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Abstract

We report the differences between 8N of organic nitrogen bound in foraminifera tests
(foraminifera-bound &°N, or FB-8'°N), which is considered an effective recorder of
thermocline nitrate 3*°N in the oligotrophic areas, and bulk sedimentary 5N (5"°Npuy) of core
MD12-3433, located in the northern South China Sea (SCS), to explore possible causes of the
offset between these two proxies in the SCS. The offset can be best explained by the influence
of the terrigenous input on 8Ny, as evidenced by its general correlation with sea level
changes, C:N ratios, and inorganic nitrogen contribution to total nitrogen. Moreover, our new
record is compared to six previously published 8" Npuy records of the SCS based on their
geographical proximity to the mainland or large rivers, which all show being influenced by
terrigenous input. The effect of changes in vertical mixing is evaluated and believed to play a
minor role on the general pattern of FB-5"°N, while N fixation is the most important impact on
FB-5"N records in the SCS as previously studies revealed. A deeper mixed layer during the last
glacial period could result in nitrate with higher 8"°N from the subsurface being mixed into the
euphotic zone. FB-8"°N of Orbulina universa have higher values than Globigerinoides ruber
and Globigerinoides sacculifer, with a maximum difference in the last glacial maximum, which
could be accounted for by its deeper habitat where it is sensitive to changes in the contributions

of vertically mixed subsurface nitrate relative to nitrate from N, fixation.

1. Introduction
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Fixed nitrogen (N) is one of the critical limiting nutrients for photosynthesis in vast area of
today’s ocean. Because of its short residence time (<3 kyr, [Codispoti et al., 2001]) relative to
marine phosphorus (P), its sources and sinks are more sensitive to climate change on the
timescale of glacial and interglacial cycles. Hence, the processes that control the sources and
sinks of the fixed N inventory can have a significant impact on the strength of the biological
pump and thus on atmospheric CO; [e.g., Altabet et al., 1995; Galbraith et al., 2008a;
Ganeshram et al., 1995]. The primary source of fixed N to the ocean is N fixation by
diazotrophic bacteria, with minor inputs from land and atmosphere, and the main sink is
denitrification occurring in the sediments and the oxygen minimum zones in the water column
[Galbraith et al., 2008a; Gruber and Galloway, 2008].

The stable nitrogen isotope (3"°N = °N/*Ngmple /°N/*Nair—1, N, in the air is the reference)
of organic N provides an important tool for studying the N budget and cycle in the ocean. Due
to different kinetic effects of the heavy and light stable isotopes, nitrate uptake by phytoplankton
preferentially removes *N, leaving the residual nitrate pool enriched in *°N. However, no net
isotope fractionation would be expressed if nitrate were completely consumed. Therefore, §°N
of the organic matter produced in oligotrophic regions, where nitrate utilization is complete,
should reflect >N of the N source to the euphotic zone, which is mainly from vertical mixing
of subsurface nitrate augmented by in-situ N, fixation, atmospheric N deposition and terrestrial
input of organic and inorganic nitrogen. Mean ocean nitrate has a >N value of approximately 5%o

[Sigman et al., 2000]. Since little isotope fractionation occurs during N, fixation, the newly
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fixed N through N, fixation is only slightly lower than that of the air (0 to —2%., [Carpenter et
al., 1997]). Hence, N, fixation reduces "N of subsurface nitrate [Karl et al., 2002; Liu et al.,
1996] relative to the mean ocean nitrate 8*°N. On the other hand, water column denitrification
causes a regional increase in the thermocline nitrate 5*>N due to its strong discrimination against
>N [Altabet et al., 1999]. It is generally shown that bulk sedimentary 5N (8"°Npuy) records
changes in surface ocean 8°N dynamics. However, the use of 8"°Npuyx can be compromised by
various processes. First, post-depositional bacterially driven degradation can significantly
elevate the °N of sedimentary N relative to the N sinking out of the surface ocean outside of
sedimentary environments characterized by high organic matter preservation (e.g., upwelling
areas and continental margins) [Altabet and Francois, 1994; Lourey et al., 2003]. Second,
sedimentary organic N can be contaminated by terrestrial sources of organic and inorganic N,
especially in regions near the coasts or with little marine organic matter being preserved and
buried [Kienast et al., 2005; Schubert and Calvert, 2001].

