
1. Introduction
Nitrogen (N) is an essential nutrient for marine organisms. It regulates the structure and function of marine 
ecosystems through tight coupling with various element cycles (Gruber & Galloway, 2008). The fixed N 
species, including nitrate (NO3

−), nitrite (NO2
−), and ammonium (NH4

+), are bioavailable, which have an 
important impact on primary production in the marine environment. The marine N cycle is mainly mediat-
ed by microbial processes, including but not limited to assimilation (NO3

−, NO2
−, NH4

+), ammonification, 
nitrification, denitrification, anammox, and N2 fixation. These processes form a complex N cycle in marine 
environment (Casciotti, 2016a).

NO2
− is a unique and intermediate component involved in the internal cycle and N loss in marine N cycle. 

NO2
− can be oxidized or reduced, and its product depends to some extent on the oxidant/reductant. Nitrifi-

cation, as one of the widespread internal cycles of N in the ocean, is performed by two steps. The first step 
is the oxidation of ammonia (NH3) to NO2

−, and the second is the oxidation of NO2
− to NO3

− (Ward, 2008). 
NO2

− is an intermediate product of nitrification, which directly affects the production of NO3
− and thus the 

estimation of new productivity in the euphotic zone (Wankel et al., 2007; Yool et al., 2007). In the process 
of nitrification, nitrous oxide (N2O) is produced as a by-product, which has an impact on global greenhouse 
effect (Ostrom et al., 2000; Santoro et al., 2011; Ward, 2008). Recently, nitrifier denitrification with NO2

− 
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− oxidation in the basin is not negligible, although 
the assimilation of NO2

− mainly represents the fate of NO2
− in the NSCS. The residence time of NO2
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implies that the cycle of NO2

− is dynamic and the PNM is an active signal in the NSCS. Our results further 
demonstrate the importance of NH3 oxidation in the formation of PNM in the marginal sea, which can be 
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Plain Language Summary Nitrite, a key intermediate in marine nitrogen cycle, is closely 
related to the production of nitrate and nitrous oxide and plays an important role in global nitrogen and 
carbon cycles. However, little is known about the nitrite cycle in the marine environment. In this study, 
we measured the δ15N and δ18O of nitrite in the northern South China Sea (NSCS) to describe the path of 
the nitrite cycle. Our results prove that the nitrite in primary nitrite maximum (PNM) is mainly derived 
from ammonia oxidation. We also estimated biogeochemical transformation rate of nitrite, which further 
revealed the residence time of nitrite in PNM. This knowledge of the nitrite cycle in the euphotic zone 
of NSCS will deepen our understanding of the nitrogen cycle in the upper ocean. Future research can be 
compared with the results of NSCS to better understand the nitrogen cycle in global marginal seas.
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as a substrate has captured more attention (e.g., Frame & Casciotti et al., 2010; Sutka et al., 2006; Wrage 
et al., 2001; Zhang et al., 2019), which further illustrates the importance of understanding the NO2

− cycle.

The concentration of NO2
− in marine environment is usually low, but it accumulates abnormally in two 

regions. The first is the primary NO2
− maximum (PNM) formed in or near the sunlit euphotic zone (Dore 

& Karl, 1996a; Kiefer et al., 1976; Lomas & Lipschultz, 2006), which usually appears in oxygenated and 
stratified regions with varying concentration of NO2

− (Dore & Karl, 1996b; Zakem et al., 2018). The other 
region where NO2

− accumulates is the secondary NO2
− maximum (SNM) that occurs in the core waters of 

the Oxygen-Deficient Zones (ODZs) (Brandhorst, 1959; Codispoti et al., 1986). The accumulation of NO2
− 

produces the peaks of NO2
−, which indicates that the production of NO2

− exceeds the consumption, and the 
loss of NO2

− by physical process is sufficiently low (Mackey et al., 2011). In the sunlit euphotic zone, NH3 
oxidation and assimilatory NO3

− reduction are two main sources of NO2
−, while the oxidation of NO2

− and 
the assimilation of NO2

− by phytoplankton are two main sinks of NO2
−. Unlike the PNM in the euphotic 

zone, the main source of NO2
− in the SNM is dissimilatory NO3

− reduction in the ODZs (Brandhorst, 1959; 
Lam et al., 2011). However, the formation mechanism of the PNM is not well known (Casciotti, 2016b; 
Lomas & Lipschultz, 2006). Two hypotheses are proposed to explain the accumulation of NO2

− in the PNM. 
One hypothesis suggests that the accumulation of NO2

− is caused by decoupling between the two steps of 
nitrification, which is supported by the fact that light has different inhibitory effects on ammonia-oxidizing 
bacteria (AOB)/archaea (AOA) and nitrite-oxidizing bacteria (NOB) (Guerrero & Jones, 1996a, 1996b; Hor-
rigan et al., 1981; Olson, 1980a, 1980b; Vanzella et al., 1989). Furthermore, AOA is now considered to be 
likely to remain active under high irradiation intensity (Smith et al., 2014). The other hypothesis suggests 
that the accumulation of NO2

− is due to the release of NO2
− by phytoplankton. During the assimilation of 

NO3
−, phytoplankton may not be able to receive sufficient light energy (Kiefer et al., 1976; Lomas & Lip-

schultz, 2006; Vaccaro & Ryther, 1960) or iron (Milligan & Harrison, 2000) to complete the reduction of 
NO2

− in cells. The NO2
− accumulated in the cells will be released into the ambient seawater, because NO2

− is 
biological toxic to cellular function (Painter, 1970). In any case, there is still controversy as to which factor 
is dominant in formation of the PNM in global ocean.

