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Abstract The stable isotopic composition of dissolved nitrous oxide (N2O) is a tracer for the production,
transport, and consumption of this greenhouse gas in the ocean. Here we present dissolved N2O
concentration and isotope data from the South Atlantic Ocean, spanning from the western side of the
mid-Atlantic Ridge to the upwelling zone off the southern African coast. In the eastern South Atlantic, shallow
N2O production by nitrifier denitrification contributed a flux of isotopically depleted N2O to the atmosphere.
Along the African coast, N2O fluxes to the atmosphere of up to 46μmol/m2/d were calculated using
satellite-derived QuikSCAT wind speed data, while fluxes at the offshore stations averaged 0.04μmol/m2/d.
Comparison of the isotopic composition of the deeper N2O in the South Atlantic (800m to 1000m) to
measurements made in other regions suggests that water advected from one or more of the major oxygen
deficient zones contributed N2O to the mesopelagic South Atlantic via the Southern Ocean. This deeper N2O
was isotopically and isotopomerically enriched (δ15Nbulk� N2O = 8.7 ± 0.1‰, δ18O� N2O = 46.5 ± 0.2‰, and
Site Preference = 18.7 ± 0.6‰) relative to the shallow N2O source, indicating that N2O consumption by
denitrification influenced its isotopic composition. The N2O concentration maximum was observed between
200m and 400m and reached 49 nM near the Angolan coast. The depths of the N2O concentrationmaximum
coincided with those of sedimentary particle resuspension along the coast. The isotopic composition of this
N2O (δ15Nbulk � N2O = 5.8 ± 0.1‰, δ18O � N2O = 39.7 ± 0.1‰, and Site Preference = 9.8 ± 1.0‰) was
consistent with production by diffusion-limited nitrate (NO3

�) reduction to nitrite (NO2
�), followed by

NO2
� reduction to N2O by denitrification and/or nitrifier denitrification, with additional N2O production by

NH2OH decomposition during NH3 oxidation. The sediment surface, benthic boundary layer, or particles
resuspended from the sediments are likely to have provided the physical and chemical conditions necessary to
produce this N2O.

1. Introduction

Nitrous oxide (N2O) is a greenhouse gas whose production is tied to both the nitrogen cycle and climate
conditions [Davidson et al., 2004, 2008]. Rising atmospheric N2O concentrations over the past 150 to 200 years
[Machida et al., 1995; Battle et al., 1996] have been linked to expanding agricultural use of nitrogenous fertilizers
[Nevison and Holland, 1997; Holland et al., 2005; Davidson, 2009]. N2O emissions to the atmosphere have
increased an estimated 40% to 50% over preindustrial levels [Hirsch et al., 2006], while the rate of loss through
photochemical reactions in the stratosphere has increased only slightly [Prather, 1998]. Most anthropogenic and
natural N2O emissions are the result of microbial conversions of fixed nitrogen in soil as well as marine and
other aquatic environments, with a smaller contribution from biomass burning and fossil fuel combustion
[Denman et al., 2007].

Variations in atmospheric N2O concentrations were relatively small in the 12,000 years preceding the
industrial era. However, over longer time horizons, large and rapid increases in atmospheric N2O that are
comparable in scale to the present one have accompanied climate transitions between glacial periods and
warmer interglacial conditions [Fluckiger et al., 1999, 2002, 2004]. The drivers of these concentration changes
are not well understood and proposed mechanisms involve both terrestrial and marine N2O sources
[Fluckiger et al., 2002; Sowers et al., 2003; Jaccard and Galbraith, 2011]. The ocean is a net source and reservoir
of atmospheric N2O, containing roughly 65% of the amount of N2O in the atmosphere [Houghton et al., 1991]
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andmay influence the rise and fall of atmospheric N2O concentrations over geological timescales [Schmittner
and Galbraith, 2008]. Furthermore, factors that affect the volume of low-oxygen (O2) water associated with
oxygen deficient zones (ODZs), such as surface temperatures, mesopelagic ventilation rates, and rates of
organic matter sinking and decomposition, may also affect future marine N2O distributions and emissions
[Keeling et al., 2010; Deutsch et al., 2011].

The largest source of marine N2O is thought to be nitrification, a form of chemoautotrophy that occurs as
ammonium (NH4

+) is released during organic matter decomposition. Nitrification is the aerobic, two-step
oxidation of ammonia (NH3) to nitrite (NO2

�) and then nitrate (NO3
�). These steps are catalyzed by two

different groups of microorganisms, namely, ammonia oxidizers and nitrite oxidizers. Observations that
cultures and enrichments of ammonia-oxidizing bacteria and archaea produce N2O [Goreau et al., 1980;
Santoro et al., 2011; Löscher et al., 2012] and widely observed correlations between subsurface N2O, apparent
oxygen utilization, and NO3

� concentrations in the open ocean [Yoshinari, 1976; Cohen and Gordon, 1978]
have led to the conclusion that ammonia oxidizers are the main source of marine N2O. Ammonia-oxidizing
bacteria produce N2O through the decomposition of hydroxylamine (NH2OH), an intermediate during NH3

oxidation to NO2
�, and also through an enzyme-mediated process known as nitrifier denitrification, which

reduces NO2
� to N2O [Hooper and Terry, 1979; Poth and Focht, 1985].

Another potential source of marine N2O is denitrification, a form of heterotrophy that couples organic matter
oxidation with NO3

� reduction to dinitrogen (N2) in anoxic or low-O2 environments. N2O is an intermediate in
the sequential enzymatic reduction of NO3

� to N2 during denitrification and may be released as well as
consumed by denitrifying cells at rates that depend upon O2 concentrations and other growth conditions
[Firestone et al., 1980; Hochstein et al., 1984; McKenney et al., 1994]. Evidence suggests that active water
column denitrification is restricted to stably anoxic regions, also known as ODZs, found in the Eastern Tropical
North Pacific (ETNP) and South Pacific (ETSP) and the Arabian Sea. In these regions, local N2Omaxima occur in
the oxyclines on the edges of the ODZs, while minima occur in the ODZs themselves [Cohen and Gordon,
1978; Elkins et al., 1978]. The cycling of N2O in these regions is complex [Codispoti and Christensen, 1985] and
may influence N2O distributions in the broader ocean. Stable isotopic analyses of N2O can be used to
distinguish the sources and cycling of N2O in these regions and track their influence on N2O distributions on
broader spatial scales.