Ren et al. [2009, 2012b] showed that §*°N of organic nitrogen bound in foraminifera tests
(foraminifera-bound 8*°N, or FB-8"°N) can be an effective recorder of thermocline nitrate 5°N
in the oligotrophic areas because FB organic matter is protected from contamination of
terrestrial N and organic matter degradation [Altabet and Curry, 1989]. Studies using both
FB-8"°N and 8"™Npu« show dramatic differences between the two proxies. In oligotrophic
regions with N, fixation occurring, including the Caribbean Sea, the Gulf of Mexico and the

South China Sea (SCS), FB-5"°N values are higher in the last ice age relative to the Holocene,
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while 8" Npui values are not [Meckler et al., 2011; Ren et al., 2009, 2012a]. In these cases, the
higher glacial FB-5"°N values are interpreted to represent reduced N, fixation, and the lack of
8" Npuik change is considered to result from the counteracting effect of greater terrigenous input
in the glacial sediment which lowers N of the total bulk sedimentary N. In addition, the
published 8Ny records in the SCS show varying amplitudes of glacial to interglacial changes
from nearly no difference to slightly higher Holocene values, but none of them are similar to the
FB-8"N trends [Kienast, 2000; Higginson et al., 2005]. As for the FB-5"°N, species offsets have
been observed even within dinoflagellate symbiont-bearing planktonic species [Ren et al., 2009,
2012a]. In a plankton tow study, it appeared that suspended particulate organic matter (POM), as
part of N source of deeper-dwelling species, may account for their slightly higher values relative
to the surface-dwellers, but much work still remains [Ren et al., 2012b]. Therefore, the causes of
both the offset between &°Nyyx and FB-8"°N and the species-specific FB-8"°N offset in
downcore records need to be further explored and assessed.

In this study, we analyze FB-8"°N and &Ny of core MD12-3433 at the northern SCS over
the last 47 ka, and interpret them in comparison with other bulk sediment proxies and the
published "N record from MD97-2142 at the southeastern SCS [Ren et al., 2012a] to further
analyze the causes of the offset between "Ny and FB-8"°N, and the offset of FB-§°N

between of several species.

2. Oceanography Background
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The South China Sea is the largest marginal sea in the tropical western North Pacific. The
deep water only comes from the adjacent western North Pacific through the Luzon Strait (sill
depth ~ 2400 m) between Taiwan and the Luzon Islands [Qu et al., 2006]. In the upper layer
(above 500 m), water from the western North Pacific enters the SCS through the Luzon Strait in
winter and flows back into the western North Pacific in summer [Tian et al., 2006; Wyrtki, 1961].
The surface circulation of the modern SCS has distinct seasonal characteristics driven by the
East Asian Monsoon, a large cyclonic gyre in winter and an anti-cyclonic gyre in the south plus
a weak cyclonic gyre in the north in summer [Wyrtki, 1961; Liu et al., 2002] (Fig. 1). The
surface water of the SCS coming from the western North Pacific can be influenced by the
Eastern Tropical North Pacific water advected by the North Equatorial Current (Fig. 1). The
euphotic layer is oligotrophic and both N and P are usually below the detectable limits [Chen et
al., 2004].

Modern observations indicate that the SCS and the surrounding areas are characterized by
N, fixation. A significant contribution of N, fixation to the nutrient inventory was indicated
from nitrate anomaly (N*) in the upper thermocline in the northern SCS [Wong et al., 2002]. In
addition, thermocline nitrate has relatively low 8"°N values (~4.2%o [Wong et al., 2002] and ~4.8%o

[Yang et al., 2016]) in the northern SCS, also due to N, fixation.

3. Materials and Methods

Core MD12-3433 (19°16.88'N, 116°14.52'E, 2125 m water depth, 8.2 m recovery) was
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recovered in 2012 from the northern continental slope of the SCS, approximately 340 km
offshore the Pearl River mouth (Fig. 1) during the Chinese-French CIRCEA cruise of R/V
Marion Dufresne. The sediment lithology is homogenous and dominated by greenish gray to
dark gray clay with several layers abundant with organic matter [Kissel et al., 2012]. The age
model is established based on 14 planktonic foraminiferal AMS *C dates of MD12-3433
(triangles in Fig. 2) through linear interpolation. The average sedimentation accumulation rate is
higher during the last glacial (~ 27 cm/ka) than the Holocene (~12 cm/ka).

Three species of euphotic zone-dwelling foraminifera in the >250 um size fraction,
Globigerinoides ruber, Globigerinoides sacculifer and Orbulina universa, were analyzed for
FB-5"°N. The protocol for measuring FB-8"°N [Ren et al., 2009; Ren et al., 2012b] includes 1)
chemical treatment of the foraminiferal shells to remove external N contamination, followed 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 chemiluminescence [Braman and Hendrix, 1989], and (4) bacterial conversion
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 spectrometry
[Casciotti et al., 2002]. Specifically, 1 to 5 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). Samples were then treated with persulfate and rinsed

five times with DI. The remaining 0.5 to 3 mg of cleaned foraminiferal tests were subsequently
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completely dissolved in 6 N hydrochloric acid, releasing organic matter for analysis. Given the
small size of materials, no cleaning duplicates were made. We use three organic standards:
USGS 40 (8N = -4.5%0), USGS 41 (3N = 47.6%c), and a self-made mixture of
6-aminocaproic acid and glycine (8°N = 5.4%o) to correct for the oxidation blanks, which is on
average 10% of the sample size. A minimum of 18 organic standards and 3-5 blanks are
analyzed per batch of samples. The size of the nitrogen blank relative to sample nitrogen content
is ~0.1%o. The 8'°N of the persulfate blank is 4.6%o as quantified by the organic standards. This
is similar to the range of FB-8"°N measured in our samples. Reproducibility for mass
spectrometer analyses is generally better than 0.1%.. FB-6"°N were analyzed at the Princeton
University.