In order to reveal the formation mechanism of the PNM, natural abundance N and oxygen (O) isotopes 
of NO2

− is a direct and powerful tool because it opens a new window and imprints a unique signal on 
NO2

− cycling in the ocean (Buchwald & Casciotti, 2013). The dual isotopes of NO2
− has provided valuable 

information for the formation of PNM in marine environment (Buchwald & Casciotti,  2013; Buchwald 
et al., 2015; Liu et al., 2020). Similar to the case of the PNM, NO2

− isotopic signatures have been also used 
to reveal N transformation processes in the SNM (Bourbonnais et al., 2015; Buchwald et al., 2015; Casciotti 
& McIlvin, 2007; Casciotti et al., 2013; Gaye et al., 2013; Hu et al., 2016; Martin & Casciotti, 2017). However, 
research on NO2

− isotopes is still rare, especially in the upper ocean.

The South China Sea (SCS) is the largest marginal sea in the world, which is connected to the North Pacific 
through the Luzon Strait. The SCS has a variety of ecological regimes, such as estuaries, bays, and deep seas. 
The special geographical location of the SCS makes it jointly affected by land sources and oceanic inputs. 
The East Asian monsoon has a great influence on surface circulation in the SCS, with the northeast mon-
soon in winter, and the southwest monsoon in summer (Figure 1. Shaw & Chao, 1994; Wong et al., 2007). In 
addition, the northern SCS (NSCS) is affected by the intrusion of Kuroshio, a subtropical western boundary 
current of the North Pacific (Figure 1, Du et al., 2013; Xu et al., 2018). A recent study has shown that NO2

− 
peaks appear in the euphotic zone of the NSCS (Zhang et al., 2019). Intriguingly, the shelf and the slope of 
the NSCS is a net source of atmospheric N2O, which is produced in the euphotic zone by nitrifier denitrifi-
cation (Zhang et al., 2019). This suggests that the formation of the PNM in the NSCS is related to the process 
responsible for N2O production, although solid evidence is needed.

The purpose of this work is to explore the formation pathways of NO2
− peaks in the PNM of the NSCS 

through NO2
− dual isotopic signatures. The dual isotopes of NO2

− is also used to estimate the biogeochemi-
cal transformation rate and residence time of NO2

− in the PNMs via a steady-state model.
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2. Methods
2.1. Sampling

The sampling locations cover the continental shelf/slope (stations N1, D1, C3, and B3) and the basin (sta-
tions A10, BL15, S2, and S3) in the NSCS, which was surveyed by R/V Dongfanghong II and R/V Tan 
Kah Kee in July–August and October 2017, respectively (Figure 1). At each site, the sample from different 
depth in the upper 200 m water column was collected using a 12 L Niskin bottle mounted on a conductivi-
ty-temperature-depth (CTD) rosette sampler. Surface samples were collected at a depth of ∼5 m. After the 
seawater sample was collected, 220 ml of seawater was transferred to a high-density polyethylene (HDPE) 
Nalgene bottle, which was pre-cleaned with Milli-Q cleaning solution, 2 M HCl and in situ seawater in se-
quence. A NaOH solution (5.2 ml of 6 M NaOH in 220 ml, pH = 12) was added to each sample to preserve 
the concentration of NO2

− (Wong et al., 2017) and prevent the O isotope exchange between NO2
− and H2O 

(Bourbonnais et al., 2015, 2017; Casciotti et al., 2007; Hu et al., 2016).

2.2. Measurements

2.2.1. Hydrochemical Parameters

The temperature and salinity were measured using a Seabird 911plus CTD, which was calibrated before 
the cruise. The sample used for nutrient determination was filtered through a polycarbonate membrane 
with a pore size of 0.2 μm, and kept frozen until analysis in a shore-based laboratory. The concentrations of 
NO2

− and NO3
− were determined using standard colorimetric methods (Strickland & Parsons, 1972) with a 

Four-channel Continuous Flow Technicon Auto-Analyzer III (AA3, Bran-Luebbe). The detection limits for 
NO2

− and NO3
− are 0.02 and 0.07 μmol/L, respectively (Dai et al., 2008).

2.2.2. Isotope Analysis

The azide method is used to convert NO2
− to N2O for isotope measurements (McIlvin & Altabet, 2005). 

Since the NO2
− concentration in our samples was less than 2 μmol/L, 10 ml of seawater was transferred to 

a 20 ml headspace vial for further processing to produce the maximum yield of N2O. Due to the high pH 
of the sample, the reaction conditions need to be adjusted to achieve optimal conversion efficiency. The 
concentration of the reactant acetic acid was adjusted to 7.84 M, in which the conversion of NO2

− to N2O is 
more efficient (Bourbonnais et al., 2017; Hu et al., 2016). The isotopic compositions of N2O was measured 
by a Thermo-Finnigan DeltaPLUS XP isotope ratio mass spectrometer coupled to a Gasbench II system. The 
isotopic ratios of N and O in NO2

− are expressed as δ15
NO2N  and δ18

NO2O , respectively, where δ is defined as:
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Figure 1. Sampling locations in the northern South China Sea (NSCS). The blue and red dots represent the sampling 
locations in July–August and October respectively. The intrusion path of the Kuroshio is indicated by a thick black 
line arrow. The green dashed and solid arrows represent the surface circulation in the NSCS in winter and summer, 
respectively. The color bar on the right indicates the bathymetry in the NSCS.
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      sample standard‰ / 1 1,000R R 

where R is 15N/14N and 18O/16O ratio respectively. N2 in air is used as a standard for N isotope analysis. The 
15N/14NAir ratio of air is (3,676.5 ± 8.1) × 10−6, and the δ15N value is 0‰. The Vienna Standard Mean Ocean 
Water (VSMOW) is the standard for O isotope analysis. Its 18O/16O VSMOW ratio is (2,005.2 ± 0.43) × 10−6, 
and the δ18O value is 0‰. Three reference standards (RSIL-N23, RSIL-N7373, and RSIL-N10219, Casciotti 
et al., 2007) are used to determine the accuracy of sample measurements. The storage and reaction condi-
tions of these references are same as the sample, and their N contents match the samples during measure-
ments. Every 6–10 samples insert a set of reference standards for analysis. The average standard deviations 
of δ15

NO2N  and δ18
NO2O  (triplicate measurements) are 0.3 and 0.4‰, respectively.

