6'°N of the sinking particles in the
shallow sediment traps range from 2.7 to 4.5%o across the
basin [Gaye et al., 2009], lower than the §'°N of the lower
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thermocline nitrate, yielding an estimate of the contribution
of N fixation to export production of around 9 to 14% [Gaye
et al., 2009]. Atmospheric deposition and riverine delivery
also contribute fixed N to the basin, but their relative con-
tributions are thought to be small relative to nitrate supplied
from below and N fixation at the surface [Wong et al., 2007].
Based on our current understanding of the N sources and
d?/namics in the SCS, we expect that the subsurface nitrate
8N in the SCS is sensitive to variations in local and regional
N fixation, the lateral circulation that import N isotope signals
from other regions in the Pacific, and the vertical circulation
that affects the gradients in 6'°N across the thermocline.

3. Materials and Methods

[12] For this study, we focus on reconstructing FB-§'°N
during the last 42 kyr at site MD97-2142 (Figure S1 in the
auxiliary material, 12°41'N, 119°27'E, water depth 1557 m),
which was raised from the continental slope off Palawan
Island during the 1997 IMAGES-III-IPHIS Cruise [Chen
and Beaufort, 1998]. The sediments in this core are com-
posed of light olive gray mud to foraminifera nannofossil
ooze, interrupted by 18 visually distinguishable thin tephra
layers. The bottom depth is well above the regional lysocline
(~3500 m) [Thunell et al., 1992], which ensures good
carbonate preservation at this site. The sedimentation rate for
the last 42 kyr is around 10 cm/kyr on average. We have
sampled within one centimeter for every 10 cm.

[13] FB-6'°N was measured on 6 common species in the
>250 pm fraction, Orbulina universa, Globigerinoides ruber,
Globigerinoides sacculifer, Neogloboquadrina dutertrei,
Globorotalia menardii, and Globigerinella aequilateralis, as
well as on mixed species of two size fractions, 250-355 pm
and >355 pum. The protocol for measuring FB-6'°N [Ren
et al., 2009] includes 1) chemical treatment of the fora-
miniferal shells to remove external N contamination, fol-
lowed by acid dissolution of the cleaned shells, 2) conversion
of organic nitrogen released into solution to nitrate by
persulfate oxidation [Nydahl, 1978; Knapp et al., 2005];
(3) measurement of nitrate concentration by chemilumines-
cence [Braman and Hendrix, 1989], and (4) bacterial con-
version of nitrate to nitrous oxide [Sigman et al., 2001], with
measurement of the §'°N of the nitrous oxide by automated
extraction and gas chromatography-isotope ratio mass spec-
trometry [Casciotti et al., 2002].

[14] Five to 10 mg of foraminiferal tests per sample were
gently crushed, cleaned first by 5 min ultrasonication in 2%
sodium hexametaphosphate (pH 8), then rinsed twice with
deionized water (DI). To avoid any organic contamination
associated with metal oxides, we conduct a reductive
cleaning using sodium bicarbonate buffered dithionite-
citrate reagent [Mehra and Jackson, 1958]. Samples were
then soaked in 13% sodium hypochlorite (bleach oxida-
tion) for 6 h, with several agitations to expose surfaces,
and then rinsed five times with DI. The remaining 3 to
5 mg of cleaned foraminiferal tests were subsequently
completely dissolved in 6 N hydrochloric acid, releasing
organic matter for analysis. One Holocene sample and
one glacial sample were selected to compare bleach oxi-
dation with persulfate oxidation, the latter likely being a
harsher treatment [Brunelle et al., 2007]. These cleanings
yielded indistinguishable N content and §'°N, indicating
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Figure 1. Planktonic foraminifera-bound 6 SN data. (a) Euphotic zone dwellinsg species. Blue: O. uni-
versa; Red: G. sacculifer; Green: G. ruber. Black and gray arrows indicate the §'°N of present-day nitrate
at 100 m and 300 m, respectively, in the northern South China Sea [ Wong et al., 2002]; the former approx-
imates the nitrate supply to the euphotic zone while the latter represents the nitrate below the thermocline.
(b) Sub-euphotic zone dwellers. Yellow: N. dutertrei; Light blue: G. menardii; Pink: G. aequilateralis. (c)
Planktonic foraminifera-bound §'°N of different foraminiferal size fractions, not picked for species. Red:
>355 pm; Black: 250-355 pum; Grey dashed: weighted §'°N for the 250-355 pm size fraction estimated
from the 6 individual species in Figures 1a and 1b. In this calculation, when the 6'°N of a subsurface/
thermocline species was not directly measured, we assumed the average 6'°N difference between the
euphotic zone and sub-euphotic zone dwellers. (d) Bulk sediment 6'°N. (e) §'%0 of G. ruber (white)

calcite (%o v. VPDB) from Wei et al. [2003]. Blue arrows are calibrated radiocarbon dates.

complete removal of external contamination and confirming
the physically protected nature of shell-bound N. Duplicates
or triplicates were made for the full analytical protocol on
cleaned foraminifera, yielding standard deviations (1 sigma)
for FB-6"°N of generally better than 0.2%s.