The isotopic composition of N2O reflects that of the substrates used to produce it, as well as the isotopic
fractionation of molecules that contain different isotopes of N (14N and 15N) and O (16O, 17O, and 18O) during
reactions that produce or consume the N2O. In the ocean, the stable isotopic composition of N2O provides
evidence of how the N2O was produced and whether it was subsequently subject to partial consumption by
denitrification in the water column. Recent laboratory experiments have also closed a number of gaps in our
knowledge of the isotopic signatures of the N2O produced and consumed by microbial processes [Sutka et al.,
2006; Ostrom et al., 2007; Frame and Casciotti, 2010; Santoro et al., 2011], bringing within reach a more fully
resolved understanding of the biological dynamics that influence marine N2O distributions. Stable isotope
systematics have been used to characterize local production and consumption mechanisms influencing
dissolved N2O in marine environments [Yoshida et al., 1989; Ostrom et al., 2000; Popp et al., 2002;Westley et al.,
2006; Yamagishi et al., 2007]. However, sparse spatial and temporal coverage of available marine N2O isotope
data has made it difficult to assess how widespread these processes are in the ocean.

To date, isotopic measurements made on marine N2O have focused heavily on the Pacific Ocean, particularly
the tropical and subtropical gyres [Kim and Craig, 1990; Ostrom et al., 2000; Popp et al., 2002] and the ETNP
[Yoshinari et al., 1997; Yamagishi et al., 2007; Fujii et al., 2013] and ETSP [Charpentier et al., 2007]. Measurements
have also beenmade in the Arabian Sea [Yoshinari et al., 1997; Naqvi et al., 1998;McIlvin and Casciotti, 2010] and
the oxycline of the Black Sea [Westley et al., 2006]. Many of these regions are hot spots of marine N2O
production and consumption, but may not be representative of other ocean environments, where dissolved
N2O typically accumulates during the aerobic remineralization of organic matter [Cohen and Gordon, 1979] and
is eventually released to the atmosphere through vertical mixing and air-sea gas exchange.

Coastal upwelling areas are important sources of N2O to the atmosphere (e.g., the northwest Indian Ocean
[Law and Owens, 1990] and northeast Pacific coast [Lueker et al., 2003; Nevison et al., 2004]). They support
large N2O fluxes because intense vertical mixing draws N2O-rich deep water to the surface [Nevison et al.,
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1995; Lueker et al., 2003; Charpentier et al., 2010], and injection of high-nutrient deep water into the mixed
layer stimulates primary production and nutrient remineralization processes that enhance local N2O
production [Lueker et al., 2003]. The highly productive Benguela upwelling system off the southwestern coast
of Africa is a documented source of N2O to the atmosphere [Nevison et al., 2004; Gutknecht et al., 2013b] that
may become larger as O2 depletion in this region intensifies [Stramma et al., 2008]. Here we report new
measurements of the concentration and isotopic composition of dissolved N2O collected from within this
upwelling system as well as the open ocean of the South Atlantic Basin from which we infer the regional and
microbial sources of N2O emitted to the atmosphere.

2. Materials and Methods

Samples were collected during the CoFeMUG cruise, which crossed the South Atlantic during a period of high
upwelling between mid-November and mid-December 2007 [Noble et al., 2012]. It consisted of three transects
(Figure 1): a zonal transect from the coast of Brazil to the Angolan coast (stations 1 to 19, 330°W, 11°S to 12.2°E,
14.75°S), a longitudinal transect along the coasts of Angola and Namibia (stations 19 to 23, 12.2°E, 14.75°S to
14.5°E, 25°S), and a southern zonal transect extending offshore from the coast of Namibia (stations 23 to 27,
14.5°E, 25°S to 10°E, 25°S).

The ship’s conductivity-temperature-depth sensors recorded salinity, potential temperature, fluorescence,
dissolved O2, and transmissometer beam attenuation. O2 sensor data were calibrated with Winkler titrations
at the beginning and end of the cruise. Phosphate (PO4

3�), NO3
�, NO2

�, NH4
+, and silicate concentration

measurements were made on filtered samples that were kept frozen until analysis. Nutrient concentration
measurements were made for all depths and all stations by a nutrient analysis facility (see Noble et al. [2012]
for details).

Single water samples for N2O analyses were collected from depths between 10m and 1000m at stations 5
through 27. Immediately after rosette recovery, water samples were collected by twice overfilling 160mL
glass serum bottles (Wheaton product no. 223748) from the bottom using Tygon tubing attached to each
Niskin bottle. A small headspace was introduced into each sample by pipetting 1mL of water off the top. It
was then poisoned with 100μL of saturated HgCl2 solution and sealed with a gray butyl septum (MicroLiter
Analytics product no. 20-0025) and aluminum crimp. Poisoned samples were stored for approximately
2months in the dark at room temperature before analysis.

Isotopic analyses of N2O were made using a Finnigan DELTAPLUS XP isotope ratio mass spectrometer with five
collectors (m/z 30, 31, 44, 45, and 46) calibrated according to Frame and Casciotti [2010] for isotopomer-specific
measurements using a referenceN2Ogas calibrated by S. Toyoda (δ15Nbulk�N2O= 0.31‰, δ18O�N2O=40.85‰,
Site Preference or SP=�1.2‰). Isotopic values are reported on Vienna SMOW and AIR (atmospheric N2)
reference scales. Bottles were purged with He and N2O was trapped on line with a custom-built purge and trap
system [McIlvin and Casciotti, 2010]. The molar amount of N2O contained in each bottle was calculated using a
constant linear relationship between N2O molar quantity and m/z 44 peak area, and then converted to a
concentration by dividing this by the volume of seawater extracted (154mL). Details about measurement
precision are discussed at length in McIlvin and Casciotti [2010]. Briefly, for triplicate measurements of 160mL

Figure 1. The three legs of the CoFeMUG cruise crossed the South Atlantic, went down the coast of Africa, and then back
out to sea. N2O concentration and isotopic data were collected at stations 5 through 27. ABFZ = the Angola-Benguela
Frontal Zone.
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water samples containing 2.2 nmol of our standard N2O gas, the standard deviations were 0.09‰ for δ15Nbulk�
N2O, 0.25‰ for δ18O–N2O, 0.33‰ for SP, with m/z 44 peak areas of 4.7± 0.04 Vs. Standard deviations were
similar for water samples containing 4.5 nmol or 9.0 nmol of standard N2O. Reported data have been corrected
for linear changes in 31/30, 45/44, and 46/44 detector responses with increasing m/z 44 peak areas. All N2O
concentration and isotopic data presented in this paper have been deposited in the Biological and Chemical
Oceanography Data Management Office under the CoFeMUG program (http://bcodmo.org/). Contour plots of
each transect were made in Igor Pro version 6.03 using linear interpolation between data points.