2.3. Steady-State Model

2.3.1. Model Description

In order to reveal the NO2
− dynamics in the PNM of the NSCS, the steady-state model proposed by Buch-

wald and Casciotti (2013) was introduced to describe the balance between production and consumption of 
NO2

− and its isotopes. The sources of NO2
− include NH3 oxidation and NO3

− reduction, with the kinetic 
rates of FAO (nM d−1) and FNR (nM d−1), respectively. The consumption processes of NO2

− include NO2
− ox-

idation and NO2
− assimilation, with the kinetic rates of FNO (nM d−1) and FNA (nM d−1), respectively. Under 

steady-state equilibrium, the mass balance equations for NO2
− and its isotopes are as follows:

   AO NR NO NA BF F F F F (1)

X X B/f F F (2)

   AO NR NO NA 1f f f f (3)

                15 15 15 15 15 15
NO ,AO AO NO ,NR NR NO k, NO NO NO k, NA NA2 2 2 2N N N Nf f f f (4)
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where FX represents the flux of production and consumption of NO2
−, namely NH3 oxidation (AO), NO3

− 
reduction (NR), NO2

− oxidation (NO), and NO2
− assimilation (NA). FB represents biological flux, which is 

equal to total flux of sources or consumptions (Equation 1). fX is the fraction of source or consumption flux 
to biological flux (FB) (Equation 2). Equations 4 and 5 are the steady-state mass balance of δ15N and δ18O 
combining above flux fractions. δ15

NO2N , AO and δ18
NO2O ,AO represent the N and O isotopic signatures of 

NO2
− oxidized from NH3 respectively. δ15

NO2N , NR and δ18
NO2O ,NR refer to the N and O isotopic signatures of 

NO2
− reduced from NO3

− respectively. Unlike the N isotopes of NO2
− that is only affected by biological pro-

cesses, the O atoms of NO2
− will be exchanged with H2O. When abiotic exchange approach equilibrium, δ18

NO2O  will tend to an equilibrium value (δ18
NO2O , eq). δ18

NO2O , eq is determined by ambient δ18
H O2O  in seawa-

ter and the equilibrium isotope effect (δ18
NO2O , eq = δ18

H O2O  + 18εeq). In Equations 4 and 5, δ15
NO2N  and δ18

NO2O  are measured values, and 15εk and 18εk represent the kinetic isotope effects of N and O, respectively. The 
mass balance equation of O isotopes differs from the N isotopes in that the O atoms has abiotic exchange, 
and its equilibrium flux is defined as Feq. In our calculation, the values of 15εk, NO, 15εk, NA, 18εk, NO and 18εk, NA 
are taken as −15‰ (Buchwald & Casciotti, 2010; Casciotti, 2009), 1‰ (Waser et al., 1998), −5‰ (Buchwald 
& Casciotti, 2010) and 1‰ (Waser et al., 1998), respectively.

According to this model, the residence times of NO2
− determined by biological turnover (τB, days) and abi-

otic equilibration (τA, days) are calculated as follows (Buchwald & Casciotti, 2013):
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    eq 2NOF k (6)

    A 2 eqNO / F (7)

    B 2 BNO / F (8)

where k is the rate constant of abiotic equilibrium between NO2
− and 

H2O, which is calculated from the in situ temperature and pH.

2.3.2. The Effect of pH on Model Calculation

The determination of k is critical in our calculations. Previous study has 
established a fitting relationship between the k and temperature, pH 
through controlled experiments with the addition of NO2

− isotope stand-
ards (Buchwald & Casciotti, 2013). This relationship is used to estimate 

the value of k here. Since we failed to measure the pH values of our samples, historical data are used here 
to evaluate the effect of pH on the k. The reported pH value in the upper water column (0–200 m) in the 
NSCS is between 8.0 and 8.2, with only little seasonal and diurnal variabilities (Chen et al., 2006). In this 
study, pH values of 8.0, 8.1, and 8.2 were used to estimate the possible range of rate constants for abiotic 
equilibration between NO2

− and H2O in the upper NSCS. Based on the above pH values (8.0, 8.1 and 8.2), we 
then calculate the value of k. It is surprisingly that the residence time of NO2

− (τA) reflected by the k under 
different pH values are inconsistent. Furthermore, it should be noted that the timescale of the O isotope 
exchange between NO2

− and H2O is on the order of weeks-months (Buchwald & Casciotti, 2013). Therefore, 
the extremely slow exchange rate calculated at pH = 8.1 is unreasonable and the k at pH = 8.2 is unrealistic 
(Table 1). These unrealistic τA may be due to large errors in calculating parameter k based on empirical 
relationship (Text S1). Under a given pH condition, when the temperature is higher than 295 K, the error 
of k increases significantly (Buchwald & Casciotti, 2013). The temperature in the PNMs of the NSCS in 
summer ranges from 294.7 to 298.1 K (Table 1), which will lead to a large error in the calculated value of k. 
In addition, these unrealistic τA are not caused by different pH conditions, because when the temperature 
is assumed to be 280 K, the calculated results are almost the same under different pH conditions (Table 1). 
Therefore, according to the reported range of τA (Buchwald & Casciotti, 2013), we accept a pH value of 8.0 
for model estimation (Text S1).

