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Abstract

The ocean accounts for up to 25% of global emissions of nitrous oxide (N20), a potent
greenhouse gas. Much of this N2O flux occurs in upwelling regions near the ocean’s oxygen
deficient zones (ODZs), areas known for intense N>O cycling. The Eastern Tropical South
Pacific (ETSP) ODZ is one such area, and large uncertainties surround the balance of processes
regulating N2O production and emission in this region. Here we examined the distributions of
dissolved N2O concentration and stable isotopic composition, in concert with nitrate (NO3’) and
nitrite (NO2") isotopic ratios, to understand the mechanisms that drive N2O production,
consumption, and emission from the ETSP ODZ. Keeling plot analysis identified N>O
production from both nitrification and denitrification (or nitrifier-denitrification) in the oxycline,
where the largest accumulations of NoO were found. In the N>O concentration maximum that
occurs below the ODZ, a higher N site preference (SP) indicated nitrification was more
prominent. Within the ODZ, significant enrichments were apparent in §'SNPU (14-22%),
8'80n20 (68—100%0) and SP (39—-60%o), implying active N>O consumption. Further scrutiny of
N-O isotope data in the ODZ highlights a deviation from the relative increases in 8'8On20 and SP
expected for bacterial denitrification. At high levels of NoO consumption, SP increased more
than expected for the increase in 8'®Onzo. This appeared to be due, at least in part, to a decrease
in 3'°NP driven by N2O production in the ODZ, rather than further increases in §'>N*. Isotopic
analysis of co-occurring NO3™ and NO»>™ suggests that NO3” may be the dominant source of N>O

in the offshore ETSP ODZ.
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1. Introduction

Nitrous oxide (N20) is an important greenhouse gas in terms of anthropogenic climate
forcing (Myhre et al., 2013), and it plays a critical role in stratospheric ozone depletion (Crutzen,
1970; Ravishankara et al., 2009). Oceanic N>O production is estimated to contribute up to 25%
of total natural and anthropogenic emissions, though there is a great deal of uncertainty in this
estimate, especially in coastal areas (Nevison et al., 2004; Bange, 2008; Ciais et al., 2013).
Upwelling zones play important roles in oceanic emissions of N2O (Nevison et al., 2004;
Suntharalingam and Sarmiento, 2000; Bange et al., 1996; Kock et al., 2016), and it is estimated
that the Peruvian upwelling area alone may supply 0.2—0.9 TgN/yr (Arevalo-Martinez et al.,
2015). While increased attention has gone towards understanding the magnitudes and controls on
N>O production and emission from the ocean, significant uncertainties remain that prevent us
from making confident projections of future N>O emissions (Bange et al., 2010; Codispoti, 2010;
Zamora et al., 2012; Martinez-Rey et al., 2015; Kock et al., 2016).

N>O distributions throughout the ocean are affected mainly by microbial production and
consumption (Suntharalingam and Sarmiento, 2000), although N>O produced in the deep ocean
can be transported long distances, mixing between water masses before it is released to the
atmosphere (e.g. Yamagishi et al., 2007; Nevison et al., 2003). In aerobic environments, N>O can
be generated by ammonia-oxidizing bacteria (AOB) or ammonia-oxiziding archaea (AOA)
(Santoro et al., 2011; Loscher et al., 2012). AOB produce N2O through hydroxylamine oxidation
(referred to here as ‘nitrification’) and nitrite reduction (nitrifier-denitrification) mechanisms
(Wrage et al., 2001; Stein and Yung, 2003). While the enzymology is still unknown, AOA
appear to produce N2O via a hybrid mechanism, combining oxidized and reduced substrates

(Stieglmeier et al., 2014; Kozlowski et al., 2016; Trimmer et al., 2016; Frame et al., 2017). In
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oxygen deficient zones (ODZs), with O> concentrations below 5 pM, N>O production and
consumption via denitrification are thought to co-occur, driving rapid turnover of dissolved N2O
(Farias et al., 2009; Babbin et al., 2015), though net consumption of N2O in the ODZ core leads
to some of the lowest concentrations of N>O observed (Bourbonnais et al., 2017).

Despite the consumption of N2O in the anoxic core of the ODZs, these regions are still
regarded as net sources of N2O, due to high production rates and large N2O accumulations in the
oxycline above the ODZ (Naqvi and Noronha, 1991; Farias et al., 2007; 2009; Arevalo-Martinez
et al., 2015; Martinez-Rey et al., 2015). As multiple mechanisms may be operative under such
conditions, understanding the controls on N>O production and quantifying its release from these
regions is difficult. N>O can be produced via stop and go denitrification where fluctuations in O
concentration may promote NO3™ and NO»™ reduction to N>O but inhibit N>O reduction to N>
(Codispoti and Christensen, 1985; Nicholls et al., 2007; Yamagishi et al., 2007; Naqvi et al.
2010). Under these conditions, N20O yields from nitrifying bacteria may also be enhanced
(Goreau et al., 1980; Lipschultz et al., 1990; Ji et al., 2015), although accumulation of NO2™ may
be a prerequisite (Frame and Casciotti, 2010). Deciphering the contributions of nitrification and
denitrification in the oxycline of ODZs is essential to understanding greenhouse gas feedbacks
associated with climate change and ocean acidification (Stramma et al., 2008; Beman et al.,
2011; Freing et al., 2012; Wright et al., 2012).

N>O stable isotope measurements are powerful tools with which to track its production
and consumption mechanisms (Kim and Craig, 1993; Rahn and Wahlen, 2000; Yoshida and
Toyoda, 2000; Farias et al., 2009; Yamagishi et al., 2007). The bulk isotopic signals include
OPNPUk and 8'80n20, where 8NP (%0) = (PRn20/" Ry — 1) x 1000 and 8'30n20 (%o) =

(" Rn20/"8Rsa — 1) x 1000). The site-specific isotopic measurements include 8" N®and §' NP,
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where @ is the central N atom and [ is the outer N atom in the linear N>O molecule (Toyoda and
Yoshida, 1999). The bulk isotopic compositions are dependent on the substrates’ isotopic
compositions and the isotope effects of the process that produce and/or consume N2O (Yoshida
et al., 1984). An isotope effect (€ (%o) = (“k/Hk — 1)* 1000) results from small differences in the
rates at which molecules containing the light (“k) and heavy (Yk) isotopes react, leading to
predictable differences in the isotope ratios of the substrates and products of a reaction (Mariotti
et al., 1981). The intramolecular distribution of N isotopes within N>O complements the bulk
isotope ratio analyses because the SP (SP = §'N* — §'5NP) is thought to be driven mainly by the
production mechanism and not the isotopic composition of the substrate molecules (Toyoda and
Yoshida, 1999; Schmidt et al., 2004; Sutka et al., 2003; 2006; Frame and Casciotti, 2010). This
common assumption may break down, however, where N>O is produced from two different
substrates that may vary in 8'°N independently, such as through a hybrid mechanism (e.g., NH4*
and NOy") (Stieglmeier et al., 2014, Kozlowski et al., 2016). In this case, variations in SP could
be produced through a single process. Thus, N2O isotopomeric measurements combined with
isotopic measurements of potential substrates for N>O should be used to identify the active N2O
production and consumption processes (Yamagishi et al., 2007; Westley et al., 2006; Farias et
al., 2009; Bourbonnais et al., 2017).