Bulk sediments were sampled every 8 cm (~2 samples/kyr), yielding 103 samples. §"°*Npuix
and TN were analyzed on unacidified bulk sediments. A subset of samples were acidified by
buffered solution of glacial acetic acid (pH = 5) and repeatedly rinsed with deionized water and
centrifuged to remove acid. Carbonate-free samples were then analyzed for 613C0rg, TOC and
C:N ratios. Sediment samples were run on a Carlo Erba 1108 elemental analyzer, interfaced to a

Thermo Finnigan Delta Plus XP IRMS, at the University of California, Santa Cruz.

4. Results

FB-8"°N of the three species in this study (Fig. 2a) generally have similar range and

variability with those in the study of core MD97-2142 [Ren et al., 2012a] (Fig. 2b). The
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FB-5"N records of the three species all show a glacial-to-interglacial decrease. FB-5"°N values
of both G. ruber and G. sacculifer started to increase at around 25 ka and show a maximum
(~7%o) during the deglaciation at around 15 ka, whereas FB-8"°N values of O. universa show a
maximum (~8.5%o) during the LGM at around 24 ka and are generally higher than the other two
species, especially during the LGM (Fig. 2a).

Variations in the record of §°Nyui are not similar to those in the FB-5'°N records (Fig 3a
and 3b). The range of 8Ny is relatively small, from 4.7%o to 5.7%.. The record of 8" Npu
shows no obvious trend from 47 to 19 ka, followed by slightly increasing from 19 ka to reach a
maximum at around 7 ka and then slightly decreasing into the late Holocene (Fig. 3b). Other
8" Npui records from all over the SCS (Higginson et al., 2003; Kienast, 2000; Ren et al., 2012a)
also show little variability during the glacial/interglacial cycles (Fig. 2c).

The range of 813Corg is from —20.0%o to —21.7%o, increasing progressively during Marine
Isotope Stage (MIS) 3 (average ~ —20.8%o), reaching around —20.5%o during the LGM and early
deglaciation, and then decreasing during the deglaciation to average Holocene value of —21.2%o
(Fig. 3c). The C:N ratios also increased progressively during MIS 3 (the average ~ 6.6), reached
a maximum around 8.6 during the LGM and early deglaciation, and then decreased to the late
Holocene (the average ~ 7.3) (Fig. 3d). Similar to the records of §"°Coq and C:N ratio, both
TOC and TN values were higher during the last glacial period and early deglaciation than the

Holocene (Fig. 3e and 3f).
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5. Discussion
5.1 3" Npyi in the SCS

Variations in the " Npux record are unrelated to those of the FB-8"°N records at both
MD12-3433 (this study) and eastern SCS core MD97-2142 [Ren et al., 2012a]. Except for the
8" Npuk record from ODP 1144 in the northern SCS, which shows trends possibly due to
sediment drift and allochthonous origin of both organic and inorganic nitrogen [Higginson et al.,
2003; Kienast et al., 2005], most published 5Ny records [Kienast, 2000] show no clear
glacial/interglacial variability, particularly when compared with FB-3"°N records (Fig. 2c). The
lack of obvious glacial/interglacial 8"* Ny, change among these different records was thus used
to infer that ocean nitrate 8">N was constant [Kienast, 2000]. However, the fidelity of 8*>Nyyi as
a proxy of nitrate §°N in the SCS was challenged since N contributions from land [Kienast et
al., 2005] and alteration during burial [Robinson et al., 2012] can result in misleading 8" Npui
records. The sharp contrast between FB-5'°N and 5Ny, records reconfirms the infidelity. The
effect of terrigenous input and alteration during burial on 8Ny, needs further exploration.

8"®Cory and C:N ratios in sediments are widely used to discriminate organic matter of
terrestrial and marine origins [e.g., Knudson et al., 2015; Meckler et al., 2011; Meyers, 1994]. A
SCS study of sediment cores, plankton and particulate organic matter (POM) from the coastal
area off-shore the Pearl River estuary demonstrates that §'°C.q and C:N are reliable
geochemical indicators of organic matter of marine or terrestrial origin [Chen et al., 2008].

Terrestrial organic material deposited in the northern SCS has a §*3C value and C:N ratio of
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—25.5%0 and 22, respectively, and marine organic matter has values of —22.1%. and 6.6,
respectively [Liu et al., 2007].