2.3.3. Determination of f Values

As pointed out by Buchwald and Casciotti (2013), it is impossible to calculate all f values by the above Equa-
tions 1–5. A feasible method is to first estimate the value of an f parameter (fAO, fNR, fNO, or fNA), and then 
calculate other f values according to the above equations. Since all measured δ18

NO2O  values in this study are 
below the equilibrium line, indicating that NH3 oxidation plays a dominant role in the NSCS (described be-
low). In addition, we constrain the fAO value by comparing the NH3 oxidation rate in the maximum and min-
imum residence time scenario with the measured values (Buchwald & Casciotti, 2013). The results show 
that the NH3 oxidation rate in the maximum residence time scenario is reasonable and realistic (Table S1). 
Therefore, the fAO value in the maximum residence time scenario (i.e., fAO = 1) was used for further calcu-
lations. Based on Equations 1–5, the calculated fNO value is within the range of 0.17 ± 0.02–0.43 ± 0.01, 
with an average of 0.30 ± 0.10, and the fNA value is between 0.58 ± 0.01 to 0.83 ± 0.02, with an average 
of 0.70 ± 0.10. All f estimates are between 0 and 1, which further proves that our assumption (fAO = 1) is 
reasonable. Therefore, in this study, fAO = 1, pH = 8.0 and in-situ temperature are used to calculate the 
transformation rate and residence time of NO2

− in the NSCS.

3. Results
3.1. Hydrological Properties

The temperature of surface water at our sampling stations is greater than 29°C, reflecting the high temper-
ature of the SCS throughout the year. Due to the influence of rainwater and runoff, the surface salinity is 
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T (K)a k (day−1) (pH = 8.0) k (day−1) (pH = 8.1)
k (day−1) 

(pH = 8.2)

296.4 (N1) 0.0174 0.0009 −0.0156

295.6 (D1) 0.0150 0.0010 −0.0130

295.6 (C3) 0.0150 0.0010 −0.0131

298.1 (B3) 0.0226 0.00001 −0.0226

297.4 (S2) 0.0204 0.0006 −0.0192

294.7 (S3) 0.0127 0.0010 −0.0107

280 0.0131 0.0113 0.0096
aThe stations are given in brackets. T = 280 K used here for comparison.

Table 1 
Comparison of the Calculated k Values Under Different pH Conditions



Journal of Geophysical Research: Biogeosciences

usually less than 34 in the NSCS. The vertical changes of temperature and 
salinity in the upper 300 m water column at each station are similar and 
show a reversed “S” characteristic (Figure 2), which is consistent with 
other studies (Zhang et al., 2019). Previous studies have shown that the 
intrusion of Kuroshio Water (KW) affects the characteristics of tempera-
ture and salinity in the upper water column in the SCS, with a subsurface 
maximum of salinity (Wong et  al.,  2007). The salinity at our sampling 
stations increases slowly and then gradually decreases as the depth in-
creases, indicating the influence of KW (Figure 2).

3.2. Profiles of NO2
− and NO3

−

The profiles of NO2
− are characterized by a subsurface maximum at all 

sites (Figure 3a). The NO2
− concentration in surface water is very low, 

ranging from 0.02 to 0.1 μmol/L. As the depth increases, the NO2
− con-

centration increases gradually and peaks at a depth of 60–80 m with a 
concentration between 0.2 - 0.8 μmol/L (Figure 3a). This subsurface peak 
is called the PNM, which generally appears at a depth near or at the base 
of the sunlit euphotic zone. The depth of the PNM in this study is con-
sistent with that of the euphotic zone (Tseng et al., 2005) and the depth 
at which the maximum abundance of ammonia monooxygenase (amoA) 
genes (Hu et al., 2011) and the maximum concentration of NH4

+ appear 
in the SCS (Xu et al., 2018). The co-appearance of NO2

− and NH4
+ peaks 

indicates that the formation of the PNM in the SCS may be an indication 
of a local remineralization process (Santoro et al., 2013).

The profile of NO3
− show a typical feature in an oligotrophic ocean. Due to consumption via biological 

assimilation, the NO3
− in the upper 50 m water column is almost depleted (<0.1 μmol/L, Figure 3b). Below 

the depth of 50 m, a nitracline appears, in which the NO3
− concentration reaches 11.8–21.1 μmol/L at depth 

of 200–300 m (Figure 3b).
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Figure 2. Temperature-salinity (T–S) diagram in the upper 300 m water 
column of the northern South China Sea (NSCS).

Figure 3. Profiles of nitrite (NO2
−) (a) and nitrate (NO3

−) (b) at sampling locations in the northern South China Sea 
(NSCS).
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3.3. Dual Isotopic Signature of NO2
−

Since the NO2
− concentration in the seawater outside the PNM is lower than the detection limit 

of isotopic analysis, only the N and O isotopic signatures of NO2
− in the PNM are given here. The 

δ15
NO2N  in the PNM of the NSCS varies between −4.8 ± 0.1‰ and −0.2 ± 0.2‰, with an average 

of −2.4 ± 1.8‰ (n = 6, Table 2). The δ18
NO2O  in the PNM ranges from 6.8 ± 0.3‰ to 12.3 ± 0.2‰ 

with an average of 9.5 ± 2.2‰, which is close to the δ18
NO2O , eq (13.2 ± 0.2‰). The δ15

NO2N  and 
δ18

NO2O  in the PNM of the NSCS show different spatial variation patterns. The δ15
NO2N  values 

in the shelf and the slope (avg. −1.5 ± 1.3‰, n = 4) are higher than those in the basin (avg. 
−4.2 ± 0.8‰, n = 2), while the δ18

NO2O  values in the shelf and the slope (avg. 8.7 ± 2.1‰, n = 4) 
are lower than those in the basin (avg. 11.1 ± 1.8‰, n = 2). The reason for the different changes 
between δ15

NO2N  and δ18
NO2O  is mainly due to the O isotope exchange between NO2

− and H2O 
(Buchwald & Casciotti, 2013; Casciotti et al., 2007), which leads to the decoupling of δ15

NO2N  
and δ18

NO2O .