The Eastern Tropical South Pacific (ETSP) is an eastern boundary coastal upwelling
region (Fig. 1) that is known to be a major source of N>O to the atmosphere (Bange et al., 1996;
Nevison et al., 2004; Zamora et al., 2012; Arevalo-Martinez et al., 2015; Martinez-Rey et al.,
2015). It has one of the shallowest (upper boundary 200 m), most intense ODZs (e.g. Farias et.
al., 2007, 2009), a strong oxygen gradient, and intense N>O accumulation. The primary objective

of this study was to elucidate the physical (mixing, advection) and biological processes that
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shape the distribution of N2O in the ETSP. We analyzed natural abundance bulk isotopic
compositions of N>O (3N and 3'80n20), as well as isotopomers of N2O (3'N® and §'°NP),
and combined these with supporting measurements of NO,™ and NO3™ isotopic composition (8N

and 0'80), as well as hydrographic and nutrient data, to gain new insights into the sources and

sinks of N>O in and around the ETSP ODZ.

2. Materials and Methods

2.1 Field Sampling

Samples were collected aboard the R/V Nathaniel B. Palmer from June to July 2013
(cruise NBP1305) in the ETSP off Peru and northern Chile (Fig. 1). Salinity, potential
temperature, and pressure data were recorded by the ship’s conductivity, temperature, depth
(CTD) sensors. Within the ODZ, [O2] was below the detection limit of the SBE 43 O3 sensor (~
2 UM), and it is typically lower than the detection limit of the STOX sensor (< 10 nM)
(Revsbech et al., 2009; Thamdrup et al., 2012; Tiano et al., 2014; Garcia-Robledo et al., 2016).
Outside the ODZ, the [O2] data from the SBE 43 were verified with Winkler titrations (Langdon
et al., 2010) on 53 discrete samples that were collected during the cruise. The calibration slope
was 0.956 (R? = 0.9998), and there was no evidence of sensor drift during the cruise (i.e., no
significant trend in the residuals).

Concentrations of phosphate (PO4*), nitrate (NO3"), and nitrite (NO2") were measured at
sea according to Gordon et al. (1993) including reagent preparation, calibration of lab ware,
preparation of primary and secondary standards, and corrections for blanks and refractive index.
Duplicate samples for NO3 isotopic analysis were collected from each station and depth, filtered

(0.2 um pore size), and frozen on board, then shipped and stored frozen at Stanford University
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until analysis (see Peters et al., 2018 for details). Duplicate samples for NO2" isotopic analysis
were also collected from depths containing measurable NO;™ (> 0.1 pM). These samples were
reacted with sodium azide on board, in parallel with NO;™ isotopic standards, and stored as N>O
in sealed 20 mL headspace vials until analysis (see Peters et al., 2018 for details).

Duplicate samples were collected for dissolved N2O concentration and stable isotopic
measurements from a subset of stations (4, 5, 17, 18, 20, Big Bag 1 (BB1) and Big Bag 2 (BB2))
(Fig. 1). Samples for dissolved N>O analysis were subsampled into 160 mL. Wheaton glass
serum vials from Niskin bottles by connecting Tygon tubing to the Niskin bottles. Each bottle
was filled to the top and overflowed twice without introduction of bubbles. After collection,
approximately 1 ml liquid was immediately removed to permit the addition of 100 pL of
saturated mercuric chloride (HgCl>) solution and to allow for any expansion during storage. The
bottle was then sealed with a gray butyl septum (as above) and aluminum crimp seal (as above)

and stored at room temperature until analysis in the laboratory.

2.2 Laboratory Analysis
The amount (nmoles) of dissolved N>O in each aqueous sample was determined via

calibration of the major ion peak area (mass-to-charge (m/z) ratio = 44) against m/z = 44 peak
areas of NO;™ standards added in 2-20 nmole amounts and converted to N2O via the denitrifier
method (Mcllvin and Casciotti, 2010). In turn, the dissolved N>O concentration (nmoles/L, or
nM) in the sample was determined using the volume of each sample extracted, determined by
weight (0.153 £ 0.003 L). The calibrated range of N2O concentrations was thus 6.5-65 nM. In
addition, air-equilibrated seawater samples run with each batch of analyses yielded an average

concentration of 7.2 = 1.1 nM, consistent with atmospheric equilibration at T = 18-23 °C.
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N20 isotopic analyses were made on a Finnigan Delta?US XP isotope ratio mass
spectrometer at Stanford University. Samples were extracted, concentrated and delivered to the
IRMS under helium flow via the purge trap system described in Mcllvin and Casciotti (2010).
Measurements of 6 NPk 51800, 6'N¢, and 8NP in N,O were determined according to
Mcllvin and Casciotti (2010) and calibrated according to Frame and Casciotti (2010) against
injections of calibrated N,O reference gas with 8'N® = 0.14%o vs. air, d"’NP = -0.03%o vs. air,
and 0'%0 = 39.76%0 vs. VSMOW. Due to fragmentation and position scrambling of N>O during
ionization in the source, the measured ratio of m/z 31 and 30 (from 'N-'°0O* and '“N-'0*,
respectively) has contributions from both N-1SN-10 and '>N-'“N-160 (Toyoda and Yoshida
1999). However, the rate of fragmentation of '*N-"N-10 and '"N-*N-160 relative to '*N-“N-
160 can’t be assumed equal, giving rise to fractionation factors that alter the measured 31/30
ratios relative to the abundances of *N-N-160, SN-14N-160 and “N-1*N-160 (Westley et al.
2007). These fractionation factors have been determined for our instrument operating conditions
by dual inlet IRMS analysis of our calibrated N>O reference gases (Frame and Casciotti, 2010)
and two additional N>O reference gases (Mohn et al., 2014). Quality control checks for the
samples were made against daily analyses of air-equilibrated seawater samples, which yielded
OPNPuk 3180n20 and SP of 7.3 £ 0.5%0, 45.6 £ 0.7%0, 19.5 £ 1.5%o, respectively, for air-
equilibrated seawater (n = 70) in parallel with the seawater samples. Thus, our calibration yields
measurements of tropospheric N>O similar to previous reports (Kim and Craig, 1993; Yoshida
and Toyoda, 2000; Sutka et al., 2004).