[15] The age model for core MD97-2142 was adapted
from Wei et al. [2003] and is based on five AMS '*C-dates,
and the correlation of stable oxygen isotopes (Globiger-
inoides ruber sensu stricto, white, 250-300 pm) with the
low-latitude oxygen isotope stack of Bassinot et al. [1994].

[16] The total N (TN), organic N (No,) and organic car-
bon (C,,,) contents as well as the isotopic composition (6 N
and 613Corg) were analyzed at MD97-2142. See auxiliary
material for these methods, results and discussion.

4. Results

[17] The three euphotic zone-dwelling planktonic forami-
niferal species (O. universa, G. sacculifer, and G. ruber) are
characterized by a higher 6'°N during the last ice age
(Figure 1a). Before 20 ka, §'°N of G. ruber is stable around
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6%o, while 6'°N of O. universa and G. sacculifer increase
slightly toward the end of the Last Glacial Maximum
(LGM), by about 0.5%o. The 6'°N of all three species
increases after 20 ka by about 0.5-1.1%o, remains at this
maximum during the early deglaciation, and then decreases
across the late deglaciation and early to mid-Holocene. The
glacial FB-6'"N of the three species is close to modern deep
nitrate 6'°N in the northern SCS (~6.2%0 below 250 m)
[Wong et al., 2002], as well as the nitrate 6'°N of the North
Pacific Intermediate Water (NPIW) (~6.1%o) [Liu et al.,
1996]. The average FB-6'°N in the surface sediments (the
top 27 cm or between 1 and 2.53 ka) is 4.9%o., consistent
among the three species, close to the subsurface nitrate §'°N
minimum measured at 100 m in the northern SCS (~4.4%o)
[Wong et al., 2002]. O. universa and G. sacculifer are sim-
ilar throughout the record, especially after 3-point smoothing
(Figure S2 in the auxiliary material). The §'°N of G. ruber is
slightly lower than the other species (Figure S2a in the
auxiliary material); this difference is generally greatest
between 16 and 25 ka (Figure S2b in the auxiliary material),
roughly similar to what has been observed in the Caribbean,
where the maximal species difference also occurs at the
LGM [Ren et al., 2009]. This suggests that a similar inter-
pretation for the LGM differences as put forward for the
Caribbean data may also apply to the SCS (Text S1 in the
auxiliary material). However, the SCS data show smaller
inter-species differences than observed in the Caribbean
[Ren et al., 2009], perhaps reflecting a less clear vertical
structure within the euphotic zone in the SCS, as a result of
stronger upwelling and weaker stratification (Text S1 in the
auxiliary material). At approximately 8.3 ka, 5.8 ka, and
4.4 ka in our SCS record, there are three upward spikes in
8'°N appearing in all three euphotic zone dwelling species
(Figure 1a).

[18] As observed previously, the §'°N of the subsurface
species G. aequilateralis, and two thermocline species,
G. menardii and N. dutertrei, is consistently higher than that
of the euphotic zone species (Figure 1b) [Ren et al., 2009,
2012]. However, all species show similar trends, with higher
glacial values, a maximum during LGM and early deglaci-
ation, and decreasing 6'°N throughout the late deglaciation
and the Holocene (Figure 1b).

[19] The six species contribute more than 60% of the
planktonic foraminiferal shells in the sediments, and they are
mostly picked from the 250-355 pum fraction. As a result,
the 6"°N of the mixed species from the two 250-355 im and
>355 pm size fractions resembles the trends for individual
species, and the CaCO3z mass- and N content-normalized
8N calculated from the six species is remarkably consistent
with the measured §'°N of the 250-355 um size fraction.
The 6'°N of the >355 um fraction is higher than that of the
250-355 pum fraction, probably due to higher abundance of
subsurface and thermocline species in the larger size fraction
(Figure 1c).