During the glacial period, there was higher input of fine-grained terrestrial sediment from
the South China due to low sea-level [Liu et al., 2016; Zhang et al., 2016]; this observation is
consistent with the record of C:N ratios in our study of core MD12-3433 (Fig. 3c), which are
relatively high during the glacial, especially in the last deglaciation and the LGM. The peak C:N
ratios in the LGM are ~9, which are just above the marine end member and well below pure
terrestrial end member value, indicating that while the majority of organic matter is of marine
origin throughout our record, there may be significant contributions of N from land. C:N is used
to quantify the changes of terrestrial input, showing that the contribution from terrestrial input
was higher than 10% during the LGM and lower than 10% during the Holocene. C:N values
may also be affected by the addition of inorganic nitrogen, mostly from ammonia derived from
organic matter decomposition, absorbed on clays [Hu et al., 2006; Meyers,1997]. Therefore, it is
just a rough estimate of quantification, which shows higher terrestrial input during the LGM.

Because terrestrial organic matter has relatively low 613Corg values, it might be expected
that our 813Corg values would be lower during the glacial period to corroborate our interpretation,
based on the C:N record, of higher terrestrial input during the glacial. Instead, the 613C0rg record
shows relatively high §"°Cyq values during the glacial stage. Therefore, it is likely that the 5*°C-
org Signal of changing amounts of terrigenous organic matter was overprinted by other processes

related to changes in biological productivity. In core MD12-3433, the 8*3Cyq values range from
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—20.0%0 to —21.7%o, indicating that the organic matter is generally of marine origin, and the
records of TOC and TN content (Fig. 3d and 3e) indicate higher productivity during the last
glacial, especially in the last deglaciation and the LGM. In addition, the sedimentation rate is
relatively high during the glacial period (Fig. 4) also supports that the high TOC and TN
content can reasonably be interpreted as indicative of higher productivity. Other proxy records
from the northern SCS support the idea that there was higher productivity in the last glacial
period, including TOC and chlorine abundance records from ODP Site 1144 [Higginson et al.,
2003], an alkenone content record from core SO50-31KL [Huang et al., 1997], and a record of
relative abundance of Florisphaera profunda (%FP) from cores MD12-3428 [Zhang et al.,
2016] and MD05-2904 [Su et al., 2013]. Higher productivity during glacials in the northern
SCS is generally attributed to enhanced vertical mixing in response to a strengthened East
Asian Winter Monsoon (EAWM) bringing subsurface nutrients into the euphotic zone [Wang
and Li, 2003]. Phytoplankton discriminate heavy carbon isotope during photosynthesis
rendering a surface carbon reservoir with higher 8*3C, and the isotope fractionation itself
decreases, also rendering higher 613C0rg values, as pCO, is drawn down. As such, higher
productivity could explain the elevated glacial §*Corq values. Thus, while the C:N data point to
elevated terrigenous inputs during the glacial, the 5"°Corq record does not support it. Different
proxy records of bulk sediment are confusing. However, further insight into the interpretation
of the 8" Npui record can be achieved by comparing it to the FB-8"N record.

In oligotrophic regions like the SCS, the time-averaged total organic matter produced in
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the surface ocean, if well-preserved in the sediment, should have the same 8N value as the
nitrate source to the euphotic zone, which is mainly from the upper thermocline. FB-8"°N of the
euphotic zone dwelling foraminiferal species closely record thermocline nitrate 8N. We can
thus use the difference between FB-5'°N (average of three species) and 8*°Npu measurements
to infer sedimentary processes altering 815Nbu|k. The 615Nbu|k is lower than FB-8°N in the last
glacial period, but higher in the Holocene (Fig. 4). A similar pattern is observed at MD97-2142
[Ren et al., 2012a] (Fig. 4). The "N differences in the two cores vary almost synchronously
with the sea level changes (Fig. 4). This could be explained by accounting for the fact that more
fine-grained sediments reached the deep SCS during low sea level stand [Liu et al., 2016;
Zhang et al., 2016]. One possibility is that when sea level was low and the coastline was closer
to the shelf break, riverine-derived sediment was delivered more directly to the upper slope and
to the core location; in contrast, during high sea level stands, riverine-derived sediment would
have been deposited on the shelf prohibiting direct deposition near the shelf break or the core
site. Sedimentation rate (Fig. 4) was higher during the LGM and MIS 3, indicating that more
riverine-derived sediment deposited in the core location.

In fact, we find a positive correlation at both sites when comparing the difference between
FB-3"N and 5" Ny with C:N ratios, whose R* are 0.59 and 0.75 for core MD12-3433 and
MD12-2142, respectively (Fig. 5). Since the C:N ratio is an indicator of the relative
contributions of terrigenous organic matter, its correlation to the difference between FB-°N

and 8" Npyi could also be explained by changes in the input of terrigenous organic matter if the
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8N of the terrigenous end members were relatively low.