Nitrate isotope analyses were conducted at Stanford University using the denitrifier
method (Sigman et al., 2001; Casciotti et al., 2002), with modifications described in Mcllvin and

Casciotti (2011), and referenced against 200 UM solutions of NOs™ isotope reference materials
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USGS32, USGS34, and USGS35. NO2™ was removed using sulfamic acid (Granger and Sigman,
2009) prior to NOs3™ isotopic analysis for any sample containing measurable (> 0.1 uM) NO>".
Nitrite isotope analyses were conducted at Stanford University on azide-preserved samples,
calibrated to azide-preserved NO;™ isotope standards (N-23, N-7373, and N-10219; Casciotti et

al., 2007) prepared at sea. See Peters et al. (2018) for additional details.

3. Results
3.1 Spatial variation of oxygen, nitrite, and nitrous oxide in ETSP

In the surface layer (0—60 m for most stations; 0—20 m for BB2) Oz concentrations were
near equilibrium with the atmosphere (> 200 pM) (Fig. 2A). Through the oxycline
(approximately 60—120 m for most stations; 20—50 m for BB2), O declined sharply reaching a
minimum (< 2 UM) at the top of the ODZ. Throughout the ODZ (120—-400 m for most stations;
50-400 m for Big Bag 2) Oz concentrations remained < 2 UM. Below the ODZ (> 400 m) O2
concentrations increased with depth background concentrations near 100 pM.

Nitrite (NO2") concentrations were < 1 UM in the surface layer and peaked in
concentration (4-7.5 M) with a secondary NO2" maximum (SNM) in the ODZ core at most
stations (4, 5, 17, 18, BB1 and BB2) (Fig. 2B). No measurable SNM peak was identified at
station 20. Below the ODZ (> 400 m) NO>" concentrations were undetectable (< 0.1 uM) at all
stations. The presence of a SNM at most stations suggests that the ODZ becomes functionally
anoxic, reaching O» concentrations well below the detection limit of the SBE-43 sensor, most
likely less than 50 nmol/kg (Thamdrup et al., 2012).

Surface water N2O concentrations ranged between 7—10 nM (Fig. 2C). Calculated N2O

saturations with respect to atmosphere N>O (Weiss and Price 1980) indicate that all station
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surface waters were close to or slightly above atmospheric equilibrium (95-120% saturation).
Increases in N>O concentrations (N2O saturation 200—-500 % with respect to atmosphere N>O)
were observed in the oxycline, reaching a maximum of 48—68 nM at the top of the ODZ
(100-120 m). Within the ODZ, the N2O concentrations fell to minima of 69 nM (N0
saturation 60—90% with respect to atmospheric N>O) at ~300 m. The exception was Station 20
where N>O concentrations dropped only to 20 nM and saturation remained above 200%
throughout the oxygen minimum. At the base of the ODZ (400 m), a secondary N>O
concentration maximum (60 nM) was observed at all stations (N20O saturation up to 500%).
Below this peak, N>O concentrations decreased with depth down to 20-30 nM N>O (saturation
down to approximately 200%).

Based on the characteristics of the Oz, NO; and N>O concentration profiles, data from all
stations were divided into four layers by density: surface (co = 25.3-25.6 kg/m?), oxycline (c =
25.6-26.2 kg/m?), ODZ (o6 = 26.2—26.8 kg/m?) and deep (below oo = 26.8 kg/m?). The surface
layer contained generally uniform distributions of O, and N2O concentrations. The oxycline
layer contained decreasing O and increasing N>O concentrations, but no NO>". The ODZ
contained the lowest O, decreasing and low N>O concentrations, as well as the accumulated
NO;y". The deep layer included all samples falling below the ODZ layer. Further divisions were
made within the ODZ between the upper (oo = 26.2—-26.4 kg/m?, decreasing N>O), middle (oo =
26.4-26.6 kg/m?, NoO minimum) and lower (oo = 26.6—26.8 kg/m?, N>O increasing to the lower

maximum) portions, and will be referred to throughout the discussion.

3.2 Isotopic composition of N>O

The bulk 3N of N>O (' N""k) in surface waters (< 60 m) was similar to that of

10
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atmospheric N2O (Kim and Craig, 1993; Yoshida and Toyoda, 2000; Sutka et al., 2004) (Fig. 3).
81ONPuk values generally decreased from the surface to a subsurface minimum near 6%o (Fig. 3A)
at the peak in N>O concentration (Fig. 2C). 8NPk then increased to greater than 20%o in the
ODZ before falling to ~6%o at the base of the ODZ (400 m). At station BB2 the peak in §'SNPuk
(> 20%0) was observed at a shallower depth (100 m), coincident with a shallower ODZ and N>O
concentration minimum, and a subsurface & 3Nk minimum was not observed. Below 400 m,
81SNPulk oradually increased with depth to values of approximately 10%o at all stations.

5!1830nN20 values were lowest at the surface (~50%0 VSMOW) and did not show a
minimum in the oxycline. 8'"®On20 increased steadily from the base of the oxycline, and
remained elevated throughout the ODZ (Fig. 3B) coinciding with low N>O concentrations. At the
ODZ core, 3'%0n20 values ranged from 68—100%o, with most stations displaying a peak in
enrichment between 200—400 m, except station BB2, which displayed a peak in '8 020 at a
shallower depth (100 m) than other stations, as well as a second peak in the lower ODZ. Station
20 showed a smaller 38 On20 enrichment, consistent with the smaller decrease in NoO
concentration. Below the ODZ, §'80n20 values decreased with depth, approaching 50-60%o in
deeper waters at all stations.

Site preference (SP) distributions had some features that followed 5Nk and others that
followed 8'80n20 (Fig. 3C). In the surface waters, SP values were variable (10-20%0) compared
to those expected for atmospheric equilibrium (~18.7%0, Westley et al., 2007). In the oxycline
(40 m for BB2, 60—80 m for other stations), SP displayed minimum values (< 10 %o0) coincident
with the primary N>O peak and local minimum in 8Nk, Like 8'®On0, SP increased below the
oxycline displaying a broad maximum across the ODZ (200—-400 m). In contrast, &'SNbuk

reached a sharp peak in the upper ODZ and showed a decreasing trend through the lower ODZ.