[20] Bulk sedimentary §'°N shows almost the opposite
trend as FB-6"°N, with a lower glacial value of around
5.5%o, a higher Holocene 6'°N of around 6%o, and much
higher ¢'°N in the shallowest sediments (Figure 1d). Our
FB-6"°N record is drastically different from the bulk sedi-
mentary §'°N record at this site (Figure S3 in the auxiliary
material) and from previous studies in the SCS [Higginson
et al., 2003; Kienast et al., 2005], which adds to other
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concerns regarding the reliability of bulk sedimentary §'°N
in the SCS (Text S1 in the auxiliary material).

5. Interpretation and Discussion

[21] In the modern South China Sea much as in the
western North Atlantic, the §'°N of subsurface nitrate sup-
plied to the euphotic zone is lower than that of the deep
nitrate, apparently due to the input of newly fixed N [Wong
et al., 2002]. In a two-end-member mixing model, the sub-
surface nitrate §'°N should equal the flux-weighted average
8N between N fixation and deep nitrate supply. The §'°N
of the subsurface nitrate may thus be affected by changes in
the 6'°N of the deep nitrate supply, the regional N fixation
rate, and the lateral and vertical communication of nitrate
isotori)e signals by ocean circulation. We will discuss our
FB-6"°N record in the context of these factors and consider
different scenarios that may explain the observed glacial/
interglacial changes in the FB-6'°N.

5.1. Difference in FB-6'°N Between the LGM
and the Late Holocene

[22] The FB-6'""N of the three euphotic zone dwellers, G.
ruber, G. succulifer, and O. universa, measured in the
shallowest sediment (~4.8—5.1%o) is similar to the modern
shallow subsurface nitrate ¢'°N minimum in the northern
SCS (~4.4%0) [Wong et al., 2002] (Figure la). This is
consistent with previous observations that FB-6"°N of the
euphotic zone dwellers is similar to the §'°N of the N
sources to the euphotic zone, which in the nutrient-deplete
regions is set largely by the §'°N of thermocline nitrate [Ren
et al., 2009]. We thus take FB-6'°N of the euphotic zone
dwellers to be controlled largely by past changes in subsur-
face nitrate §"°N. Given the relationship between core top
FB-6"°N of the mixed layer dweller, G. ruber, and the
modern subsurface nitrate §'°N in the northern SCS [Wong
et al., 2002], the glacial G. ruber 6'°N (averaged between
21 and 29 ka) suggests a 1.2%o higher subsurface nitrate
8"5N of 5.6%, close to the present-day nitrate 6'°N of NPIW
(Figures la and 2) [Liu et al., 1996; Wong et al., 2002].

[23] One possible interpretation of the ice age-to-late
Holocene FB-6""N difference is that it derives solely from a
change in mean ocean nitrate §'°N. To estimate the change,
we assume that thermocline nitrate §'°N is determined by
contributions of nitrate from only two sources: upward
mixing of subthermocline nitrate (with a present-day §'°N of
6.2%o0) and the remineralization of newly fixed N to nitrate
(with a "N of —1%o). For the purposes of this calculation,
we assume that these two contribute in the same proportion
during the Holocene and LGM, and the §'°N of the sub-
thermocline or NPIW nitrate is primarily affected by chan-
ges in the mean ocean nitrate §'°N. From these assumptions,
the ice age-to-late Holocene G. ruber §'°N change of 1.2%o
yields an ice age mean ocean nitrate §'°N that is 1.6%o
higher than the Holocene value (Figure 2, in purple, and
Figure 3a). The translation of the 1.2%o foraminiferal change
to a 1.6%o mean ocean nitrate change derives from the cal-
culation’s removal of the isotopic dilution of shallow sub-
surface nitrate by the newly fixed N contribution.

[24] As described above, our previous FB-§'°N record
from the Caribbean Sea showed a similar but larger ampli-
tude §'°N decrease from the last ice age to the Holocene
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Figure 2. Depth profiles of nitrate §'°N in the South China
Sea as measured in the modern ocean and reconstructed for
the last Glacial Maximum. Orange open circles: Average
8N of nitrate in the upper 300 m at the South East Asia
Time series Station (SEATS, 18°N, 116°E, in the South
China Sea) [Wong et al., 2002]; the increase in nitrate §'°N
at the base of the euphotic zone, due to nitrate assimilation,
is excluded. Red and green filled circles: average foraminif-
era-bound §'°N during the Holocene and the LGM respec-
tively. G. ruber lives shallower within the euphotic zone
than the other two species, as supported by the lower carbon-
ate 6'80 of G. ruber [Lin and Hsieh, 2007] and observed
elsewhere [Ravelo and Fairbanks, 1992]. Blue and purple
lines: proposed LGM depth profiles of nitrate in the thermo-
cline considering only a change in N fixation rate (blue line)
and only a change in mean ocean nitrate §'°N (purple line),
in both cases assuming a constant §'°N difference between
G. ruber and subsurface nitrate.