3.4. The Transformation Rate and Residence Time of NO2
−

The rates of NH3 oxidation (FAO), NO2
− oxidation (FNO), NO2

− assimilation (FNA), and the resi-
dence times of NO2

− (τB and τA) in the PNMs of the NSCS calculated by the steady-state model are 
listed in Table 2. As the main source of NO2

−, FAO ranges from 0.7 ± 0.2 nM d−1 to 10.6 ± 1.3 nM 
d−1, with an average of 4.1 ± 3.7 nM d−1. For the consumption processes, FNO and FNA are between 
0.3 ± 0.1 nM d−1 and 3.7 ± 0.5 nM d−1 and between 0.4 ± 0.1 nM d−1 and 6.9 ± 0.9 nM d−1, respec-
tively. The average values of FNO and FNA are 1.2 ± 1.3 nM d−1 and 3.0 ± 2.5 nM d−1, respectively.

In addition, we also consider the contribution of physical diffusion (Fdiff) to the loss of NO2
− from 

the PNM (Text S2). If physical diffusion has an effect on the concentration of NO2
−, then our above 

mass balance Equation 1 should be modified to FAO + FNR = FNO + FNA + Fdiff. However, based 
on our estimation, we determine that the contribution of physical diffusion to the loss of NO2

− in 
the PNM is very limited compared to the consumption of NO2

− in biological processes (Figure S1). 
Therefore, we assume that the effect of physical diffusion in our model is negligible (Text S2).

δ18
NO2O  is simultaneously affected by biological processes and abiotic exchange between NO2

− 
and H2O. Here, by excluding the influence of abiotic process, the δ18

NO2O , b, which is completely 
controlled by biological processes, is calculated (set Feq/FB = 0 in Equation 5, Buchwald & Cas-
ciotti, 2013). The difference between the measured data and the calculated δ18

NO2O , b reflects the 
influence of the O isotope exchange between NO2

− and H2O (Figure 4). The exchange of O atoms 
between NO2

− and H2O greatly alters δ18
NO2O . For NO2

− from the oxidation of NH3, the abiotic 
equilibrium process will increase δ18

NO2O  and reach an equilibrium value (Figure 4).

The residence time of NO2
− (τB) in the PNMs of the NSCS caused by biological turnover is esti-

mated to be between 47 ± 17 days and 231 ± 20 days, with an average of 112 ± 75 days (except 
station S3, see discussion below) (Table 2). Compared with τB, the residence time of NO2

− (τA) 
caused by abiotic equilibration is shorter and less variable. The estimated τA is between 44 and 
79 days, with an average of 61 ± 13 days. The relative stability of τA is related to the small chang-
es in temperature and pH in the PNMs of the NSCS, which are two important environmental 
factors that determine the abiotic exchange of O atoms between NO2

− and H2O (Buchwald & 
Casciotti, 2013). Compared with the extremely slow rate of O isotope exchange between NO3

− 
and H2O (Kaneko & Poulson, 2013), the O atoms exchange between NO2

− and H2O is dynamic. 
Therefore, τA can be used as a meaningful geochemical indicator of N transformation processes 
on this timescale (Buchwald & Casciotti, 2013).

4. Discussion
4.1. Formation of the PNM in the NSCS

Since the concentration of NH4
+ in surface water is too low to meet the demand for meas-

uring δ15N in NH4
+ (δ15

NH4N ), here δ15
NH4N  is estimated from the δ15N in particulate N (PN, 
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δ15NPN) and the isotope effect in PON remineralization. According to 
previous studies, we also assume that δ15

NH4N  is 3‰ lower than δ15NPN 
in the euphotic zone for estimation (Buchwald & Casciotti, 2013; Faw-
cett et  al.,  2011; Lehmann et  al,  2002; Peng et  al.,  2018). The average 
value of δ15NPN in the euphotic zone of the NSCS is 4.5‰ in July/Au-
gust and 4.0‰ in October, respectively (Kao et al., 2012). Thus, the δ15

NH4N  value is estimated to be 1.5‰ in July/August and 1‰ in October 
respectively. AOA and AOB will compete with phytoplankton for NH4

+ 
in marine environments, which is closely related to the concentration of 
the substrate (Smith et al., 2014; Ward et al., 1985) and light (Guerrero & 
Jones, 1996a, 1996b; Horrigan et al., 1981; Olson, 1980a, 1980b; Vanzella 
et al., 1989; Ward, 2005). When estimating the δ15

, AO produced by NH3 
oxidation, two cases should be considered (Buchwald & Casciotti, 2013; 
Kemeny et al., 2016; Peng et al., 2018). One case is that the oxidation of 
NH3 by NH3 oxidizers is weaker than the assimilation of NH4

+ by phyto-
plankton. In this case, according to the isotope effect of NH3 oxidation 
(14–19‰, Casciotti et al., 2003) and NH4

+ assimilation (assuming to be 
close to 0‰, Hoch et al., 1992; Liu et al., 2013), the δ15