11
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Like 6'®0On20, SP also showed a double peak structure at station BB2. Below 500 m, SP values
decreased to 20-25%o at all stations.

8!°N*values (Fig. 3D) also showed some features that tracked &' N* and others that
tracked 8'%0n20. 8'°N® ranged between 15%o and 18%o in surface waters at each station. At
stations 5, 18 and BB1 6'"N®values decreased to minima near 11%o in the oxycline before
increasing to 30-40%o in the ODZ. §'N* values remained high throughout the ODZ, then
decreased to a local minimum at 400 m before gradually increasing to uniform values near 20%o
in deep water.

8!°NP showed the most distinctive pattern. It ranged between -1%o and -3%o in surface
waters, and increased to 2—4%o in the oxycline and upper ODZ (Fig. 3E). This was followed by a
decrease in 8" NP through the core and lower ODZ (-10 to -20%o), before returning to -1 to -3%o
in deep waters. At station BB2, §">'NP values were more dynamic with the upper ODZ displaying
a minimum in 8NP near -8%., followed by a return to positive values (2%o) in the ODZ core,
before decreasing to -18%o in the lower ODZ (Fig. 3E). Positive '’NP values ranging between 3
and 5%o were observed in the upper ODZ for stations 4 and 20. Interestingly, 3'’NP values
remained relatively constant in the upper ODZ while N>O concentration decreased and 3' N,
SP, and 3'80n:20 increased dramatically. In the middle of the ODZ, §'°NP and §'°N* decreased,
while SP remained the same, or continued to increase, and 8'0n20 decreased slightly. In the

lower ODZ, 8NP increased while §!°N¢, SP, and 8'80n20 decreased.

4. Discussion

4.1 Determining the isotopic and isotopomer ratio of produced N>O

12
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To elucidate the processes responsible for the production of N2O in the surface, oxycline,
and deep samples, a two end-member mixing model was applied (Keeling, 1961; Pataki et al.,
2003; Yamagishi et al., 2007, Fujii et al., 2013). The so-called Keeling plot method assumes a
uniform background pool of N2O (N2Obackground) to which new N2O is added (N2Oproduced),
tracking both the concentration (equation 1) and the isotopic composition (equation 2) of N>O.
One can determine the isotopic composition of the NoO produced within a given water mass
from the intercepts of the linear relationships between the inverse of the observed N,O

concentration (1/[N2Qobserved]) and the 8NPk §180n,0, or SP observations (equation 3).

[NZOobserved] B [NZObackground] + [N2Oproduced] (1)
60bserved * [N2oobserved] B abackground * [NZObackground] + aproduced * [NZOproduced] (2)
60bserved = 1/ [N2O]0bserved] * (abackground - aproduced) * [NZObackground] + aproduced (3)

Where [N>O] represents nitrous oxide concentration and 3 is the isotopic composition (either
OPNPuk | 3180n00, or SP), and the subscripts indicate whether the observe signal is from
‘background’ or subsequently ‘produced’ N>O. Uncertainty analysis is provided by the 95%
confidence interval of the linear fit parameters (Fig. 4; Table 1). Assumptions about a uniform
background that go into the Keeling plot method could be tested by comparing the N>O
concentration or isotopic compositions of the background N2O to those calculated from the slope
of equation (3). However, the 95% confidence interval of the slopes in most cases were quite
large and did not lend themselves to further calculations about the background conditions.

For the Keeling plot analysis, the surface, oxycline and deep layers were treated as

isolated waters that have negligible mixing between them, and data from all stations (except

13
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coastal BB2, which showed a different N>O depth profile) were combined within these layers.
Keeling plot analysis was unsuitable for the ODZ layer, due to N>O consumption being a
dominant process in this zone (Yamagishi et al., 2007; Farias et al., 2009; Babbin et al., 2015;
Bourbonnais et al., 2017). We will return to analysis of the ODZ data later in the discussion.
ONPUk of produced N»O is dependent on the 8N of the substrates, as well as the
fractionation factors associated with the formation pathways (Yoshida et al., 1984; Stein and
Yung, 2003; Sutka et al., 2006; Fujii et al., 2013; Frame et al., 2014; Bourbonnais et al., 2017).
The 8NPk values of N2Oproduced here were similar between the surface (6.1 + 1.4%o), oxycline
(7.5 £2.2%0), and deep (6.6 = 0.6%o) layers (Fig. 4A; Table 1). The produced 3" NPk values
were also similar to those of sinking particulate organic matter (POM) in the ETSP (4—11%o;
Berelson et al., 2015), with the NH4* released from it likely 2—3%o depleted in SN (Altabet,
1988; Montoya et al., 2002). Production of N>O during nitrification yields d'’N*k that is similar
to or lower than &N of the NH4* substrate, depending on the net isotope effect expressed during
this multi-step process (Ostrom and Ostrom, 2012). Therefore, if N2O here derives from
nitrification, it would require a low net isotope effect, such as that dominated by diffusion
(Ostrom and Ostrom, 2012). Denitrification or nitrifier-denitrification may also be responsible
for the produced N>O (Farias et al., 2009; Ji et al., 2015; Bourbonnais et al., 2017). We would
expect the NPk of N>O produced during denitrification or nitrifier-denitrification to be lower
than the substrates (NO>" and NOs"), though the net isotope effects between NO»™ or NO3™ and
N20 are highly variable, depending on the relative rates of the intermediate steps (Ostrom and
Ostrom, 2012). 8" Nk was generally lower than co-occurring NO3™ (5-32%o; Peters et al.,
2018), and higher than co-occurring NO», but given the wide uncertainty in the source values,

and the narrow range of 8""N""X values observed in our dataset (Fig. 3A; Fig. 4A), it is difficult
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to identify the source(s) of N2O based on d3'°NPk alone.