The 8N of the surface sediments, believed to be of terrigenous origin, from the Pearl
River mouth, ranges between 6.2 and 7.1%o at present [Gaye et al., 2009], 1-2%o higher than the
modern thermocline nitrate [Wong et al., 2002], due to Pearl River pollutants and sedimentary
denitrification in the inner shelf which strongly modifies the >N of the sediments [Gaye et al.,
2009]. Further evidence that anthropogenic activity, including rapid coastal development, has
resulted in enhanced 8"°Npyy values can be found in sediment records spanning the last century
from offshore the Pearl River [Jia et al., 2013]. Moreover, denitrification is found occurring
over the watershed of the Pearl River indicated by the §'°N and 5'®0 signal [Chen et al., 2009].
On the other hand, the 5'°N of the less polluted rivers discharging into the SCS is similar or
slightly lower than the modern thermocline nitrate 8*°N. For example, the Mekong River has a
8N signal of around 4.2, which seems to be typical of large tropical rivers [Gaye et al., 2009].
We speculate that the Pearl River discharge may have had a similarly low 8*°N signature before
it was polluted. Therefore, since it is widely observed in the SCS that terrigenous input was
greater in the glacials, it is reasonable to explain the lower glacial 815Nbu|k value relative to
FB-8"N by greater terrigenous input during the glacials. Furthermore, the general correlation
between C:N and the difference between FB-5°N and "Ny (Fig. 5) is best explained by
changes in terrigenous input over the last ~40 ka. However, 8"°N of terrestrial end members in
the past could have been different from its present values, thus must be interpreted cautiously.

While §"°Npyi is assumed to primarily reflect the nitrogen isotopic composition of marine
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organic fraction, it can also be influenced by the inorganic fraction. Terrestrial inorganic
nitrogen (Ninorg) usually has a lower 8"N than marine organic nitrogen [Kienast et al., 2005;
Schubert and Calvert, 2001]. Therefore, the 8°Npu signal can be dampened because of
terrestrial inorganic nitrogen input. The TOC versus TN linear relationship shows an intercept of
0.066 (Fig. 6), which was approximated as the contribution of Ninorg to TN, implying 38-66% of
Ninorg cONntribution to TN. Isotopic analysis of inorganic fraction in sediment traps in the SCS
from Kienast et al. [2005] reveals that Ninorg have 8N values ranging from 3.1 to 4.8%o, which
accounts for dampening of our 8Ny values ranging from 0.58 to 3.31%o. In conclusion,
varying amounts of terrigenous N input, including inorganic N input, influence 8"*Npy records
in the SCS, which may be controlled by the sea level change and its influence on the delivery of
riverine-derived sediment to the sites MD12-3433 and MD97-2142.

Although the variability in most 8" Npuy records from the SCS is weak (Fig. 7) compared
with the FB-8"N records (Fig. 2) due to overprinting of the 8"°Npuyx records by changes in
terrigenous input especially during the glacials, they may still hold some meaningful
information. The "Ny Values from core 18284 are markedly lower than other records, and
MD97-2142 and 17954 (named “the first group” thereafter) are slightly higher than other
records (Fig. 7). 8" Npux values of MD12-3433, 17940, 17924 and 17961 (named “the second
group” thereafter) are between the first group and 18284. 18284 is located close to the Sunda
Shelf and during the low sea level stand of the LGM it was in close proximity to the emerging

land (Fig. 1). Bulk sedimentary 8"*Cqy for 18284 were approximately —21% at the core top
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suggesting a mostly marine origin of organic matter, whereas 813C0rg values were depressed and
reached approximately —26% in the LGM indicating the presence of significant amounts of
terrigenous organic matter [Kienast et al., 2005]. Therefore, the "Ny record of 18284 is
influenced strongly by terrigenous input with relative low "N signature. In contrast, §*Cyyq for
other cores in Fig. 7 all range between —19% and —22% [Kienast et al., 2001; Ren et al., 2012a],
close to the end member of marine organic matter. The first group of the two cores is further
away from large rivers than the second group consisting of three cores located offshore of the
Pearl River and one core (17961) located in the vicinity of the Sunda Shelf offshore of the
Mekong River. Thus, the decreasing 8Ny values, from the first group to the second group
and then to core 18284, could reflects differences in terrigenous input due to their geographical
proximity.

In regions with high sediment accumulation rates and high productivity, little offset is
found between 5Ny of surface sediment and that of sinking particles indicating minimal
impact of diagenesis on Ny in these environments [Altabet et al., 1999; Kienast et al.,
2002]. However, in environments with low sediment accumulation, 8"*Nyui could increase due
to degradation in the water column and diagenetic alteration, generally due to the preferential
loss of *N during the oxidation of organics [Galbraith et al., 2008a; Lahajnar et al., 2007;
Robinson et al., 2012]. Organic matter degradation can be particularly intense in the water
column and at the sediment-water interface when water masses are well-ventilated and primary