For calculations of ocean-atmosphere N2O fluxes, the depth of the mixed layer (MLD) at each station was
estimated as the shallowest depth that was within ±0.03 kg/m3 of the potential density at the reference depth of
10m [De Boyer Montégut et al., 2004]. At coastal stations, a 3m reference depth was used rather than 10m in
order to avoid using a reference depth within the pycnocline. QuikSCAT wind velocity components were
downloaded for the cruise region for each of the 60days prior to the dates of N2O sampling and used to calculate
the gas transfer velocity (kgasex, units =m/s) of N2O according to the empirical relationship ofWanninkhof [1992],

kgasex ¼ 0:31U2
10 Sc=660ð Þ�0:5

where U10 is the wind speed 10m above the ocean surface (units =m/s) derived from QuikSCAT scatterometer
satellite data [e.g., Bourassa et al., 2003]. Schmidt numbers (Sc) were calculated for the observed sea surface
temperatures using the kinematic viscosity formulation of Sverdrup et al. [1942] and the molecular diffusivity of
N2O given by Versteeg and Van Swaaij [1988]. The impact of daily wind speed variations over the 60days prior to
sample collection was incorporated using the weighting technique of Reuer et al. [2007].

At each station, N2O saturation disequilibrium (ΔN2O, units =μmol/m3) in the mixed layer was calculated as
the difference between the observed N2O concentration and the atmospheric equilibrium N2O
concentration calculated using the solubility coefficients of Weiss and Price [1980] and assuming a 319 ppb
atmospheric mole fraction. Average values of ΔN2O are reported at stations where there was more than one
N2O measurement in the mixed layer. N2O fluxes (Fatm, units =mol/m2/s) at each station were calculated as
the product of kgasex and ΔN2O:

Fatm ¼ kgasex ΔN2O

Flux calculations and parameters used to make them are listed for each station in Table 1. At stations 19, 22,
and 23 there were no observations in the mixed layer, so fluxes were not calculated there.

Wind stress curl, which is balanced by ocean upwelling or downwelling (Ekman suction and pumping), was
estimated over the 4 weeks corresponding to the cruise by calculating the curl of the directional wind stress
components τu and τv (units = kg/m/s2) derived from the QuikSCAT wind velocity components u and v (m/s)
[Milliff and Morzel, 2001]:

τu ¼ ρairCDU10u

τv ¼ ρairCDU10v;

where the density of air (ρair) is taken as 1.23 kg/m3 and CD is a dimensionless drag coefficient calculated
according to Large et al. [1994]. Negative values of wind stress curl are favorable to upwelling [Milliff and
Morzel, 2001].

The rate of coastal upwelling was estimated using alongshore wind stress estimations (τalongshore, units = kg/m/s2)
from the wind velocity components and coastline coordinates available in NOAA’s National Geophysical
Data Center database and then translated to a flux of deep water (M, units =m2/s) and volume rate of
upwelling (V, units =m3/s) at each latitude along the coast:

τalongshore ¼ ρairCDU10ualongshore;

M ¼ �τalongshore= ρwaterfð Þ
V ¼ �τalongshore= ρwaterfð Þ dL

where f is the Coriolis parameter (units = 1/s) and dL is a unit length of coastline between the pairs of latitude
grid points in the QuikSCAT data set. V was calculated for each dL between 10°S and 27.5°S for each of the
60 days prior to the sampling dates. The average upwelling velocity (m/s) was calculated by dividingM by the
Rossby radius of deformation at each latitude for each day during the cruise.
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3. Results and Discussion
3.1. Overview

Two neighboring systems of ocean currents and wind patterns interact in the Benguela upwelling zone
[Hutchings et al., 2009] (Figure 1). To the south, the Benguela Current flows northward along the coasts of
South Africa and Namibia and then moves offshore, causing coastal upwelling between 17°S and 30°S. To the
north, a cyclonic gyre draws the Angola Current southward along the continental shelf until it encounters
the Benguela Current at the Angola-Benguela Frontal Zone (ABFZ) between 15°S and 17°S. The cruise’s
northern zonal transect passed through the Angolan subsystem (stations 15 through 19) and ended at the
Angolan coast, just north of the ABFZ. The coastal transect (stations 19 through 23) crossed the ABFZ
between stations 19 and 20, and encountered strong coastal upwelling at stations 20 and 21 (Figure 2). The
ABFZ was marked in the top 300m by a sharp north-to-south increase in O2 concentrations (Figure 3a) and
a drop in N2O concentrations (Figure 3b) as older, more nutrient-rich subequatorial South Atlantic Central
Water (SACW) flowing southward encountered more recently ventilated subtropical SACW flowing
northward [Gordon and Bosley, 1991; Brea et al., 2004]. Upwelling rates dropped off again at the latitude of
the southern zonal transect (25°S, Figure 2) which was located north of the intense Luderitz upwelling cell
[Hutchings et al., 2009].

Minima in δ15Nbulk–N2O, δ
18O–N2O, and SP were observed within 200m of the surface in both the northern

and southern transects and were generally located above the concentration maximum. These minima were
most intense at stations 18 and 19 (at 17m at station 18, δ15Nbulk � N2O = 3.4 ± 0.1‰, δ18O � N2O = 42.0
± 0.2‰, SP = 5.3 ± 0.6‰ and at 150m at station 19, δ15Nbulk� N2O = 5.2 ± 0.1‰, δ18O� N2O = 37.5 ± 0.2‰,
SP = 6.2 ± 0.6‰) (Figures 3c–3e). These easternmost stations of the northern transect were located in a
region where negative wind stress curl drives shallow upwelling [Chapman and Shannon, 1987] (Figure 4a)
that may have transported subsurface N2O into the mixed layer and contributed to surface oversaturations
of N2O (positive ΔN2O) and elevated N2O fluxes observed at these stations (Figures 4b and 4c and Table 1),
even though the wind speed, and therefore the gas transfer velocities, were generally lower in this region
than they were to the west (Figure 4d). The wind regime also enhanced surface primary productivity, as
suggested by the higher fluorescence maxima at these stations (Figure 4e), and this may have also
contributed to surface N2O oversaturations by stimulating the nutrient cycling processes that sustain
NH3 oxidation.

Table 1. Daily N2O Fluxes Calculated at Each Station and the Parameters Used to Calculate Them

Station
Location
(°S,°E)

kgasex
(m/d)

Mixed Layer
Depth (m)

N2O Measurement
Depth (m)

ΔΝ2Ο
(μmol/m3) n

ΔΝ2Ο Standard
Deviation

Surface Flux, Fatm
(μmol/m2/d)