The 8"80 of N2Oproduced Was slightly lower in the oxycline (50.7 £ 3.6%o) than in the
surface (53.0 £ 3.0%0) and deep layers (54.3 + 0.6%o) (Fig. 4B; Table 1). 8'80na20 reflects the
3'80 values of N2O sources: Oz and H>O during nitrification, and NO2™ or NO3™ during
denitrification, along with the isotopic fractionation during N>O production and O isototope
equilibration (Ostrom et al., 2000; Wrage et al., 2001; Frame and Casciotti, 2010; Snider et al.,
2012; Casciotti and Buchwald, 2012). 3'80n20 values were indeed elevated relative to potential
substrates (O2, H2O, NO»", NO3"), which may be expected due to preferential loss of '°O during
N-O bond cleavage steps between NO3™ and N2O during denitrification (Casciotti et al., 2002;
Casciotti and Mcllvin, 2007; Toyoda et al., 2005). Expected 8'®0Onz0 values from nitrification
and nitrifier denitrification are typically lower, ranging from 13—35%o0 (Snider et al., 2012). A
source with lower 880, such as that in the oxycline, may be attributable to nitrifier-
denitrification or denitrification with H>O contributing to the substrate NO;™ (Ostrom et al.,
2000). A stronger contribution from denitrification or nitrifier-denitrification would also be
consistent with some of the lowest 8" Nk values observed in the oxycline, as N>O with low
OSNPUk js commonly observed during nitrifier-denitrification (Yoshida, 1988; Webster and
Hopkins, 1996; Sutka et al., 2004; Frame and Casciotti, 2010).

N>O SP is thought to mainly reflect the production mechanisms, independent of the
precursors’ isotopic composition (Yoshida and Toyoda, 2000; Schmidt et al., 2004; Sutka et al.,
2004). Thus, it has been a powerful tool for differentiating N>O contributions from oxidative
(nitrification) and reductive (denitrification and nitrifier-denitrification) pathways (Sukta et al.,
2006; Ostrom et al., 2007). N2O produced during nitrification has SP between 30%o and 38%o

(Sukta et al., 2003, 2004; Frame and Casciotti, 2010), while production via denitrification and
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nitrifier-denitrification results in SP of -10%o to 25%o0 (Sukta et al., 2003, 2004; Toyoda et al.,
2005; Frame and Casciotti, 2010). N>O produced by ammonia-oxidizing archaea (~30%o) is
similar to that from nitrification by ammonia-oxidizing bacteria (Santoro et al., 2011; Loscher et
al., 2012). The Keeling plot analysis suggests that the SP of N2Oproduced increased from the
surface (5.4 + 4.4%0) and the oxycline (9.3 + 2.4%o) into the deep (20.2 = 0.5%o0) layers (Fig. 4C;
Table 1). This increase in SP would thus indicate a greater contribution of nitrification to N>O
production in the deep layer compared with the surface and oxycline, which both show a stronger
influence of denitrification or nitrifier-denitrification. This is consistent with the above
discussion of 8NP and 3'80 in the oxycline supporting denitrification or nitrifier-
denitrification as an important source of N>O. However, if hybrid N>O from archaea is an
important source of N>O in the oxycline (Stieglmeier et al., 2014; Trimmer et al., 2016; Frame et
al., 2017), then SP may be set by the relative 3'°N values of the substrates for the o and B
positions, rather than being a proxy for a particular source.

In summary, the excess N2O (100—120%) in the surface layer may be due to either in situ
production or upward mixing from the N>O peak in the oxycline. The low SP value of the source
N>O suggests that denitrification or nitrifier denitrification are likely contributing to the N>O
excess in this layer. N* (N* = [NO3] + [NO>] — 16*[PO47] + 2.9 pumol kg™!), the fixed N (NOs3"
and NOy) excess or deficit relative to the mean ocean relationship with PO4* (e.g. Gruber and
Sarmiento, 1997, Deutsch et al., 2001), was negative (-6.0 to -9.6 pmol kg!) at these sites. This
implies that there has been some interaction between the surface waters and the lower oxygen
region below that supports denitrification. In the oxycline, significant N>O saturation
(200—-500%) with respect to the atmosphere and peak [N2O] values of in excess of 50 nM, imply

net N2O production within the oxycline. The similarity of isotopic compositions in the oxycline
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and surface layer N2O source values suggests again that denitrification and/or nitrifier
denitrification are likely contributing to the N>O excess in this layer, consistent with earlier
isotopic measurements (Bourbonnais et al., 2017) and isotope tracer experiments during this
cruise (Ji et al., 2015). Further, the similarity in isotopic composition between the surface and
oxycline support the idea of exchange between the two, driving the surface layer N.O
supersaturation and high surface fluxes of N>O in the ETSP (Averalo-Martinez et al., 2015). The
slightly higher SP source (9%o) in the oxycline may be indicative of co-occurring production and
consumption by denitrification, with the increases in SP and 8" N reflecting the effect of
consumption. In the deep layer, N2O concentrations ranged between 19.7-59.0 nM with
saturation levels ranging from 244-590%. The higher SP values reflect a likely increased
contribution of nitrification, potentially by archaea, to background N>O production below the

ODZ.

4.2 Elucidation of N2O cycling within the ODZ

The elevated 6Nk §180n,0 and SP values observed in the ODZ, combined with lower
N>O concentrations, are interpreted to reflect NoO consumption via denitrification (Yamagishi et
al., 2007; Farias et al., 2009). Linear relationships between 8'®On2o and 8'°N¢, as well as 8'%Onzo
vs. SP are expected for N2O consumption via denitrification due to the breakage of the O-N“
bond during N2O reduction (Ostrom et al., 2007). This leads to concomitant increases in
ON* and 3'®0n20. As N2O reduction does not involve breakage of bonds to NP, N>O reduction
is expected to have much less effect on §"°NP (Ostrom et al., 2007). A linear relationship was
indeed observed between 8'%0n20 and 8'°N¢, with a slope of 1.74 + 0.14, which is similar to the

1.7-1.9 slope expected for N>O consumption via denitrification (Ostrom et al., 2007; Jinuntuya-
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Nortman et al., 2008) (Fig. 5A). However, the observed relationship between 8'80On20 and SP
(Fig. 5B) was only 1.15 £ 0.09, which was considerably lower than slopes previously observed
for denitrification in culture (2.2; Ostrom et al., 2007) and soil mesocosms (1.3-3.3; Lewicka-
Szczebak et al., 2017). In our study, within the ODZ at the N>O concentration minimum, 3'80On20
values were lower than expected for the observed SP values.

The lower than expected 8'8On2o (or higher than expected SP) in the ODZ could be due
to a number of factors. First, mixing between regional water masses that possess different N2O
production and consumption histories (Carrasco et al., 2017) may lead to higher SP enrichment
relative to the corresponding 8'*0On20. This could explain the observed 880 vs. SP pattern if one
of the water masses dominating the ODZ (see below) had a higher starting SP value for its
0'80n20 (Fig. 5B, ‘ESSW source water’). Second, the 80 isotope effect for N2O reduction (€'30)
could decrease relative to the isotope effect for SP (¢SP) at lower N2O concentrations, causing a
slower 8'80n20 increase relative to SP at higher extents of N2O consumption. Finally, production
of N>O within the ODZ could result in the lowering of 8'®0Onao relative to SP or increasing SP
relative to 8'%0n20. For example, a process depleting 3'>NP could increase SP independently of
O5N* and &'80n20. Where 8NP remains constant, changes in SP rely on changes in 8'N® (and
38020 since they are linked; Fig. 5A). However, where 8NP decreases, SP can increase
regardless of changes in 8'°N¢ (and 8'*On20). Each of these potential explanations is discussed

below.