[Ren et al., 2009]. Given the effect of N fixation to lower the
8N of shallow subsurface nitrate in the North Atlantic
[Knapp et al., 2008], the FB-6'°N change was interpreted as
indicating a deglacial increase in regional N fixation. If the
Caribbean §'°N change (of 1.8%o0) were instead assumed to
derive solely from a change in mean ocean nitrate 6'°N, the
same calculation would suggest a 6'°N change of 3.1%o,
roughly twice as great as that derived from the SCS data
(Figure 3a). Thus, interpretation of the SCS record as a
reconstruction of mean ocean nitrate §'°N suggests that it
could only explain half of the subsurface 6'°N change in the
Caribbean Sea record, such that at minimum half of the
observed glacial/interglacial §'°N difference in the Atlantic
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record must result from a regional change in N fixation (i.e.,
the ice age Atlantic N fixation rate would be 62%, instead of
21%, of its Holocene rate; Figure 3a), strengthening the
argument that N fixation in the N. Atlantic was significantly
reduced during the last ice age.

[25] However, we have no reason to believe that mean
ocean nitrate 6'°N change is the dominant signal recorded in
our SCS FB-6"N record. In fact, a glacial increase in mean
ocean nitrate §'°N is unlikely. The widely observed decrease
in water column denitrification [Altabet et al., 1995, 1999,
2002; Ganeshram et al., 1995, 2002; De Pol-Holz et al.,
2006, 2007; Robinson et al., 2007] would have worked to
lower the glacial nitrate 6'°N, requiring a proportionally
similar (in detail, a slightly greater) decrease in sedimentary
denitrification to prevent a whole ocean nitrate §'°N
decrease during the last ice age [Brandes and Devol, 2002;
Deutsch et al., 2004]. N fixation is the most likely driver of
the first-order LGM-to-Holocene FB-6"°N difference in the
SCS. As in the Caribbean, the 6'°N of nitrate just below the
euphotic zone in the modern SCS is lower than that of nitrate
below the thermocline, due to the addition of newly fixed N
[Wong et al., 2002, 2007; Loick et al., 2007]. Higher sub-
surface nitrate 6'°N during the last ice age could thus have
reflected a reduction in N fixation rate within SCS and/or the
western equatorial Pacific. Indeed, while late Holocene FB-
6'°N in the SCS is similar to the §'°N of the shallowest
subsurface nitrate measured in the modern SCS, ice age FB-
8N is similar to sub-thermocline nitrate §'°N (Figure 2).
The ice age-to-Holocene decrease in FB-§'°N is smaller in
the SCS than in the Caribbean by the same degree that the
depression in the §'°N of modern thermocline nitrate is
smaller in SCS than in the Sargasso Sea. Assuming constant
mean ocean nitrate §'°N and thus a similar partitioning of N
loss between sedimentary and water column denitrification
during the last ice age and the Holocene [Deutsch et al.,
2004], the inferred change in subsurface nitrate §'°N in the
SCS suggests that the glacial N fixation rate in or near the
SCS was ~27% of its late Holocene rate, again similar to
the estimated reduction of N fixation in the subtropical N.
Atlantic (Figure 3b). These coincidences make a compelling
if circumstantial case that N fixation-driven changes of
thermocline nitrate §'°N may explain the LGM-to-Holocene
FB-6"°N difference at both sites.

[26] The mechanistic explanation for the ice age-to-
Holocene increase in N fixation in the Atlantic was that
greater Holocene denitrification rates reduced the N:P of
the nutrient supply to Atlantic surface waters, which pro-
vided a competitive advantage for N fixers [Ren et al.,
2009]. Given the evidence for a regional influence of deni-
trification in SCS waters, this explanation applies equally
well in the SCS. Although modern studies in the SCS suggest
that N fixation may increase during winter/spring as a result
of higher atmospheric iron deposition [Wong et al., 2002,
2007], our data do not support iron availability as the primary
control of N fixation over the last glacial/interglacial cycle,
given the evidence for greater dust flux during the last ice age
[Winckler et al., 2008].