productivity is relatively low [Lahajnar et al., 2007]. Degradation of organic matter in the
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surface sediments occurs all over the SCS [Gaye et al., 2009]. Therefore, in addition to the
influence of the terrigenous input, degradation of organic matter could influence the offset
between FB-8°N and 8Ny values, especially during the Holocene when sedimentation rate
and productivity were relatively low and the deep ventilation was relatively strong in the SCS
[Wan and Jian, 2014]. Thus, the relatively high 8Ny values, compared to FB-8"°N, in the
Holocene in both MD12-3433 and MD97-2142 may be partially influenced by degradation and
diagenetic alteration of the bulk organic material. Future work focused on generating proxy
records of ventilation, productivity and degradation could help to untangle the effects of these
processes on &Ny records. In conclusion, in coastal environments without high sediment
accumulation rates and high productivity, like the SCS, terrigenous input is the primary
influence, meanwhile degradation and diagenetic alteration can also impact the 5Ny record

and obscure the primary signal related to changes in the 8*°N of POM in the surface water.

5.2 FB-8"°N of three species in the SCS

The FB-5"N records of the three species in this study all show a glacial-to-interglacial
decrease (Fig. 2a), similar to the higher resolution record at MD97-2142 at southeastern SCS
(Fig. 2b) [Ren et al., 2012]. Since a significant glacial-to-interglacial change in global mean
ocean nitrate 8°N is unlikely [Brandes and Devol, 2002; Deutsch et al., 2004], lower
interglacial FB-5"°N in our record and in MD97-2142 is most likely caused by an increase of

N, fixation depressing 8"°N of nitrate regionally. While there is a generally decreasing
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glacial-to-interglacial trend in all three species of FB-3"N records (Fig 2), they differ in detail
during the last deglaciation and the LGM. FB-8"°N of G. ruber and G. sacculifer have
maximum values in the deglaciation, whereas FB-8"°N of O. universa has maximum values in
the LGM. FB-3"N maxima of G. ruber and G. sacculifer in the deglaciation are most likely
reflecting the influence of open ocean nitrate 3™°N, as observed in core MD97-2142. Nitrate
8N was relatively high during the deglaciation as observed in records both within major water
column denitrification zones [e.g., Altabet et al., 2002; Ganeshram et al., 1995; Hendy and
Pedersen, 2006; Higgison and Altabet, 2004] and outside these zones, such as in the east
equatorial Pacific [Robinson et al., 2009], eastern North Pacific [Hendy et al., 2004; Emmer and
Thunell, 2000; Kienast et al., 2002], eastern subarctic Pacific [Galbraith et al., 2008b], northern
Chile [De Pol-Holz et al., 2006], Caribbean Sea [Ren et al., 2009], western North Pacific [Jia et
al., 2011; Kao et al., 2008] and SCS [Ren et al., 2012a]. Although the deglaciation &°N
maximum signal in some areas may be overprinted by other changes in the nitrate §"°N of
source water, N, fixation and/or nitrate utilization, the dominance of the 8"°N maximum in
records throughout the western North and tropical Pacific [Jia et al., 2011; Kao et al., 2008]
suggests that the signal of intensified water column denitrification during the deglaciation was
transported to areas outside of major denitrification zones, and specifically into the SCS.

While the main FB-8"N pattern in this study can be explained by changes in the §*°N of
the source water and N fixation as described above, the possible effect of changes in vertical

mixing also needs to be evaluated. Measurement of nitrate 3*°N in the northern SCS [Wong et
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al., 2002; Yang et al., 2016] indicates that 8*°N increases by about 1%o from 100 m to 300 m.
Thus, theoretically, deeper mixing could result in a slight increase in the 8*°N of source water;
but, our FB-5"N record includes changes greater than 1%o, and thus the primary signal cannot
be explained by changes in vertical mixing alone. Here we explore whether changes in vertical
mixing may explain some of the low amplitude secondary fluctuations in our records by
examining changes in the thermal gradient between surface and thermocline waters (Fig. 8).
These upper water thermal gradients (AT), the difference between the sea surface temperature
(SST) and the thermocline water temperature (TWT) derived from Mg/Ca of G. ruber and of
Pulleniatina obliquiloculata, respectively, were from core MD12-3432, located at the same
location as MD12-3433, MD12-3434 and MDO05-2904 [Steinke et al., 2011], both located close
to MD12-3433 in the northern SCS (Fig. 1). P. obliquiloculata is a thermocline-dwelling
planktic foraminiferal species living within 100-150 m in tropics [Dang et al., 2012; Xu et al.,
2006]. To reconcile these records, SST and TWT derived from Mg/Ca from MD05-2904
[Steinke et al., 2011] were recalculated using the equations from Huang et al., (2008) and Anand
et al. (2003), respectively, so that they could be directly compared with the data from
MD12-3432 and MD12-3434. AT can reflect the depth of thermocline (DOT) [e.g., Steinke et
al., 2010], with higher values indicating shallower DOT and less vertical mixing, and vice versa.