4.2.1 Potential for water mass mixing in the ODZ
In order to understand the potential role of water mass mixing on N>O isotope

distributions in the ODZ, we drew on a recent water mass analysis for this cruise (Peters et al.,
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2018). Optimum multi-parameter analysis (OMPA) is a tool that has been developed for
determining the contributions of source waters to a given location (e.g. Karstensen and Tomczak,
1998; Mackas et al., 1987; Tomczak and Large, 1989). OMPA involves the construction of a set
of linear mixing equations from conserved water mass properties, and solving for the fractions of
the water masses in question. Peters et al. (2018) quantified the proportions of two water mass
end members in the ETSP ODZ: Equatorial Subsurface Waters (ESSW) and Eastern South
Pacific Intermediate Waters (ESPIW) following water mass definitions from previous work (De
Pol-Holz et al., 2007; Silva et al., 2009; Llanillo et al., 2013). ESSW waters move south from the
equator in the Peru-Chile Undercurrent, while ESPIW is transported north towards the equator in
the Humboldt Current, with the two waters converging in the ODZ off the Peruvian coast (Silva
et al., 2009; Czeschel et al., 2011; Llanillo et al., 2013; Grasse et al., 2013). These water masses
generally ride above the Antarctic Intermediate Waters (AAIW), which contains the deep N>O
concentration maximum (Carrasco et al., 2017).

Relationships of ESSW (as a percentage of the water sample) with salinity, and dissolved
O: and N2O concentrations were varied (Fig. S1). Salinity displayed a mostly linear relationship
with ESSW water mass percentage, as expected for a conservative parameter. In comparison, O2
and N>O concentrations relationships with ESSW water mass percentage were distinctly non-
linear. O; concentrations remained at the limit of detection between 70-95% ESSW, and
increased below 70% ESSW. N>O concentrations were generally anti-correlated with % ESSW,
but showed a peak of N>O concentration within the upper oxycline at 70% ESSW. This suggests
that while ESSW water mass percentage appears to play some role in the geochemical signature
of the ODZ, biogeochemical processes in and around the ODZ also contribute to the observed

distributions of chemical species. Further, for mixing to explain the deviation of &'8On20 and SP
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from the expected relationship driven by N2O reduction, the N2O in ESSW source water would
need to have a high SP (50%o) for its 3'80n20 value (~50%o0) (Fig. 5B). While much of the deep
ocean has a 8'8%0n20 near 50%o, SP values of this magnitude are only observed in ODZ’s where
0'80n20 values are much higher (Yamagishi et al., 2007; Farias et al., 2009; Bourbonnais et al.,
2017). The combination of 8'%0On20 and SP values required to explain the pattern through mixing

alone has not been observed in the Pacific Ocean (Yamagishi et al., 2005; 2007, Toyoda et al.,

2002; Fujii et al., 2013, Popp et al., 2002; Farias et al., 2009).

4.2.2. Variable isotope effects (&) during N2O consumption between low and high N2O
concentrations

As noted above, a deviation of 3'80n20 from the expected relationship with SP during
denitrification (Ostrom et al., 2007; Jinuntuya-Nortman et al., 2008) was identified for samples
with the lowest N2O concentrations (< 30 nM; Fig. 5B), in the middle ODZ. The samples with
elevated SP and 8'®Onz0 values also exhibited low Oz (< 2 UM) and high NOy (> 2.0 uM)
concentrations. We investigated whether changes in the isotope effects for SP (¢SP) and &'¥On20
(€'80) during N2O consumption might have changed between the upper, middle, and lower ODZ
layers, corresponding to these different chemical environments.

The isotope effects were determined by performing linear regressions of SP or 8'%0n20
vs. —In[N20] assuming a closed-system Rayleigh model for each layer (eq. 4).

On20 = 0200 — £¥In([N20]/[N20]0) 4)
Where On20 corresponds to the 3'8On2o or SP for samples measured within a given isopycnal
layer, and [N20] is the measured N>O concentration (in nmol/L). dn20,0 and [N2O]o are

hypothetical background concentration and isotopic values, prior to the onset of NoO
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consumption. This model assumes that N>O consumption occurs in isolation of N>O production
in the ODZ, and is a test of the hypothesis that the observed patterns may be due to N.O
consumption alone. The potential for N>O production in the ODZ will be discussed in more
detail below.

While €'30 values decreased consistently from upper to middle and lower ODZ layers
(25.6 £ 6.5%0, 19.6 £4.5 %o, and 14.5 + 3.4%o, respectively; Fig. 6A; Table 2), eSP values
increased slightly between the upper (17.5 £ 5.5 %0) and middle ODZ (21.7 + 3.1 %o) layers
before decreasing markedly in the lower ODZ (11.6 £ 2.9 %o; Fig. 6B; Table 2). These shifts in
€30 and €SP between ODZ layers lead to similar ratios of €'30 to €SP in the upper (1.46 = 0.56)
and lower ODZ (1.25 + 0.45), which are both lower than the expected slope of 2.2 for N2O
reduction during denitrification in culture (Ostrom et al., 2007) and near the lower end of the
range of values found in soil mesocosms (1.3-3.3; Lewicka-Szczebak et al., 2017). Furthermore,
the relative increase in €SP in the middle ODZ leads to a ratio of €'30 to €SP that is still lower
(0.90 = 0.36; Table 2). When considering the transition to lower N2O, lower Oz, and higher NO2"
concentrations within the middle ODZ, the apparent isotope effect for SP increases relative to
that for 8'80, further shifting the isotopic relationships away from that expected for N2O
reduction by denitrifying bacteria (Ostrom et al., 2007). To better understand this shift in the SP
fractionation we now discuss the contributions of §!'°N* and 8NP to the SP variations in the

ODZ.