5.2. Deglacial FB-6'°N Maximum

[27] The deglacial §'°N maximum in the SCS record, that
is about 0.5%o higher than the average glacial value, is most
likely to derive from changes in mean ocean nitrate §'°N.
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Figure 3. (a) Ice age-to-Holocene change in deep ocean nitrate 6'°N required to account for the observed
changes in shallow subsurface nitrate §'°N inferred from the FB-8'°N record in the South China Sea (red)
and the Caribbean (blue), assuming no change in N fixation and vertical mixing rate. (b) The fraction of N
fixation rate relative to its Holocene value required to account for the observed changes in shallow subsur-
face nitrate subsurface 6'°N inferred from the FB-6'°N record in the South China Sea (red) and the Carib-
bean (blue), assuming no change in mean ocean nitrate §'°N and vertical mixing rate. All the calculations
are based on a two end-member mixture of newly fixed N with a 6'°N of —1%o [Carpenter and Price,
1977; Montoya et al., 2002] and the deep thermocline nitrate with a §'°N of 6.2%o in the South China
Sea (below 200 m at the SEATS [Wong et al., 2002]) and 5.2%0 in the N. Atlantic (from 1000 m
at the Bermuda Atlantic Time series Site [Knapp et al., 2005]). The 6'°N of modern subsurface nitrate
is 4.4%o in the South China Sea [Wong et al., 2002] and 2.6%o in the N. Atlantic [Knapp et al., 2005].
The calculated ice age subsurface nitrate §'°N is 5.6%o in the South China Sea, and 4.4%o in the N.
Atlantic, based on the ice age 6'°N of G. ruber, the species with the smallest LGM-Holocene change.

Many of the eastern Pacific records in the water column
denitrification regions show 6'°N declines subsequent to the
early deglacial rise associated with increase in the regional
denitrification rate (Figure 4a) [Altabet et al., 1995, 1999,
2002; Ganeshram et al., 1995, 2000; Robinson et al., 2007].
In the Caribbean Sea FB-5'°N record as well as in a number
of bulk sedimentary §'°N records at regions away from the
denitrification zones [e.g., Kao et al., 2008] (black curve in
Figure 4b), such a deglacial maximum is observed, in
apparent synchrony with the deglacial increase in water
column denitrification in the eastern Pacific [Brunelle et al.,
2007; Galbraith et al., 2008], suggesting a global nitrate
8'°N maximum linked to deglacial changes in denitrifica-
tion. Modeling results indicates that the early deglacial
maximum in mean ocean nitrate 6'°N is likely to be driven
mostly by a delay between increased water column denitri-
fication and increased sedimentary denitrification, which
produces a maximum in the water column to sedimentary
denitrification ratio [Deutsch et al., 2004].

5.3. Other Features of the SCS FB-6'°N Record

[28] Figure 5 qualitatively summarizes our preferred
interpretation presented above for the major features of the

SCS FB-8""N record and highlights the aspects of the record
that it has not yet addressed. In this interpretation, the §'°N
of NPIW nitrate is primarily influenced by changes in mean
ocean nitrate 6'°N, which undergoes a deglacial maximum
but does not change substantially between the last ice age
and the interglacial (red line in Figure 5). N fixation is then
the primary driver for the glacial/interglacial difference in
615N; the greater its amplitude, the more it depresses the
SCS FB-6"N relative to mean ocean nitrate §'°N (down-
ward green arrows in Figure 5). The mean ocean nitrate §'°N
history and that of regional N fixation thus combine to yield
a basic template for FB-5'°N change (green line in Figure 5),
to which the actual data are compared.

[29] There are at least three deviations from the template
that deserve our attention (shown in blue shading in
Figure 5). First, the 8'°N maximum that spans the deglacial
interval begins surprisingly early at around 20 ka, 2—4 kyr
prior to the deglaciation. Thus, an explanation is required
for why SCS FB-6"°N should increase before the well-
documented water column denitrification increase between
18 and 14 ka (blue area prior to 18 ka in Figure 5). Second,
SCS FB-§'N declines through the Holocene, rather than
reaching a stable Holocene value as seen in the Caribbean
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Figure 4. Global compilation of N isotope records since
the last ice age. (a) Bulk sedimentary §'°N records from each
of the major water column denitrification zones: the eastern
Pacific off Chile [De Pol-Holz et al., 2006], the eastern trop-
ical North Pacific (Santa Barbara Basin [Emmer and
Thunell, 2000] and Mexican Margin [Ganeshram et al.,
1995]), and the Arabian Sea off Oman [Altabet et al.,
2002]. (b) §'°N records from the western Pacific: MD97—
2142 foraminifera-bound §'°N record from the South China
Sea (this study) and two bulk sedimentary 6'°N records,
MD98-2181 from the western equatorial Pacific off Minda-
nao [Kienast et al., 2008] and MD012404 from the Okinawa
Trough [Kao et al., 2008]. (c) Foraminifera-bound §'°N
records from ODP Site 999 in the Caribbean Sea, as well
as from surface sediments at three other tropical N. Atlantic
sites, near Barbuda Antiqua, Great Bahama Banks, and
Little Bahama Banks (error bars indicate variations in
FB-6"°N among these three sites) [Ren et al., 2009]. Note that
we placed these data against the y axis at 0.5 ka; however,
these sediments are undated.