5 12, 340 5.26 59 19, 39 0.4 2 0.06 2.0
6 12.5, 342.5 5.35 20 20 0.2 1 - 1.0
7 12.5, 345 5.41 23 20 0.5 1 - 2.8
8 12.5, 347.5 4.85 49 19, 40 �0.1 2 0.03 �0.3
9 12.5, 350 4.85 44.5 20, 39 0.0 2 0.01 0.0
10 12.5, 352.5 4.77 28 20 0.2 1 - 0.9
11 12.5, 355 4.41 38.5 20 �0.4 1 - �1.8
12 13.25, 357.5 4.30 47 20 �0.3 1 - �1.5
13 13.25, 0 4.40 30 20 �0.4 1 - �1.7
14 13.75, 2.5 3.91 39 20 �0.2 1 - �0.8
15 13.6, 5 3.86 43 20, 40 3.7 2 5.27 14.1
16 14.25, 7.5 3.66 36 20 0.0 1 - �0.2
17 14.75, 10 4.86 23 20 5.8 1 - 28.4
18 14.75, 11.5 2.91 18 17 15.6 1 - 45.6
19 14.75, 12.2 3.47 11 - - 0 - -
20 17.5, 11.25 4.97 18 11 8.7 1 - 43.4
21 20, 12 3.88 17 10 4.1 1 - 16.1
22 24, 13.5 2.36 11 - - 0 - -
23 25, 14.5 2.10 10 - - 0 - -
24 25, 13.5 1.97 11 10 1.8 1 - 3.6
25 25, 12.5 2.70 13 10 �0.1 1 - �0.2
26 25, 11.5 2.25 13 10 0.1 1 - 0.3
27 25, 10 2.47 15 10 0.0 1 - �0.1
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In exemplary chemical profiles from stations 16 and 17,
NH4

+ concentration maxima fell at or just below the MLD
and just above the NO2

� concentration maxima
(Figures 5a and 5b). NO3

� concentrations were lower in
the surface water and increased rapidly below the mixed
layer (Figure 5c). Transmissometer beam attenuation was
generally higher in the surface water and lower below the
mixed layer, as expected if particles generated by
biological activity in the surface were decaying as they
sank out of the mixed layer. However, at station 19 (the
station of the northern transect that was closest to the
coast), the beam attenuation was also elevated between
200m and 400m (Figure 5d), indicating that particles from
the sediments may have been resuspended at these
depths [Noble et al., 2012; Lam and Bishop, 2008]. The
depths of particle resuspension at station 19 coincided
with the N2O concentrationmaximum observed at this and
other stations further offshore in the northern transect
(Figure 5e), suggesting that some of this N2Owas produced
in or near the sediments or in particles resuspended from
the sediments along the Angolan continental shelf.

The maximumN2O concentration was generally observed
deeper in the water column (for example, at 299m depth at station 17, concentration = 49 nM) and had a
more enriched isotopic composition (δ15Nbulk = 5.8 ± 0.1‰, δ18O = 39.7 ± 0.1‰, SP = 9.8 ± 1.0‰) than the
N2O in the isotopic minimum (Figures 5e–5h). At the depth of the N2O concentration maximum, older water
circulating down from the subequatorial Atlantic accumulates nutrients and loses O2 as it flows along the
productive Angolan shelf and then back offshore [Brea et al., 2004]. As a result, N2O concentrations higher
than 40 nM extended off the coast as far as station 11 (Figure 3b).

Below the concentration maximum, the isotopic signatures of N2O continued to increase as the N2O
concentration decreased. The deepest water sampled (800m to 1000m) contained N2O with some of the
highest observed δ15Nbulk–N2O, δ

18O–N2O, and SP values, for example, at 800m at station 12, δ15Nbulk� N2O =
8.7± 0.1‰, δ18O� N2O = 46.5 ± 0.2‰, and SP = 18.7± 0.6‰. This water corresponded in salinity, temperature,
and silicate concentration [see Noble et al., 2012] to a mixture of South Atlantic Central Water (SACW), Antarctic
Intermediate Water (AAIW, depth = 800m to 1500m), and Circumpolar Deep Water (CDW, depth = 800m to
4000m), which flows northward into the South Atlantic from the Southern Ocean [Brea et al., 2004]. Although
this water is oxic, it has undergone significant O2 consumption since it last fully equilibrated with the
atmosphere so that at 800m at station 12, the observed O2 concentration was 130μMwhile the concentration
at atmospheric equilibrium would have been 320μM. CDW is particularly old and nutrient rich [Broecker et al.,
1985; Poisson and Chen, 1987] and may have contributed to the O2 depletion and elevated silicate
concentrations that were observed at this depth.

3.2. N2O Emissions

Atmospheric N2O fluxes in this region are enhanced by a combination of shallow N2O production, cyclonic
upwelling into the mixed layer, and ventilation of older, mesopelagic water along the coast. N2O saturation
disequilibrium (ΔN2O) in the mixed layer was highest near the African coast (Figure 4b) with slight
undersaturations observed at some of the offshore stations (stations 8, 11, 12, 13, 14, and 16) (Table 1).
Average wind speeds were generally higher to the west and north, and gas transfer velocities were
correspondingly lower along the southern transect (Figure 4d). The direction of wind stress curl reversed
from inducing downwelling (positive wind stress curl) in the western portion of the northern transect to
inducing upwelling (negative wind stress curl) at the eastern stations (Figure 4a). Curl-induced upwelling may
have been an important mechanism for transferring subsurface N2O into the mixed layer offshore, while
coastal upwelling was the major nearshore mechanism, particularly at the northern coastal stations.

Figure 2. Two week average coastal upwelling rates
due to along-shore wind stress. Maps 1–2 and 3–4
coincide with the first and last 2 weeks of the
cruise, respectively.
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N2O fluxes into the atmosphere were
highest near the coast, reaching
28μmol/m2/d at station 17,
46μmol/m2/d at station 18, and
43μmol/m2/d at station 20 (Table 1).
Fluxes were not calculated at stations
19, 22, and 23 because no
measurements were taken above
the MLD at these stations, but the
oversaturation of N2O just below the
very thin mixed layer at these stations
indicates that fluxes were probably also
high there. Our flux estimates are
similar to the 24μmol/m2/d to
36μmol/m2/d fluxes reported by
Gutknecht et al. [2013b] for the region
near 23°S between 13.2°E and 14.1°E
(closest to stations 22 and 23 in this
study) in December 2009.
Biogeochemical model simulations of
this region produced maximum fluxes
as high as 51μmol/m2/d near the coast
[Gutknecht et al., 2013b], also
suggesting that our own calculations
are reasonable.

3.3. Shallow N2O Sources in the
Isotopic Minimum

There was a general correspondence
between water with high N2O
concentrations and water with high
concentrations of NO3

� relative to
PO4

3� (calculated as N* according to
Gruber and Sarmiento [1997]) (Figure 6),
but no strong correlations were
observed between the N2O
concentration and N* along the
isopycnals that were sampled. Water
with high N* values may be a product
of local N2 fixation, as rates of N2

fixation near the Angolan coast
measured during the cruise were
comparable to rates measured in the
oligotrophic North Atlantic [Sohm et al.,
2011]. Stations with relatively high
surface N2 fixation rates (stations 17,
18, 19, and 20) coincided with those
that had the most intense shallow N2O
isotopic minima (δ15Nbulk � N2O = 3.4
± 0.1‰ � 5.4 ± 0.1‰, δ18O � N2O =

37.5 ± 0.2‰ � 39.1 ± 0.2‰, SP = 5.3 ± 0.6‰ � 7.2 ± 0.6‰), suggesting that the release of 15 N-depleted
organic nitrogen by diazotrophs in this region may have partially contributed to the production of
15 N-depleted N2O.
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Figure 3. (a) Dissolved O2, (b) N2O, (c) δ
15Nbulk–N2O, (d) δ