4.2.3. Dependence of SP on 6"’ NP
Up to now the increase in SP has been assumed to be driven by the same process that

causes an increase in 8'®0On20, namely N>O consumption. This would occur through an increase
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in 8N that parallels 8'%0n20 during N-O bond breaking (Ostrom et al., 2007). Given that §'N*
and 0'80n20 increase in concert with a slope roughly expected for denitrification (1.7; Fig. 5A),
while SP does not (Fig. 5B), we return to the idea that processes other than N>O consumption
could be contributing to SP variations in the ODZ. Inspection of the 3'°N® and 5'3NP profiles for
individual stations yields additional insight into the controlling factors (Fig. 7). It can be seen
that in the lower oxycline and upper part of the ODZ (cp = 26.2-26.4 kg m™), SP, §'°N¢, and
38020 increase simultaneously where N2O concentrations are generally decreasing. In contrast,
8!°NP remains relatively constant and close to zero in this layer. Here, in the upper ODZ, the
increase in SP is driven by an increase in 8N, in parallel with 8'%0n20, consistent with N>O
consumption by denitrification (Fig. 5A). In the ODZ core (69 = 26.4-26.6 kg m™*), where N.O
concentrations remain at relatively constant low values, SP and 8'N* deviate from each other,
with SP remaining constant or continuing to increase, while 3'’N® begins to decrease. Here
81°NP also becomes depleted in N (-10%o), largely balancing the decrease in §'’N¢, and
resulting in SP remaining unchanged in some cases and increasing slightly in others. These
patterns also reflect the sharp decrease in '3 Nk while SP shows a broader maximum in the
ODZ. In this region, 8'80On20 also becomes slightly depleted relative to the peak value,
decoupling SP from &'80n20 in this zone. In the lower ODZ, (6 = 26.6-26.8 kg m?3), 3" N¢
continued to decrease while 8"’NP increased to background values, leading to lower SP values as
O5N* and &'’NP approached each other. 8'%0On20 also decreased to background values in this
Zone.

The patterns in 3N, §'SNP, and 8'30n20 thus provide insight into the causes of the

deviation in the 8'®0n20 vs. SP relationship from that expected from N>O reduction alone. Only
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in the upper ODZ do the SP and 8'®On20 values follow those expected for pure NoO
consumption (increasing 3'’N* and 3'®0On20, unchanged 8'°NP) (Fig. 7). In the lower ODZ, 8" N®
and 3'80n20 both decrease, but 3'°NP shows an opposite trend. In the middle ODZ, changes in
O5N* and &'80n20 track each other, but they became decoupled from changes in SP due to
decreasing 6" NP values, which maintain the high SP. This is particularly clear at station BB1,
where SP remains elevated in the middle ODZ while 3'5NP, 315N, and 8'%0n20 all decrease (Fig.
7A).

Similar trends of decreasing '"NP coincident with elevated 8'®On20 and SP values have
been observed previously in the ETSP ODZ (Farias et al., 2009; Bourbonnais et al., 2017), as
well as anoxic zones in the Black Sea (Westley et al., 2006), the ETNP (Yamagishi et al., 2005;
2007), and Gulf of California (Yamagishi et al., 2007), where the signals have been interpreted
as reflecting concurrent N2O production and consumption in the ODZ regions, consistent with
short-term rate measurements (Farias et al., 2009; Babbin et al., 2015). This is a logical
explanation given that the amount of N> produced exceeds the amount of N>O that has
disappeared, indicating a need for additional production of N». If that derives from anammox,
this would not be associated with N>O production. However, denitrification of NO3™ or NO>"

would produce N>O as an intermediate.

4.2.4. Interpretation from measurements of nitrate and nitrite isotopes

Multiple lines of evidence point to concurrent N2O production and consumption by
denitrification to explain the distribution of N2O and its isotopic composition in ODZs (Farias et
al., 2009; Babbin et al., 2015; Bourbonnais et al., 2017). Instantaneous rate measurements

indicate a high potential for N>O production (Farias et al., 2009; Ji et al., 2015) and consumption
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(Farias et al., 2009; Babbin et al., 2015) in ODZs and suggest rapid turnover of N2O. With high
turnover rates, the ODZ N>O pool should approach isotopic steady state, where concentrations
and isotopic ratios of N>O remain constant due to tight cycling. This being the case, the NoO
isotopic composition should reflect a balance of the isotopic signatures of N>O sources (from
NO3™ or NO2") and sinks via denitrification. On the other hand, if N>O consumption rates exceed
N>O production, one would expect to observe enhanced expression of the kinetic isotope effects
for N>O consumption. Here we test potential sources and cycling of N>O within the ETSP ODZ
using parallel measurements of 8'°N and &'80 in NO3™ and NO,™ (Peters et al., 2018).

Measurements of 8" Nnoz in the ODZ at each station showed values between -10%o and -
30%o (Fig. 8A, gray boxes), while measured 8'’'Nno3 was between 10-30%o0 (Fig. 8A, red boxes).
O!5N* ranged from 20-40%¢ (Fig. 8A, blue boxes). If NoO was in steady state with respect to
production from NO2", and reduction to N2, its isotopic composition should reflect the isotopic
composition of NO2", as modified by isotopic fractionation between NO;™ and N2O, as well as
during N2O consumption (Supplemental Information). For this analysis, the kinetic isotope effect
for NO,™ reduction to 8" N* was assumed to be 0%o and the isotope effect for N>O reduction was
assumed to be 9.1%o for N* (Ostrom et al., 2007). With this set of assumptions, the 8'"N® of N,O
produced from NO; at steady state (Fig. 8A, gray lines) is much lower than measured 8'N®
(Fig. 8A, blue boxes). Moreover, laboratory experiments suggest that the N isotope effect for
NO; reduction is 8—20%o0 (Bryan et al., 1983; Martin and Casciotti, 2016). If these isotope
effects are used instead of 0%o fractionation during N>O production from NO,, the predicted
steady state 8'"N* would be even lower than the modeled d'°N* values shown.

N2O produced from NOs~ was estimated to have a steady state 8'"N® of 20-30%o0 (Fig 8A,

red lines) when the expressed N isotope effect for NO3™ reduction to N2O is assumed to be 0%o
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and the isotope effect for 8'’N* during N>O consumption is assumed to be -9.1%o (Ostrom et al.,
2007). This source of N2O is much higher than that produced from NO>", and it is in line with
measured 0'°N* (Fig. 8A, blue boxes). Applying accepted Kinetic isotope effects of 15-25%o for
NOjs" reduction would cause modeled 3'°N* to decrease relative to measured 8'N® values. Thus,
the 8! N® data are consistent with near-steady state production of N>O from NOs", although we
must assume no kinetic isotope effect for NO3™ reduction to N2O. If N>O is not held in steady
state, then isotopic fractionation during NO3™ reduction to N>O could be accommodated, although
additional N2O consumption would be required due to the high observed 8'"N®. This will be
discussed in greater detail below.