FB-6"°N record [Ren et al., 2009] (Figure 4c). This appears
as a positive deviation relative to the template in the Holo-
cene (blue area after 14 ka in Figure 5), although a different
choice for the interglacial N fixation template could have
made this feature appears as a negative deviation in the late
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Holocene. Third, there are three upward spikes in 6'°N after
10 ka (upward spikes in the blue area in Figure 5). These
occur in all three euphotic zone dwelling species (Figure 1a)
and thus would seem to be “real” events requiring explana-
tion. These §'°N spikes are not cleanly distinguishable from
the second observation made above, that of a surprisingly
slow decline in 6'°N to its ultimate value in the late Holo-
cene, except for the correspondence of two of these events
with apparently climate-related changes in the 6'*0 and
species abundance of planktonic foraminifera (see below).

[30] Itis plausible that denitrification in the eastern Pacific
as well as local hydrographic changes have had stronger
influences for FB-§'°N in the SCS than at the site of our
previous FB-6"°N record in the Caribbean. While the Pacific
denitrification regions are distant from the SCS, vigorous
equatorial Pacific circulation communicates the biogeo-
chemical and isotopic signals of denitrification across the
basin [e.g., Sigman et al., 2009; Rafter et al., 2012]. The
North Equatorial Current (NEC), which has an N deficit due
to water column denitrification in the ETNP, serves as an
important source of subsurface water in the western equa-
torial Pacific, and enters the SCS through the Luzon strait.
The elevated §'°N of subthermocline nitrate (6.2%o, com-
pared to ~5.2%o in the tropical North Atlantic) speaks to the
influence of regional denitrification in the modern SCS and
the potential for changes in circulation to introduce more or
less of a denitrification sisgnal into the basin.

[31] The continuous 6'°N decrease through the Holocene
in the SCS seems to be a feature shared in a few bulk sedi-
mentary §'°N records from the western Equatorial Pacific
off Mindanao [Kienast et al., 2008] (yellow curve in
Figure 4b). A Holocene drift in mean ocean "N is certainly
possible, even in the case that the ocean N budget has
effectively reached steady state in terms of global ocean
fixed N content [Deutsch et al., 2004]. However, the
Caribbean Sea FB-5'°N seems to have leveled off after 8 ka
and is similar to the FB-6"°N of surface sediment from three
other sites in the tropical/subtropical N. Atlantic (Figure 4c),
and the bulk sedimentary §'°N at the Cariaco Basin also
reached a constant value after 5 ka [Haug et al., 1998;
Meckler et al., 2007]. While requiring verification, this
would seem to suggest that the last Holocene 6'°N decrease
in the SCS record is not a global signal. The eastern equa-
torial north and south Pacific have distinctive features in
their late Holocene &'°N changes: most of the ETNP records
show a continuous Holocene decrease in §'°N [Pride et al.,
1999; Emmer and Thunell, 2000], while 8N in the ETSP
levels off or even slightly increases in the late Holocene
[Martinez et al., 2006; De Pol-Holz et al., 2006]. Consid-
ering the locations of these sites and circulation patterns, it is
reasonable to suspect that the SCS is primarily influenced by
denitrification in the ETNP, which could explain its contin-
uous Holocene 6'°N decrease, whereas the isotopic signal of
such regionally specific denitrifications would not survive
into Caribbean Sea (e.g., the ETNP and ETSP late Holocene
changes should partially cancel one another).