, AO in the PNMs of 
the NSCS is estimated to be between −17.5‰ and −12.5‰ in July/Au-
gust or between −18‰ and −13‰ in October. The other case is that the 
nitrifiers are more competitive than phytoplankton, resulting in most 
of the NH3 to be oxidized to NO2

−. In this case, the δ15
, AO in the PNMs 

of the NSCS should be close to the δ15
NH4N , that is, the δ15

, AO in July/
August and October are 1.5 and 1‰, respectively. For comparison, the 
measured δ15 values in the PNMs of the NSCS range from −4.8 ± 0.1‰ 
to −0.2 ± 0.2‰, with an average of −2.4 ± 1.8‰, indicating that the 
oxidation of NH3 by NH3 oxidizers may play a more important role in 

the fate of NH4
+ and the production of NO2

−. The reason why the measured δ15 is lower than the δ15
, AO is 

that the oxidation of NO2
− decreases the δ15N in NO2

− (Blue dotted line in Figure 5; Buchwald & Casciot-
ti, 2010; Casciotti, 2009). Unlike the δ15

, AO, estimation of δ18
, AO is more complicated because NH3 oxida-

tion introduces new O atoms from O2 and H2O, and the O atoms are exchanged between NO2
− and H2O. 

The calculation of δ18
, AO requires δ18O values of O2 and H2O and the fraction of O atoms exchanged during 

NH3 oxidation (Buchwald et al., 2012; Casciotti et al., 2010). By assuming that δ18O values in H2O and O2 
are 0 and 24.2‰ respectively, the δ18

, AO in the PNMs of the NSCS is estimated to be 3.0‰ (Figure 5). So 
far, the endmember characteristics of δ15

, AO and δ18
, AO derived from NH3 oxidation have been identified 

(red square in Figure 5).

For the isotopic signatures of NO2
− produced from assimilatory NO3

− reduction (δ15
NO2N , NR and δ18

NO2O , NR), 
it can be estimated from the δ15N and δ18O values of NO3

− and the isotope effect of NO3
− reduction (Granger 

et al., 2004). During the reduction of NO3
−, NO2

− enriches 18O relative to NO3
− because of the branching iso-

tope effect, which preferentially releases 16O into H2O and 18O is enriched in the products (NOX) (Casciotti 
et al., 2007). In the case that the δ15NNO3 is taken as 5‰ (Yang et al., 2018), the δ15

NO2N , NR in the euphotic 
zone of the NSCS is estimated to be 0‰, which is close to the δ15

NO2N , AO (1.5‰ and 1‰ in July/August and 
October respectively, see above). Similarly, if the δ18O in NO3

− is 2.5‰ (Chen et al., 2019; Ye et al., 2015), 
the kinetic isotope effect is 5‰ (Granger et al., 2004), and the branching isotope effect is 25‰ (Casciotti 
et al., 2007), the δ18

NO2O , NR in the euphotic zone of the NSCS is estimated to be 22.5‰, which is significantly 
higher than the δ18

NO2O , AO obtained above (3.0‰). In addition to the source effect, the δ18O value in NO2
− 

is also affected by the exchange of O atoms between NO2
− and H2O. Based on the in situ temperature and 

the δ18O in seawater (0‰), the δ18
NO2O , eq is estimated to be 13.2 ± 0.1‰ under atom exchange equilibrium 

(horizontal black dashed line in Figure 5).

The large difference between δ18
NO2O , NR and δ18

NO2O , AO in the PNMs of the NSCS provides a possibility to 
quantitatively evaluate the contribution of NH3 oxidation and assimilatory NO3

− reduction to NO2
− (source 

mixing, Figure 5), as well as the impact of abiotic exchange of O atoms between NO2
− and H2O (black 

vertical dashed line in Figure  5). If NO2
− mainly comes from the reduction of NO3

−, the data point in 
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Figure 4. The biological endmembers of δ18
NO2O  (δ18

NO2O , b) in the 
primary nitrite maximum (PNMs) of the northern South China Sea 
(NSCS). The δ18

NO2O , b is calculated from Equation 5 (inverted triangles) by 
assuming that δ18

NO2O  is absolutely controlled by biological processes. The 
distance between the δ18

NO2O , b and the measured δ18
NO2O  (dots) reflects 

the influence of abiotic exchange. The isotopic endmember of nitrite 
(NO2

−) from assimilatory nitrate (NO3
−) reduction and NH3 oxidation 

is represented by green triangle and red square, respectively. The black 
horizontal dashed line indicates the δ18

NO2O , eq.
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the plot of δ15
NO2N  versus δ18

NO2O  will be above the equilibrium line (δ18

NO2O , eq), otherwise, if NO2
− mainly comes from the oxidation of NH3, 

the data point will be below the equilibrium line (Buchwald & Casciot-
ti, 2013; Casciotti, 2016a). Although the exchange of O atoms between 
NO2

− and H2O will bring the δ18
NO2O  close to the δ18

NO2O , eq, it will never 
cross this equilibrium line. As far as consumption processes of NO2

− are 
concerned, NO2

− oxidation and phytoplankton assimilation of NO2
− have 

different effects on isotopic compositions of N and O. The oxidation of 
NO2

− reduces the δ18
NO2O , even below the equilibrium line, because this 

process has a reverse isotope effect, which reduces δ15
NO2N  and δ18

NO2O  
at the same time, and the decrease of δ15

NO2N  is more obvious (Buchwald 
& Casciotti, 2010; Casciotti, 2009). Phytoplankton assimilation of NO2

− 
increases δ15

NO2N  with only a small isotope effect (15εk, NA = 1‰, Waser 
et al., 1998), which is significantly less than that of NO2

− oxidation (15εk, 

NO  =  −15‰, Buchwald & Casciotti,  2010; Casciotti,  2009). This means 
that even if the main consumption process of NO2

− in the PNM is phyto-
plankton assimilation, the δ15

NO2N  may be reduced relative to the source 
signal. Although the isotope effect of O in the process of NO2

− assimilat-
ed by phytoplankton is still unknown, it is reasonable to speculate that 
the isotope effect of O may be as small as that of N (Waser et al., 1998).