18O–N2O, and (e)
SP along each of the three legs of the cruise. White circles indicate the MLD.
Black areas represent the sediment depth along the coastal transect.
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N2O produced at the depth of the isotopic minimum is
close to the mixed layer and therefore likely to be
transferred directly to the atmosphere, making it an
important contributor to total marine N2O emissions
to the atmosphere. To estimate the isotopic
composition of the shallow biological N2O source,
samples with a salinity ≥35.7 from the northern zonal
transect were modeled as a two-component mixture
of atmospheric N2O and N2O produced by the shallow
source. The threshold salinity of 35.7 was chosen to
exclude water upwelled along the coast from the deep
halocline. The N2O concentration at the depth of the
isotopic minimum (N2Oisotopic min, units = nM) was
modeled as a constant concentration of tropospheric
N2O (N2Otrop) and a variable amount of N2O produced
by a local biological source (N2Oshallow source):

1. N2Oisotopic min =N2Otrop +N2Oshallow source

2. δ18Oisotopic min N2Oisotopic min = δ18Otrop N2Otrop

+ δ18Oshallow source N2Oshallow source

3. δ15Nbulk
isotopic minN2Oisotopic min=δ

15Nbulk
tropN2Otrop+

δ15Nbulk
shallow source N2Oshallow source

4. SPisotopic min N2Oisotopic min = SPtrop N2Otrop + SPshallow
source N2Oshallow source

The isotopic composition of N2Oshallow source was
estimated as the y intercept of linear regressions of
δ15Nbulk–N2O, δ

18O–N2O, and SP versus 1/[N2O]
(Figures S1–S3 in the supporting information).

This approach does not account for N2O that was
horizontally transported or vertically mixed into the
surface water. Since wind stress curl varies coherently
across the northern section, we grouped the data into
three segments based on the average wind stress curl
values for the 2 week period prior to each station’s
sampling date. These values were generally positive
(i.e., downwelling) at the western stations (stations 5–8),
near zero through the middle stations (stations 9–14),
and generally negative at the eastern stations (stations
15–17). We then calculated the isotopic composition

of N2Oshallow source for each section independently using the two-source model described above. Grouping
the stations in this way also split the transect up along the east-west concentration gradient of the deep
concentration maximum, thereby creating data subsets that should have relatively large differences in how
much upwelling from the concentration maximum influenced the isotopic composition of the N2O in the
isotopic minimum.

The results for each group of stations (Figures S1–S3 in the supporting information) were quite similar for
δ15Nbulk–N2O and δ18O–N2O, with the δ15Nbulk–N2O ranging from 4.2 ± 0.3‰ at stations 5–8, 3.9 ± 0.2‰ at
stations 9–14, and 3.9 ± 0.1‰ at stations 15–17 and the δ18O–N2O ranging from 36.2 ± 0.5‰ at stations 5–8,
36.7 ± 0.4‰ at stations 9–14, and 36.7 ± 0.5‰ at stations 15–17. The SP signatures decreased slightly
heading into the upwelling zone, with values of 6.0 ± 2.0‰ at stations 5–8, 5.2 ± 1.8‰ at stations 9–14, and
4.3 ± 1.3‰ at stations 15–17. Values are given with the 95% confidence intervals of the fit coefficients from
the linear regressions. Among the three data subsets, there is not a systematic variation in the calculated
isotopic composition of N2Oshallow source that we can attribute to changes in the contribution of N2O from the
concentration maximum to the N2O in the isotopic minimum. That is, despite increased upwelling and a

D

C

B

E

A

Figure 4. (a) Average wind stress curl for the last 2 weeks
of the cruise (negative values favor upwelling), (b) N2O
saturation disequilibria (ΔN2O) in the mixed layer, (c) N2O
fluxes, (d) 60 day weighted gas transfer velocities (kgasex),
and (e) maximum fluorescence.
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more intense N2O concentration maximum to the east, the δ15Nbulk–N2O, δ
18O–N2O, and SP estimated for

the shallow source do not increase from west to east, as we would expect them to if N2O from the
concentration maximum influenced the isotopic signatures of the N2O in the isotopic minimum.
Furthermore, the shallow source signatures calculated here are similar to those calculated by Popp et al.
[2002] for the N2O isotopic minimum observed at 200m to 300m at station ALOHA in the north Pacific Gyre,
where δ15Nbulk � N2O = 3.7 ± 0.9‰, δ18O � N2O = 37.2 ± 1.9‰, and SP = 1.1‰ to 2.7‰. Nevertheless, if
upwelling of N2O from the concentration maximum (for example, 299m at station 17) had contributed 5% of
the N2O that we are attributing to the shallow source at stations 15–17, then the actual isotopic composition

of N2Oshallow source should be revised down
to δ15Nbulk � N2O = 3.6 ± 0.1‰, δ18O �
N2O = 34.6 ± 0.6‰, and SP = 3.8 ± 1.5‰. If
the concentration maximum had
contributed 10% of the N2O, then the
N2Oshallow source signatures would be
lowered further to δ15Nbulk � N2O = 3.3
± 0.1‰, δ18O � N2O = 32.3 ± 0.6‰, and
SP = 3.2 ± 1.5‰.

Ammonia-oxidizing microorganisms are
the likely source of the isotopically
depleted N2O produced in the shallow
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Figure 6. N* values along each of the three legs of the cruise.

Figure 5. (a) NH4
+, (b) NO2

�, (c) NO3
�, (d) transmissometer beam attenuation, (e) N2O, (f ) δ

15Nbulk–N2O, (g) δ
18O–N2O,

and (h) SP. All profiles are from stations 16 and 17 except in Figure 5d.
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isotopic minimum. This N2O was found in oxygenated water at the base of the mixed layer and generally
coincided with the top of the nutricline, a depth at which previous studies have noted maxima in the rates
of NH3 oxidation and the abundance of ammonia oxidizers [Ward et al., 1982; Beman et al., 2008; Santoro
et al., 2010] and at which we observed small NH4

+ and NO2
� concentration maxima at a number of cruise

stations (Figures 5a and 5b). Both bacterial and archaeal ammonia oxidizers produce N2O [Ritchie and
Nicholas, 1972; Santoro et al., 2011; Löscher et al., 2012]. Ammonia-oxidizing bacteria produce N2O through
the decomposition of hydroxylamine (NH2OH), an intermediate during NH3 oxidation to NO2

�, and also
through an enzyme-mediated process known as nitrifier denitrification, which reduces NO2