The AT patterns (Fig. 8) represent that the depth of thermocline (DOT) was deeper during
the LGM compared with the Holocene, which was most likely driven by stronger East Asian

Winter Monsoon (EAWM). Deeper mixing during the glacials is also observed at other locations
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in the SCS [Li et al., 2013; Steinke et al., 2010; Tian et al., 2005]. The two data points of
MD12-3433 that indicate deeper mixing during the deglaciation are not corroborated by the
other two higher resolution records (Fig. 8c); as such, our discussion is focused on the more
robust observation of deeper mixing during the LGM compared with the Holocene. It is noted
that when the DOT and vertical mixing were relatively deep and strong during the LGM, the
FB-5"N values of G. ruber and G. sacculifer in this study and all three species of MD97-2142
[Ren et al., 2012] were generally higher, and the DOT became deeper earlier than 20 ka as
FB-5"°N values became larger. Therefore, it is suggested that stronger diapycnal mixing during
the last glacial time could have brought nitrate with higher 8*°N from deeper water [Wong et al.,
2002; Yang et al., 2016] to the euphotic zone. In a study in the modern northern SCS, the annual
cycle of particulate nitrogen §°N collected in the upper 200 m resembled that of the mixing
layer depth variation with the highest 5N values during periods of the deepest mixing layer
depth, indicating that the seasonal pattern of particulate isotopic composition might be
associated with nutrient supply via diapycnal mixing [Kao et al., 2012]. Using the seasonal
effect of diapycnal mixing on upper layer §°N as an analog, the relatively high FB-3"°N values
of the LGM may be partially explained by stronger mixing at that time. As mentioned above,
this mechanism alone can only explain variations of about 1%., and thus, as explained earlier,
changes in 8"°N values of the source due to denitrification and regional changes in N fixation,
must be the primary explanation for our FB-5"N records in the SCS.

The values of FB-5°N of O. universa are higher than those of the other two species,
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especially during the LGM (Fig. 2a). Species differences were also observed in MD97-2142
[Ren et al., 2012] and Caribbean Sea [Ren et al., 2009] with the maximal species difference also
occurring at the LGM. These differences can be explained by differences in depth habitat of
these species. In the modern SCS, both G. ruber and G. sacculifer inhabit the upper 50 m, O.
universa grows deeper at ~ 80 m [Luo et al., 2015], and N fixation occurs mainly in the upper
60 m in the modern northern SCS [Chen et al., 2004]. Thus, while the relatively high FB-3"°N
values in all species can generally be attributed to reduced N-fixation during the LGM
compared to the Holocene, the larger species offset at the LGM (Fig. 8) could be explained by
differences in the relative effect of N, fixation and subsurface supply on different depths of the
euphotic zone inhabited by different foramininferal species. In particular, the relatively deep
habitat of O. universa, near the bottom of the mixed layer, makes this species more sensitive to
variations in vertical mixing of the subsurface nitrate supply. Stronger vertical mixing (Fig. 8c)
during the LGM could therefore explain the enhanced offset between O. universa and the other
two species (Fig. 8a and 8b).

Planktonic foraminifera obtain part of their N from particulate organic matter (POM), thus
POM &N would influence FB-8"°N. From the modern study in the northern SCS, POM 8N in
the upper 100 m is mostly uniform, whereas POM &N in the 100-200m is consistently higher
[Kao et al., 2012]. This downward increasing trend in POM &°N may be accounted for by the
isotope fraction during remineralization, since light nitrogen would be preferentially recycled

during remineralization. In addition, POM 8"°N values from the upper 200 m vary seasonally,
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with the highest 8*°N values during periods with the deepest mixing layer depth [Kao et al.,
2012]. Moreover, from the plankton tow samples in the Sargasso Sea, O. universa, compared to
G. ruber and G. sacculifer and other asymbiotic species, shows greatest variation and strongest
correlation with changes in the sinking POM 8™N [Ren et al., 2012b]. Since POM &N in the
100-200 m is consistently higher than that in the 0-100 m in the SCS [Kao et al., 2012], it is
believed that FB-8"°N of O. universa can be more sensitive to the changes in the sinking POM
8N due to its deeper habitat. During glacials, higher productivity in the SCS could increase
8N of POM thereby additionally causing the larger offset between species at that time.
FB-8"N of the three species from southeastern site MD97-2142 [Ren et al., 2012] are
generally similar to our data at northern site MD12-3433, but in detail there are differences in
how the species offsets change with time. This may be due to geographical differences in the
effect of the East Asian Monsoon (wind forcing) on the N, fixation depth and/or a different
thermocline depth. More detailed oceanographic studies that compare the northern and the

eastern SCS are needed to explain our results more completely.