The relationship between δ15
NO2N  and δ18

NO2O  in the PNMs of the NSCS 
indicates that despite the effects of source mixing and abiotic exchange, 
all δ18

NO2O  values are below the equilibrium line, which supports that 
NH3 oxidation is the main source of NO2

− in the PNMs of the NSCS (Fig-
ure 5). This argument is supported by recent findings that the ammonia 
monooxygenase (amoA) genes are abundant in the upper water column 
(50–75 m, Hu et al., 2011) and the AOA is dominant oxidizers of NH3 in 
the SCS (Hou et al., 2018). In addition, the fact that the NO2

− in the PNMs 
of the NSCS mainly comes from NH3 oxidation is similar to those found 
in the East China Sea (Liu et al., 2020), the Arabian Sea (Buchwald & 
Casciotti, 2013), the central California Current (Santoro et al., 2013), the 

Sargasso Sea (Newell et al., 2013), the Eastern Tropical North Pacific (Peng et al., 2015), the Gulf of Aqaba 
(Mackey et al., 2011) and the Ross Sea (Olson, 1980b), which highlights the importance of NH3 oxidation in 
the formation of PNM in global ocean.

4.2. NO2
− Dynamics in the PNMs of the NSCS

4.2.1. Biogeochemical Rates Involved in Production and Consumption of NO2
−

As a key intermediate in marine N cycle, NO2
− participates in many redox reactions related to its source and 

consumption. The N and O isotope compositions prove that NO2
− peaks at or near the base of the euphotic 

zone in the NSCS are mainly driven by NH3 oxidation. Here, we will discuss the formation of NO2
− peaks in 

the NSCS by comparing the rates of various biogeochemical processes involving production and consump-
tion of NO2

−.

To further evaluate the effects of the various processes on NO2
− dynamics, we calculate the rates of NO2

− 
production and consumption. Our estimated NH3 oxidation rate is in the same order of magnitude and 
similar to those obtained by direct measurements or model estimation in the PNMs of NSCS and other 
regions, such as in the NSCS (average is 9 nM d−1, Xu et al., 2018), the Arabian Sea (up to 21.6 ± 0.1 nM d−1, 
Newell et al., 2011; 0–30 nM d−1, Buchwald & Casciotti, 2013), the Sargasso Sea (2.0 ± 0.1 nM d−1, Newell 
et al., 2013), the Eastern Tropical North Pacific (26.4–36.3 nM d−1, Peng et al., 2015), the central Califor-
nia Current (up to 31 nM d−1, Santoro et al., 2013) and the Southern California Bight (40 nM d−1, Ward 
et al., 1982). The active nitrification in the euphotic zone of the NSCS implies that new production obtained 
by 15N tracer assay may be overestimated in the SCS.
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Figure 5. Schematic diagram of the biogeochemical processes affecting 
δ15

NO2N  and δ18
NO2O  in the primary nitrite maximum (PNMs) of the 

northern South China Sea (NSCS). The dots and inverted triangles of 
different colors represent the measured data at different stations. The two 
sources of NO2

−, namely assimilatory NO3
− reduction and NH3 oxidation, 

are shown by green triangle and red square, respectively. The mixing of 
the sources is indicated by the gray vertical dashed line. The blue dashed 
line indicates the two processes for NO2

− removal, namely NO2
− oxidation 

and NO2
− assimilation. The black horizontal dashed line represents the δ18

NO2O , eq calculated by temperature and δ18
H O2O . The exchange of O atoms 

between NO2
− and H2O will cause the δ18

NO2O  to approach the δ18
NO2O , 

eq, which is called abiotic equilibration and is represented by black vertical 
dashed lines.
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Little is known about the oxidation of NO2
− in marine euphotic zone, especially the competition between 

the assimilation of NO2
− and the oxidation of NO2

−. In the PNMs of the NSCS, the rates of NO2
− oxidation 

(FNO = 0.3–3.7 nM d−1) are lower than those of NO2
− assimilation (FNA = 0.4–6.9 nM d−1) (Table 2), indicating 

that phytoplankton assimilation of NO2
− is more important in removal of NO2

− in the NSCS. This situation 
may be caused by the photoinhibition of NOB and its ability to recover (Guerrero & Jones, 1996a, 1996b; 
Horrigan et al., 1981; Olson, 1980a, 1980b; Vanzella et al., 1989). The faster assimilation rate of NO2

− sug-
gests that even at the base of the euphotic zone of the NSCS, NO2

− assimilation by phytoplankton is more 
competitive than NO2

− oxidation by NOB, which means that the NOB is not very active even at the base of 
the euphotic zone.