� to N2O [Hooper
and Terry, 1979; Poth and Focht, 1985]. In order to distinguish and quantify the contributions of these two
pathways to the shallow N2O source, we have focused our analysis on its SP signature since this is distinct for
N2O produced by either pathway and in either case is believed to be independent of the substrates’ isotopic
composition [Toyoda et al., 2002; Schmidt et al., 2004]. The SP of N2O produced by NH2OH decomposition
can be as high as 36‰, while nitrifier denitrification produces N2O with a much lower SP, possibly as low as
�10.7‰ [Sutka et al., 2006; Frame and Casciotti, 2010]. N2O produced by archaeal ammonia oxidizers living in
aerobic conditions appears to derive from the NH2OH pathway and has a SP (30.3‰) that is close to that of
NH2OH decomposition by bacterial ammonia oxidizers [Santoro et al., 2011]. It is possible but not yet proven
that archaeal ammonia oxidizers also produce low-SP N2O. If the SP of the N2O produced in the isotopic
minimum of the South Atlantic is a two-component mixture of N2O produced by nitrifier denitrification and
NH2OH decomposition, and we use the end-member SP values estimated by Frame and Casciotti [2010] for a
bacterial ammonia oxidizer (SPnitrifier denitrification =�10.7‰ and SPNH2OH decomposition = 36.3‰), then NH2OH
decomposition is estimated to have contributed between 36% (0.29= (�10.7‰ � 6.0‰)/(�10.7‰ � 36.3‰))
and 32% (0.32= (�10.7‰ � 4.3‰)/(�10.7‰ � 36.3‰)) of the N2O source in the shallow isotopic minimum,
while nitrifier denitrification contributed the remaining 64% to 68%.

3.4. Sources of the N2O Concentration Maximum

N2O concentrations were highest between 200m and 400m at the coastal stations of the northern transect.
The subequatorial branch of SACW is ventilated more slowly and has higher rates of organic matter
remineralization than the subtropical branch of SACW [Brea et al., 2004] so that the water of the northern
transect probably had a larger inventory of remineralized NO3

� and N2O, as well as a depleted O2 inventory,
by the time it entered the coastal upwelling region where we observed it. Production of this “extracoastal”
N2O was most likely a by-product of NH3 oxidation and nitrifier denitrification fueled by the rain of organic
nitrogen out of the mixed layer, in a manner consistent with the classical view of N2O production in
oxygenated water [Yoshinari, 1976; Cohen and Gordon, 1979; Nevison et al., 2003].

The shallow continental shelf in this region, which supports denitrification and anammox as well as NH3

oxidation and NO2
� oxidation [Füssel et al., 2012], is probably also a zone of accelerated N2O production. The

isotopic composition of the N2O in the concentration maximum near the coast is consistent with production
by diffusion-limited denitrification and/or nitrifier denitrification of NO2

�, which we might expect to find
associated with the coastal sediments, the benthic boundary layer above the sediments, or particles
resuspended from the sediments. Specifically, the δ15Nbulk–N2O (5.7‰ to 6.6‰) was similar to that of NO3

�

(δ15N � NO3
� = 5‰ to 6‰ (Casciotti et al., in preparation, 2014)), while the δ18O–N2O (40‰ to 42‰) was

significantly higher than the δ18O–NO3
� (2‰ to 3‰ (Casciotti et al., in preparation, 2014)) and also higher

than the δ18O–N2O of the shallow N2O source (36.2‰ to 36.7‰). This pattern of low δ15Nbulk–N2O and high
δ18O–N2O relative to δ15N–NO3

� and δ18O–NO3
�, respectively, suggests that the N2Owas produced in a system

where the rates of the enzymatic reduction reactions carried out by denitrifiers (NO3
� ➔ NO2

� ➔ nitric oxide
(NO)➔ N2O exceed that of substrate supply. Since diffusion typically has a very small isotope effect, diffusion
limitation can eliminate expression of the enzymes’ typically much larger kinetic isotope effects so that the
net isotope effect is close to 0‰ [see Farquhar et al., 1982; Jinuntuya-Nortman et al., 2008]. When the rates of
these reduction reactions are not limited by diffusion, full expression of the kinetic isotope effects of NO3

�

reduction produces NO2
� that is depleted in 15N relative to the substrate NO3

� [Barford et al., 1999; Granger et al.,
2006, 2008; Kritee et al., 2012] and subsequent reduction of this NO2

� produces N2O that is also depleted in 15N
relative to the NO2

� and NO3
� [Bryan et al., 1983]. However, this does not bear out at the depths of the N2O

concentration maximum, where δ15Nbulk–N2O and δ15N–NO3
� were actually quite similar, as mentioned above.
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The δ18O–N2O (40‰ to 42‰), however, is significantly
higher than the δ18O–NO3

� (2‰ to 3‰), even though
the large kinetic isotope effects that favor reduction of
16O–NO3

� over 18O–NO3
� [Granger et al., 2006] must be

similarly suppressed when denitrification is diffusion
limited. The discrepancy is explained by the fact that a
branching isotope effect, which favors the removal of 16O
relative to 18O as NO3

� is reduced to NO2
�, is expressed

even when diffusion limits NO3
� reduction rates and

thus expression of the O kinetic isotope effects. The
branching isotope effect for NO3

� reduction to NO2
� is

as high as 25–30‰ [Casciotti et al., 2007] (Figure 7). The
remaining gap between δ18O–NO3

� and δ18O–N2O can
be explained by another branching isotope effect of
10–12‰ associated with NO2

� reduction to N2O by
denitrification [Casciotti et al., 2007] or possibly the 8.4‰
effective isotope effect reported for NO2

� reduction to
N2O during nitrifier denitrification [Frame and Casciotti,
2010]. Sediments are known to provide an environment
that suppresses expression of the large enzymatic
kinetic isotope effects associated with NO3

� and O2

consumption [Brandes and Devol, 1997]. In the water
column, large particles have similarly been proposed as

an environment that supports rapid O2 consumption without accompanying isotopic enrichment of the
remaining O2 [Ostrom et al., 2014].

There are other potential influences on the isotopic composition of N2O produced by NO3
� reduction,

including the O isotopic equilibration of NO2
� with water, which is dependent on ambient temperature and

pH [Buchwald and Casciotti, 2013]. Biological NO2
�
fluxes measured by Füssel et al. [2012] in the benthic

boundary layer of this region suggest that the residence time of NO2
� in this zone may be on the order of

5–10 days and is probably faster if physical fluxes are taken into account. Since abiotic O isotopic equilibration is
relatively slow at seawater pH [Buchwald and Casciotti, 2013], we expect this effect to be relatively minor,
althoughwe cannot rule out the possibility of faster enzymatically catalyzed exchange. Another consideration is
that once NO2

� is produced, it may also be oxidized to NO3
� by nitrite oxidizers or reduced to N2 by anammox

[Füssel et al., 2012]. While we cannot constrain how these processes affect the isotopic composition of NO2
�

(and therefore N2O) without additional information about their rates, spatial distributions, and isotope effects,
the fact remains that we can close the isotope gap between NO3

� and N2O by invoking only denitrification and
possibly also nitrifier denitrification of NO2

�.