6. Summary

Here we report the differences between FB-5"°N and 5" Ny, of core MD12-3433, located
in the northern SCS, which is believed to be mostly influenced by terrigenous input, evidenced
by its general correlation with sea level changes, C:N ratios, and inorganic nitrogen (Ninorg)

contribution to total nitrogen. Six more previously published 8Ny records of the SCS in
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addition to the record in this study are compared based on their geographical proximity to the
mainland or large rivers and present being influenced by terrigenous input. In conclusion,
terrigenous input can strongly obscure how the real §°N signal of the surface water is recorded
in 8"°Npui all over the SCS. Degradation and diagenetic alteration of organic matter can also
play a role on the offset of 615Nbu|k.

The effect of changes in vertical mixing is evaluated and believed to play a role on the
general pattern of FB-8"°N, although N, fixation has the most important effect on FB-3°N
records in the SCS. A deeper mixed layer during the last glacial period could result in more
nitrate with higher §"°N from the subsurface being mixed into the euphotic zone. FB-3"°N of O.
universa have higher values than G. ruber and G. sacculifer, with a maximum in the LGM,
which could be accounted for by its deeper habitat depth that renders it more sensitive to the
relative contributions of nitrate from the upward mixing of subsurface and from N, fixation.
During the glacials, FB-5"°N of O. universa could have been further enhanced by due to the
uptake of POM with higher §'°N from deeper layer and higher productivity.

This study emphasizes the influence of terrigenous input on the 815Nbu|k and reconfirms the
infidelity of "°Npui as a recorder of sinking organic matter 8*°N in the SCS, and possibly other
similar environments. Future work should be aimed at evaluating the causes of the differences
between different foraminiferal species to improve FB-5"°N as a confident recorder for surface

ocean &*°N dynamics.
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Figure 1. Location map of the SCS and sediment cores. The red square is core MD12-3433 in
this study. The black diamond is core MD97-2142 (Ren et al., 2012a). The solid and the dashed
curves with arrows within the SCS indicate the general surface circulation in winter and summer,
respectively. Also shown are the North Equatorial Current (NEC) and Kuroshio Current (KC),

presented by arrows. Khaki areas are emerging lands during the LGM.
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Figure 2. FB-8"°N and 8" Npu results of core MD12-3433, in comparison with other cores. (a)
FB-5"°N of G. ruber (green circles), G. sacculifer (red circles) and O. universa (blue circles) of
core MD12-3433 in this study. (b) FB-8"N of G. ruber (green crosses), G. sacculifer (red
crosses) and O. universa (blue crosses) of core MD97-2142 (Ren et al., 2012a). (c) 8"*Npui of
core MD12-3433 (brown) in this study, core MD97-2142 (Ren et al., 2012a), core 17961, core
17954, core 17940, core 17924, core 18284 (Kienast, 2000) and ODP 1144 (Higginson et al.,
2003). Triangles at the bottom indicate the AMS **C dates. The gray and yellow bars indicate

the last deglaciation and the LGM, respectively.
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Figure 3. FB-"°N and bulk sediment records of MD12-3433. (a) FB-5"°N of G. ruber (green
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circles), G. sacculifer (red circles) and O. universa (blue circles). (b) 8**Npuk. (€) organic 8**Corg
in sediments. (d) C:N ratios. (e) TOC weight percent %. (f) TN weight percent %. The gray and

yellow bars indicate the last deglaciation and the LGM, respectively.
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Figure 4. The comparison between relative sea level (RSL) (Waelbrocek et al., 2002) and 5N
difference (FB-8"N minus 8™ Npu) of MD12-3433 in this study and MD97-2142 (Ren et al.,
2012a). Also shown is the sedimentation rate of MD12-3433 (gray line). The gray and yellow

bars indicate the last deglaciation and the LGM, respectively.
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Figure 5. 8°N difference (FB-3"°N minus 8"Npu) vs. C:N for MD12-3433 (a) and

MD97-2142 (Ren et al., 2012a) (b).
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Figure 6. TOC (Wt%) vs. TN (wt%) for MD12-3433. The black line is the linear relationship

between TOC and TN with an intercept of 0.066, which is assumed to represent the inorganic
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nitrogen fraction.
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Figure 7. Seven 8" Npuy records all over the SCS. MD12-3433 is in this study. MD97-2142 is

from (Ren et al., 2012a) and others are from (Kienast 2000). Gray and yellow bars indicate the

last deglaciation and the LGM, respectively.
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Figure 8. The comparison between FB-3"°N and the seawater temperature difference between
surface and thermocline (AT). (a) FB-6"°N of G. ruber (green circles) and G. sacculifer (red
circles) of core MD12-3433. (b) FB-5"°N of G. ruber (green circles), G. sacculifer (red circles)
and O. universa (blue circles) of core MD97-2142 (Ren et al., 2012a). (c) AT (SST-TWT)
derived from Mg/Ca of G. ruber and P. obliquiloculata of core MD12-3432 (the brown line),
MD12-3434 (the green line) and MD05-2904 (the gray line) (Steinke et al., 2011). Gray and

yellow bars indicate the last deglaciation and the LGM, respectively.
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