[32] The pre-deglacial §'°N rise in the SCS may also be
an imported regional isotopic signal. Although most records
from the major denitrification zones show a 6'°N increase
after the end of the last ice age, a few bulk sedimentary §'°N
records from the eastern equatorial Pacific suggest a §'°N
maximum starting at around 20 ka that is associated with a
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Figure 5. Conceptual illustration of the two mechanisms proposed to explain the basic §'°N changes in
the SCS FB-6'"°N records, as well as the aspects that call for addltlonal processes. We assume minimal
glacial/interglacial difference in NPIW nitrate 6'°N and a deglacial §'°N maximum of ~1%o (red curve).
N fixation works to lower the §'°N of nitrate in the thermochne of the SCS (green arrows), such that
higher N fixation during the Holocene produces a larger §'°N difference between NPIW nitrate (red curve)
and the nitrate just below the euphotic zone in the SCS (green curve). We assume here that half of the
N fixation increase occurs early in the deglaciation in response to increase in the water column denitrifi-
cation, and the remaining N fixation increases more continuously through the deglaciation and Holocene
in response to increasing sedimentary denitrification associated with sea level rise (using the simplified
deglacial history of Deutsch et al. [2004]). The green line shows the trend expected from the combination
of the mean ocean nitrate §'°N and N fixation change The data in black are the calculated subsurface 6'°N
using the G. ruber FB-6"N record and the average 6'°N offset between the Holocene subsurface 6 >N and
G. ruber FB-6"N of 0.4%o, such that the blue filled space | indicates the deviation of subsurface §'°N from
the composite prediction based on mean ocean nitrate 6'°N and reglonal N fixation; the most important
deviations are (1) the gre -deglacial component of the “deglacial” increase in FB- 615 N, (2) the slowness
of the decline in FB-§"°N through the Holocene, (3) the single-sample FB-§'°N maxima in the early Holo-
cene that are shared by all three euphotic zone species. In the text, we describe several processes that may
explain these deviations, which include changes in (i) water column denitrification in the eastern Pacific
and (ii) the thermocline structure of the SCS.
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regional increase in export production, suggesting a possible
water column denitrification increase in the eastern equato-
rial Pacific prior to the last deglaciation [Robinson et al.,
2009]. This early rise in 6"°N, if introduced into the west-
ern equatorial Pacific by the NEC, might explain the early
8N increase in our SCS record. However, the cause for this
early eastern Pacific §'°N increase is not yet known, and it
might also be interpreted as a local signal due to incomplete
nitrate consumption [Robinson et al., 2009]. Thus, it is a
somewhat unsatisfying explanation for the early FB-§'°N
increase in the SCS.

[33] Pacific circulation changes in themselves may also
affect the SCS record. The western Pacific is susceptible to
several important modes of circulation change that might

influence its communication with the eastern Pacific as well
as the depth/thickness of the SCS thermocline, both of which
could affect the §'°N of shallow subsurface nitrate. In the
context of a mid-Holocene 6'°N decrease observed in their
record from near Mindanao (yellow curve in Figure 4b),
Kienast et al. [2008] consider the possibilities of a mid-
Holocene weakening of the NEC and/or a thickening of the
western equatorial Pacific thermocline, tending to favor the
latter. We have no further insight into the possibility of large
scale western equatorial Pacific changes but simply note that
the dynamics affecting the study region of Kienast et al.
[2008] could also influence the SCS.

[34] As a marginal sea next to the Asian continent with its
strong monsoonal system, the SCS in particular is sensitive
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Figure 6. Comparison of the SCS FB-6'°N records with other relevant paleoclimate data from the
region. (a) June insolation at 30°N in gray, and cave records of East Asian monsoon variability in green,
blue and red for different stalagmites [Wang et al., 2001; Dykoski et al., 2005]. (b) Planktonic FB-6°N of
individual species from our study. (c) From the same sediments as Figure 6b, the §'%0 of G. ruber (white)
calcite (%o vs. VPDB) in red [Wei et al., 2003], and planktonic foraminiferal hydrographic index (PFHI) in
black [Yu et al., 2006]. The latter is calculated as follows: PFHI = (% warm water species)/(%owarm water
species + %cold water species), where warm water species include G. ruber and G. sacculifer, and cold
water species include N. dutertrei and G. inflata. Low PFHI suggests cold/upwelling conditions, while
high PFHI suggests warm/stratified conditions. The purple arrows indicate periods of cold/shallow ther-
mocline conditions that coincide with multispecies high FB-6'"N events.

to changes in thermocline depth associated with wind
changes. The SCS warmed slowly during deglaciation and
through the Holocene [Kienast et al., 2001; Shintani et al.,
2008], in contrast to the surrounding tropical western N.
Pacific [Rosenthal et al., 2003]. This difference is provi-
sionally attributed to the effect of the monsoon cycle on the
SCS [Shintani et al., 2008]. Indeed, it is over the latter
Holocene that cave records suggest a decline from the period
of strong East Asian summer monsoon, under the influence
of the ~20 kyr precessional cycle (Figure 6a) [Wang et al.,
2001; Yuan et al., 2004]. In the SCS, the monsoon’s effect,
which apparently applied most strongly between 15 and 8§ ka
in the northern SCS [Shintani et al., 2008], would have
enhanced vertical exchange across the thermocline, weak-
ening the vertical gradient in nitrate '°N and thus raising
the 6'°N of the nitrate supply to the euphotic zone. This

would have worked against the §'°N decrease associated
with deglacial increase in N fixation, effectively delaying the
decline in SCS FB-6'°N into the later Holocene. Moreover,
if the deglacial-to-Holocene SCS thermocline changes var-
ied neatly with the precessional cycle, this same hydro-
graphic effect may also explain the rise in SCS FB-§'"N
before the onset of deglaciation, because of the increase in
June insolation at ~22 ka (Figure 6). Stepping back from
these specific speculations, variations in the East Asian
monsoons could easily alter the timing of §'°N changes
away from the template three-step pattern of ice age,
deglaciation, and Holocene.