The SP of the N2O in the concentration maximum (SP = 9.8% at 299m at station 17; see Figure 8a) was
somewhat higher than what has been reported for N2O that is produced by denitrification or nitrifier
denitrification (�0.5 to �5‰ [Toyoda et al., 2005; Sutka et al., 2006] and �10.7‰ [Frame and Casciotti, 2010],
respectively). A background atmospheric N2O equilibrium concentration of 8.5 nM to 11 nM with a SP of
18.7± 2.2‰ [Yoshida and Toyoda, 2000] could contribute to, but does not fully explain, the higher SP values
of the N2O in this water. Therefore, the higher SP signature must also reflect N2O production by NH2OH
decomposition during NH3 oxidation or partial N2O consumption by denitrification in the water column. We
favor the first explanation, one of NH2OH decomposition, which could have occurred locally or in the water
mass before it entered our study region. It seems likely that oxidation of NH3 diffusing out of the sediments
of the continental shelf would be significant, and rather unlikely that dissolved O2 concentrations dropped low
enough, for long enough, over a large enough portion of the water column to support N2O consumption by
denitrification in the bulk phase. The threshold O2 concentrations at which denitrifiers begin to first produce
and then consume N2O are low but still relatively uncertain. In a model of the Benguela region, Gutknecht et al.
[2013a] assumed that NO3

� reduction does not proceedwhenO2 is above 25μM,while the transition fromN2O
production to N2O consumption by denitrification appears to occur as O2 drops below 10μM in the Pacific
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Figure 7. N2O production in a system where NO3
�

reduction is diffusion limited. Branching isotope
effects (ε18Ο) are expressed even though kinetic iso-
tope effects are not expressed. The N2O that results
from NO3

� reduction is more enriched in 18O and has
similar δ15N values compared to the substrate NO3

�.
1Casciotti et al. [2007], 2Frame and Casciotti [2010].
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Figure 8. (a) SP versus δ18O–N2O measurements of South Atlantic N2O are represented as circles for the northern leg,
squares for the coastal leg, and triangles for the southern leg. Isolines have a 1:2.2 slope that reflects the ratios of the
isotope effects that govern SP and δ18O–N2O during N2O consumption by denitrifier cultures, as measured by Ostrom et al.
[2007]. Data from previous studies are from 1Park et al. [2012], 2Yoshida and Toyoda [2000], 3Kim and Craig [1990],
4Boontanon et al. [2010], 5Yamagishi et al. [2007], 6Charpentier et al. [2007], 7McIlvin and Casciotti [2010], 8Santoro et al.
[2011], and 9Ostrom et al. [2007]. Although we have included high-SP N2O from archaeal ammonia oxidizers, it is possible
but not known whether they also produce N2O with a low SP value. The δ15Nbulk–N2O estimated for the global combined
natural sources by Park et al. [2012] was �5.3 ± 0.2‰ and is off the color scale used here. (b) Salinity versus N2O concen-
tration for all stations. The preindustrial (275 ppb) andmodern (319 ppb) atmospheric equilibrium concentrations are given
by the lengths of the solid and dashed lines, respectively, for the major branches of South Atlantic Central Water (SACWE1,
SACWE2, SACWT1, and SACWT2), Circumpolar DeepWater (CDW), and Antarctic Intermediate Water (AAIW1 and AAIW2) as
defined by Brea et al. [2004]. Data not measured during this study include 1Charpentier et al. [2007], 2Charpentier et al.
[2010], 3Boontanon et al. [2010], and 4McIlvin and Casciotti [2010] (with unpublished salinity data). Salinity decreases with
increasing depth for all locations except the Southern Ocean.
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[Zamora et al., 2012]. Measured O2 concentrations in the water column during this study were generally above
both these values but did drop as low as 19μM at 300m at station 17 and 11μM at 110m at station 23.

Although we argue against N2O consumption in the water column, our observations do not rule out N2O
reduction in the sediments. N2O consumption within the sediments is likely to be diffusion limited and/or
involve complete consumption of any N2O made in the sediments or diffusing into the sediments from the
overlying water. This is analogous to the underexpression of kinetic isotope effects during NO3

� reduction in
high reactivity sediments, where rapid denitrification rates nearly completely consume NO3

� within the
sediments and therefore do not contribute to isotopic enrichment of NO3

� in the overlying water [Brandes
and Devol, 1997; Lehmann et al., 2004, 2007]. If sedimentary N2O consumption behaves similarly to NO3

�

consumption, then it would not produce strong isotopic enrichment of N2O dissolved in the water column,
even if rapid sedimentary N2O reduction is occurring.

There is no obvious NO3
� deficit in the water that contains the N2O concentration maximum. If sedimentary

or water column denitrification was an important removal mechanism for fixed nitrogen at these depths, one
might expect N* values to be low [Gruber and Sarmiento, 1997] (see Figure 6). However, our proposed
mechanism of benthic-/sediment-associated N2O production is decoupled from the effects of denitrification
on N* by the fact that NO3

- reduction by denitrifiers does not necessarily always proceed to completion
(i.e., to N2). Reduction of NO3

� to NO2
� followed by reduction of a fraction of this NO2

� to N2O by
denitrification and/or nitrifier denitrification could proceed without changing N* very much if the remaining
NO2

� is then reoxidized to NO3
� by nitrite-oxidizing nitrifiers. Furthermore, N* is calculated on a micromolar

scale that is probably not precise enough to capture the nanomolar decrease in NO3
� concentration that

would be needed to produce the N2O in the concentration maximum. In other words, N2O concentrations
need not bear any obvious relationship to N*. In the benthic boundary layer, spatial coupling of NO3

�

reduction to NO2
� by denitrifiers to rapid NH3 and NO2

� oxidation by nitrifiers could explain how water
carrying high N2O concentrations can be advected off the continental shelf without also carrying high
concentrations of NH4

+ and NO2
� or major N* depletions. In fact, some of the highest observed N* values

coincide with the N2O concentration maximum (Figure 6), suggesting that remineralization of N-rich organic
matter may outweigh any fixed-N loss through denitrification or anammox. Finally, microbial formation
of apatite is an important sedimentary sink for PO4

3� in this region [Goldhammer et al., 2010] and may also
push N* values higher along the continental shelf.

3.5. Deep N2O Sources and Transport

Moving deeper through the water column, from the concentration maximum down to the deepest depths
analyzed here (800m to 1000m), the δ15Nbulk–N2O, δ

18O–N2O, and SP signatures continued to increase. The
deepest samples derived from AAIW and CDW and contained N2O with an isotopic composition that was
similar to preindustrial tropospheric N2O [Park et al., 2012], but concentrations that were substantially higher
than either the modern or preindustrial equilibrium N2O concentrations. For example, the isotopic composition
of preindustrial tropospheric N2O is estimated to have been δ15Nbulk � N2O = 9.3± 0.2‰, δ18O � N2O = 45.5
± 0.2‰, and SP = 19.4 ± 1.5‰ [Park et al., 2012] and at 800m at station 12, δ15Nbulk � N2O = 8.7± 0.1‰,
δ18O � N2O = 46.5± 0.2‰, and SP = 18.7 ± 0.6‰ (N2OAAIW/CDW in Figure 8a), yet the N2O concentration at
this depth was 25.4 nM, about twice as high as either the modern or preindustrial equilibrium N2O
concentrations (12.8 nM and 11.0 nM, respectively; see Figure 8b). Therefore, at these depths there must
have been another source of N2O in addition to the atmosphere.