4.2.2. Spatial Variation in Transformation Rates of NO2
−

The biogeochemical rates involved in production and consumption of NO2
− show spatial variability in our 

study regions (Figure S2). The average values of NH3 oxidation rate (FAO, 5.6 nM d−1), NO2
− oxidation rate 

(FNO, 1.5 nM d−1) and NO2
− assimilation rate (FNA, 4.1 nM d−1) in the shelf and slope are higher than those 

in the basin (the FAO, FNO, and FNA are 1.2 nM d−1, 0.5 nM d−1, and 0.8 nM d−1, respectively) (Figure 6a). 
This spatial variability of the transformation rates is related to changes in environmental factors. For ex-
ample, primary productivity in the continental shelf is usually high due to the input of riverine nutrients 
(Chen & Chen, 2006; Ning et al., 2004), but the SCS basin shows the characteristics of oligotrophic, low 
chlorophyll and low productivity (Chen, 2005; Ning et al., 2004). Among these transformation rates, the FNO 
in the shelf/slope is close to that in the basin, because the fNO in the basin is higher than that in the shelf/
slope (Figure 6b). This means that bacterial NO2

− oxidation plays a more important role in the removal of 
NO2

− in the basin, while phytoplankton assimilation dominates in the shelf/slope. Intriguingly, even if the 
FNO is lower than the FNA, δ15

NO2N  decreases with the increase of fNO (Figure S3), which explains the feature 
that the measured δ15

NO2N  is lower than the δ15
NO2N , AO in the NSCS, especially in the basin (Figure 5). The 

NH3 oxidation rate at station C3 is the highest (Table 2, Figure S2), which is attributed to regeneration and 
oxidation of NH4

+ promoted by the intrusion of KW. The oligotrophic KW brings high DON into the upper 
water column of the SCS, thereby prompting the regeneration of NH4

+ by microorganisms (Xu et al., 2018).

The residence times of NO2
− by biological turnover (τB) in the PNMs of the NSCS range from 47 to 231 days, 

except for an outlier at station S3 (Table 2), which is consistent with those reported in the Arabian Sea (33–
178 days, Buchwald & Casciotti, 2013), the Ross sea and Scotia Sea (13 and 50 days, Olson, 1980b), the cen-
tral California Current (18–470 days, Santoro et al., 2013), and the Southern California Bight (20–50 days, 
Ward et al., 1982). In addition, the change of τB values is consistent with the change of δ18

NO2O  we meas-
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Figure 6. Spatial variability of production and consumption of NO2
− in the primary nitrite maximum (PNMs) of 

the northern South China Sea (NSCS). Comparison of NH3 oxidation rate (FAO), NO2
− oxidation rate (FNO) and NO2

− 
assimilation rate (FNA) in the shelf/slope and the basin (a). The gray line represents the standard deviation. Comparison 
of the fNO in the shelf/slope and the basin (b). The yellow circles and numbers indicate the fraction of NO2

− oxidation to 
total consumption.
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ured. Previous studies have shown that when the τB of NO2
− is greater than the τA, the δ18

NO2O  will be close 
to the δ18

NO2O , eq, and when the τB is less than the τA, the δ18
NO2O  will move away from the δ18

NO2O , eq and 
approach the δ18

NO2O , AO (Buchwald & Casciotti, 2013; Casciotti 2016a, 2016b). In the PNMs of the NSCS, 
the τB values are greater than the τA, which will cause the δ18

NO2O  to approach the δ18
NO2O , eq. Our measured 

value of the δ18
NO2O  is consistent with this feature (Figure 5). For example, the δ18

NO2O  values at stations C3 
and B3 are 6.8 ± 0.3‰ and 11.4 ± 0.1‰, respectively, and correspondingly, their τB values are 50 ± 6 days 
and 231 ± 20 days, respectively. The τB value in the PNM of the station S3 is the largest (787 ± 178 days), 
although its δ18

NO2O  and k values are close to some other stations (such as B3). This time is also much longer 
than the reported values in other oceans (Buchwald & Casciotti, 2013; Newell et al., 2011; Olson, 1980b; 
Santoro et al., 2013; Ward et al., 1982). Although the δ18

NO2O  is below the equilibrium line, the abnormally 
high τB value may be because NH3 oxidation is not the only source of NO2

− in the PNM of station S3. If part 
of the NO2

− at this station comes from the reduction of NO3
−, and its contribution is 20%–50%, the calcu-

lated τB will be corrected to be 69 ± 31–500 ± 119 days, which is similar to other stations. This means that 
the residence time of NO2

− (τB) in PNM at station S3 may be overestimated, which can also be supported 
by the residence time of NO2

− above (50m) and below (80m) the PNM at station S3 (Table S2). Note that 
the δ18

NO2O  at station S3 is closer to the δ18
NO2O , eq than other sites, which means that it is most likely to be 

affected by NO3
− reduction. However, the age of NO2

−at station S3 may indeed be the oldest. In any case, 
the magnitude and variability of the τB values indicate that the NSCS PNM is a dynamic signal rather than 
a residual feature (Santoro et al., 2013).

5. Conclusions
This study first reports the isotopic signatures of NO2

− in the NSCS. We propose that the formation of the 
PNMs in the NSCS is dominated by NH3 oxidation. The biogeochemical transformation rates and residence 
times of NO2

− in the PNMs of the NSCS are estimated based on a steady-state model. The residence times of 
NO2

− caused by biological turnover and abiotic equilibration differ a little between the shelf/slope and the 
basin, while the FAO and FNA decrease gradually from the shelf/slope to the basin, which reflects the spatial 
difference in primary productivity. However, no significant difference in the rates of NO2

− oxidation is ob-
served among all stations, which stems from the fact that NO2

− oxidation plays a more important role in the 
fate of NO2

− in the basin, while NO2
− assimilation is an absolutely dominant process in the shelf. Due to the 

difference in isotope effects between NO2
− oxidation and NO2

− assimilation, the δ15
NO2N  decreases relative 

to the source signals, although NO2
− assimilation is important in the PNMs. In addition, δ18

NO2O  is close 
to an equilibrium signal due to the abiotic exchange between NO2

− and H2O. Our findings in the world’s 
largest marginal sea provide more insights into N cycle in global marginal seas.
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