[35] As described above, the Holocene has three brief
FB-6'°N maxima, typically defined by just a single depth
but evident in all three euphotic zone species. These are
found at approximate dates of 8.3 ka, 5.8 ka, and 4.4 ka
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(Figure 6). Of these three events, the first at 8.3 ka clearly
coincides with excursions in G. ruber §'®0 and the planktonic
foraminifera hydrographic index (PFHI) [Yu et al, 2006],
both of which are consistent with these events involving
cooling at the surface and/or a thermocline weakening
(Figure 6; see caption for calculation of PFHI). This event
may correspond with the well-described 8.2 ka cold event in
Greenland [Alley et al., 1997]. The second event also corre-
sponds with smaller excursions in §'%0 and PFHI, but not as
convincingly. Given the clear correspondences of the 8.3 ka
FB-6'°N maximum, we provisionally interpret all three of
these events to be associated with hydrographic events driv-
ing upwelling and/or a weakening of the thermocline, which
brought high 6"°N intermediate water closer to the surface and
increased the 8'°N of shallow subsurface nitrate being mixed
into the SCS euphotic zone. Given that the three events rep-
resent a significant part of the early to mid-Holocene record,
their effect of increasing the mean 6'°N of the early Holocene
may also be responsible for the general FB-6'°N decrease into
the later Holocene.

6. Conclusions and Future Work

[36] In this study, we use the §'°N of the organic matter
bound within the matrix of planktonic foraminiferal shells to
reconstruct the changes in the §'°N of the nitrate supply to
the SCS euphotic zone over the last 42 ka. The FB-6"°N
record at the SCS, consistent among all analyzed planktonic
foraminiferal species, shows a higher §'°N during the last ice
age than the current interglacial, and a deglacial maximum in
8"°N. Although global mean ocean nitrate §'°N change is the
likely driver of the deglacial §'°N maximum in the SCS
record, it is less likely to be the primary explanation for the
glacial/interglacial difference in '°N. In any case, given that
the glacial-to-interglacial FB-§'°N decrease in the SCS is
clearly smaller than that observed previously the Caribbean
Sea, it rules out the possibility that the Caribbean §'°N
decrease was solely due to a mean ocean nitrate §'°N
decrease. Thus, the SCS data validate the interpretation of
Caribbean data as indicating lower Atlantic N fixation dur-
ing the last ice age [Ren et al., 2009].

[37] The parallels between the SCS and the Caribbean Sea
FB-6"°N records suggest that N fixation is likely to be the
common mechanism to account for the glacial/interglacial
8'°N difference in the tropical/subtropical oligotropic
regions of both ocean basins. Together with reconstructions
of water column denitrification, it supports the long-
proposed importance of the response of N fixation to changes
in the N inventory and N to P ratio in the ocean [Redfield,
1958; Broecker, 1982; Tyrrell, 1999]. While our data do
not suggest iron as the dominant regulator of N fixation
over the last glacial/interglacial cycle [e.g., Falkowski, 1997;
Broecker and Henderson, 1998], neither the SCS nor Carib-
bean Sea are good candidates for iron limitation of N fixation
[Duce and Tindale, 1991]. Future work in the central North
Pacific or the South Pacific is needed to seek signs of glacial/
interglacial changes in iron limitation on N fixers.

[38] Despite our growing evidence for reduced N fixation
during the last ice age when denitrification was also reduced,
we cannot yet exclude the possibility of changes in N
inventory between last ice age and the current interglacial.
As the balance in N budget is largely governed by the
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strength of the feedback between N fixation and denitrifi-
cation, there are likely two ways to address the question in
the future. First, the glacial/interglacial difference in mean
ocean nitrate 6'°N and its time scale of response hold
information regarding changes in the size of N inventory
[Deutsch et al., 2004]. While individual §'°N records may
be dominated by local processes such as denitrification, N
fixation, and incomplete nitrate consumption, multiple
records should eventually allow us differentiate global and
regional prints. Second, the deglacial §'°N changes in the
SCS and Caribbean records might be used as model targets
by which to evaluate the strength of the feedback between N
fixation and denitrification and its implications for changes
in N inventory.
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