N2OAAIW/CDW has higher δ15Nbulk–N2O, δ
18O–N2O, and SP values than the shallow N2O source(s) that were

observed above it (Figure 8a). N2OAAIW/CDW is also more isotopically enriched than expected for the N2O
produced by NH2OH decomposition, nitrifier denitrification, and denitrification [Barford et al., 1999; Sutka
et al., 2006; Toyoda et al., 2005; Frame and Casciotti, 2010]. N2O consumption by denitrifying bacteria involves
large kinetic isotope effects and is the only known biological process that simultaneously enriches N2O in 15N,
18O, and SP [Barford et al., 1999;Menyailo and Hungate, 2006; Ostrom et al., 2007]. Wherever this process plays
a role in the N2O cycle and is not limited by diffusion [Jinuntuya-Nortman et al., 2008], it increases the
δ15Nbulk–N2O, δ

18O–N2O, and SP signatures of the remaining N2O by favoring the reduction of 14N2O over
15N2O, N2

16O over N2
18O, and 15N14NO over 14N15NO [e.g., Westley et al., 2006; Yamagishi et al., 2007; Sasaki
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et al., 2011]. These increases in isotopic signatures occur in constant proportions to one another, with
δ18O–N2O increasing by 2.2‰ with every 1‰ increase in SP, and by 2.5–2.6‰ with every 1‰ increase in
δ15Nbulk–N2O [Menyailo and Hungate, 2006; Ostrom et al., 2007; Jinuntuya-Nortman et al., 2008]. On an
isotope-isotope plot, the data reported here tend to lie away from these constant proportions, with
δ18O–N2O increasing by a smaller amount relative to SP and δ15Nbulk–N2O (Figure 8a). As discussed below,
this fact is likely tied to this water’s history of mixing and long-range horizontal transport.

N2O consumption by local water column denitrification in the South Atlantic is not a likely explanation for the
observed isotopic enrichment of this N2O because ambient O2 concentrations at these depths (120–150μM)
were too high to support denitrification. However, the mesopelagic South Atlantic may receive water from
remote zones of water column denitrification, including the Indian Ocean via eddies derived from the
Agulhas Current [Hutchings et al., 2009], and from the eastern South Pacific via the Peru-Chile Undercurrent
and the Drake Passage [Tsuchiya et al., 1994]. The Southern Ocean recirculates water and nutrients from the
thermocline waters of all the southern ocean basins [Sarmiento et al., 2004], partially balancing Atlantic
meridional overturning circulation by exporting AAIW and CDW back into the South Atlantic [Broecker et al.,
1998;Marshall and Speer, 2012]. This flow of water likely contributes to the relatively high N2O concentrations
and δ15Nbulk–N2O, δ

18O–N2O, and SP values observed at 800m to 1000m in the South Atlantic. Indeed, the
shallow Southern Ocean (150m to 300m, 140°E, 61°S) has a similar N2O concentration and isotopic composition
(concentration=~23 nM, δ15Nbulk � N2O = 7.6 ± 0.3‰, δ18O � N2O = 44.7± 1.1‰, and SP =17.4 ± 1.1‰)
[Boontanon et al., 2010] to that of N2OAAIW/CDW (Figure 8a).

The salinity range of the water carrying N2OAAIW/CDW and the N2O concentration maximum in the South
Atlantic is similar to that of subsurface water in the Chilean Upwelling Zone (400m to 800m) [Charpentier et al.,
2007], deeper water in the Arabian Sea (1200m to 3000m) (McIlvin and Casciotti [2010] with unpublished
salinity data), and the shallow Southern Ocean (150m to 300m) [Boontanon et al., 2010] (Figure 8b). Some of
the deeper N2O in the South Atlantic may therefore be exported from a major water column denitrification
zone in one of the other ocean basins via the Southern Ocean. This would be consistent with findings that N2O
produced deeper in the water columnmay be transported thousands of kilometers from its point of formation
[Nevison et al., 2003]. Long-range N2O transport, particularly through the Southern Ocean, would also give this
ODZ water an opportunity to mix with higher-O2 water, thus explaining our observation that at 800m to
1000m, the water in the South Atlantic has a relatively high O2 concentration but also contains N2O with the
isotopic imprint of N2O consumption by water column denitrification.

The isotopic composition of N2OAAIW/CDW lies near a mixing line between the N2O in the concentration
maximum of the South Atlantic and the N2O observed in the Chilean Upwelling Zone (400m to 800m)
[Charpentier et al., 2007], the Arabian Sea (1200m to 3000m) [McIlvin and Casciotti, 2010], and the Eastern
Tropical North Pacific (800m to 1200m) [Yamagishi et al., 2007] (Figure 8a). The departure of N2OAAIW/CDW

from this mixing line might be explained in part by an additional contribution of N2O from tropospheric N2O.
However, production of high-SP N2O by ammonia oxidizers may have also driven the observations away from
a perfectly straight mixing line.

4. Conclusions

The coastal upwelling region along southwestern Africa is an important hotspot of marine N2O release in the
South Atlantic. Atmospheric N2O fluxes of up to 46μmol/m2/d were estimated at stations along the coast of
Angola and Namibia. In the top 1000m of the water column, shallower N2O was more depleted in 15N and
18O and had a lower SP than the deeper N2O. The N2O concentration maximum was between 200m and
400m and fell below the isotopic minimum, which was located in the top 200m of the water column at all
stations. The relatively low SP of the N2O in the isotopic minimum suggests that this N2O was produced
mainly by nitrifier denitrification, carried out by ammonia oxidizers just below the mixed layer. The observed
N2O concentration maximumwas highest in the northern transect (14.75°S), near the Angolan coast, where a
combination of aged subequatorial SACW, a highly productive upwelling zone, and sediment-associated
denitrification and nitrifier denitrification are all likely to have contributed to the high N2O concentrations
that were observed. We attribute the relatively enriched isotopic composition of the N2O between 800m and
1000m to N2O exported out of an ODZ in another ocean basin, such as the South Pacific or the Indian Ocean.
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The isotopic differences among the shallow N2O source, the concentration maximum, and the deeper N2O
may be useful in investigating how the balance of deep N2O ventilation and shallow N2O production
influences seasonal cycles and longer-term trends in the isotopic composition of N2O released to the
atmosphere by the ocean.
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