A steady-state analysis was also conducted for 8NP, using the measured 3’ Nno: (Fig.
8B gray boxes) and 8'Nnos (Fig. 8B, red boxes). Here, we also applied no kinetic isotope effect
for NO3™ or NO; reduction to N>O, but allowed an isotope effect of 2.2%o for ONP fractionation
during N>O consumption (Ostrom et al., 2007). Measured 8"’ NP ranged from -20-0%o (Fig. 8B,
blue boxes), falling between the estimates for N>O production from NO3 (Fig. 8B, red lines) and
NO;" (Fig. 8B, gray lines). This indicates that either a mixture of sources contributes to 8'NP, or
that some isotopic fractionation is expressed during NO3™ reduction to N>O-f3 (though not
between NO3™ and N>O-0). While equivalent fractionation between NO3™ and N>O-a and N>O-f3
is generally assumed for denitrification (leading to low site preference), unequal fractionation
has been observed in cultures of a denitrifying bacterium where NO3™ was the substrate (Toyoda
et al., 2005). A site preference has also been proposed to characterize N>O production from a
symmetrical intermediate during denitrification (Schmidt et al., 2004).

Measurements of 8'30 in NO™ and N>O provide additional insight into the cycling of

N>0 in the ODZ. 3'"%0no: (Fig. 8C, gray boxes) and 8'%0no3 (Fig. 8C, red boxes) provide
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relatively uniform source values for N>O produced via denitrification, though the isotope effects
between NOs3™ and N>O differ markedly from those between NO;™ and N>O (Casciotti et al.,
2007). NO; reduction via denitrification has a kinetic oxygen isotope effect of 2—6%o (Martin
and Casciotti, 2016), and a branching isotope effect of 11-12%0 (Casciotti et al., 2007). If we
again assume no kinetic isotope effect during NO> reduction but allow branching, N>O produced
from NO»" via denitrification at our stations in the ETSP ODZ should have a maximum &'80n20
value near 25%o (8'%0n02 + 12%o). If N2O consumption rates match those of production to
maintain N>O in low steady state concentrations, N2O consumption via denitrification with a
maximum isotope effect of 30%o (Yamagishi et al., 2007) should leave the steady state 3'30n20
sourced from NO»™ near 55%o (Fig. 8C, gray lines). Instead, we observe 8'®0On20 values of
80-100%o (Fig. 8C, blue boxes), again suggesting that N>O is not in isotopic steady state with
respect to a source from ambient NO;". If we instead consider a source from NO3" (Fig. 8C, red
boxes), the expected d'80n20 at steady state is 80-90%o (Fig. 8C, red lines), due to the enhanced
fractionation between NO3™ and N2O (Casciotti et al., 2002; Toyoda et al., 2005; Casciotti et al.,
2007). Thus, N2O derived from NOs" at steady state is consistent with the observed 8'¥0On20
values in the ODZ if no kinetic isotope effect for NO3™ reduction is expressed.

Bourbonnais et al., (2017) found that 3" NP in the coastal Peruvian ODZ was also
depleted in 1N, and used correlations between 8NP and &'’Nno3 and 8" Nno2 to conclude that
there were sources from these precursors at and above the oxycline. At low Oz concentrations,
the sources were less clear; however, they concluded that the low O!ISNP signaled a transition
from net N2O consumption to net N>O production, and their model supported N2O production
via denitrification in the lowest oxygen waters. Using N isotope tracer experiments, Ji et

al.,(2015) showed that both NO3™ and NO»" contributed to N>O production in the ETSP ODZ,
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although NOs3™ appeared to contribute more than NO>". Frame et al. (2017) also showed minimal
production of N>O from NO; in low oxygen waters off Namibia. From our analysis, a
mixture of N>O production from NO3™ and NO>™ could explain the distributions of N isotope
signatures, although it is uncertain how NO, would preferentially contribute to 6""NF. A
plausible explanation of our isotopic data would be production of N2O mostly from NO3", with
enhanced fractionation between '’ Nno3 and 8NP compared with 3N Such production of
N>O with a site preference via denitrification of NO3" is not generally assumed, but could be
explained with preferential breakage of the bond between the NP and its O atom in the symmetric
intermediate preceding N>O formation from NO (Schmidt et al., 2004).

If ambient NO>" is a relatively minor substrate for N2O production in the offshore ODZ, it
implies that production from NOs3™ occurs without complete exchange of the intermediate NO»
with the external pool. This could occur if the denitrifying microbes that produce N>O maintain
an internal pool of NO>" that is isotopically distinct from the external NO>™ pool, or if
denitrification occurs on particles, where diffusion limitation restricts exchange of NO>™ with the
ambient pool of NO;™ and prevents expression of the kinetic isotope effects associated with NOs3"
and NO» reduction (Fuchsman et al., 2017). Both of these scenarios have been invoked to
explain the distributions of biogenic 8'*Nng, which in the ETSP is depleted in N relative to
NO;" in the upper ODZ and enriched in N relative to NO>™ in the lower ODZ (Peters et al.,
2018). Without denitrification from an internal pool of NO», it is difficult to explain biogenic N>
with a higher 8"”N than NO>". Likewise, De Brabandere et al., (2014) suggested a similar
mechanism to explain the underestimation of denitrification from >NO, incubations. They

argued that the YN/'“N of the NO;" that is denitrified may be lower than the external NO, pool,
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which would occur if '“NO3 was also taken up and reduced to N2 without full exchange of the
intracellular NO>™ with the external pool.

Limited consumption of external NO»" via denitrification may also be consistent with a
dominant signal of NO>™ oxidation in ambient NO>" in the offshore ETSP ODZ (Casciotti et al.,
2013; Gaye et al., 2013; Bourbonnais et al., 2015). In contrast, NO>" reduction appears more
influential in ambient NO»™ signals in eddies and coastal ODZs where enhanced DIN
consumption has taken place (Bourbonnais et al., 2015; Hu et al., 2016). Perhaps in these
regions, where NO3™ consumption is nearly complete, denitrifying bacteria are more likely to
access the external NO>™ pool for their N2O and N> production, explaining a more significant
relationship between 8’ Nnos, 8'°Nno2, 8 N® and 3°NP at low oxygen concentrations in coastal

stations (Bourbonnais et al., 2017).

5. Conclusion

Investigations of N2O concentration, isotopic and isotopomer data have allowed for
insights into the mechanisms of N2>O production and consumption in the ETSP, above, within,
and below the ODZ. Keeling plot analysis identified N>O production in the surface and oxycline
layers as a mix of nitrifier denitrification and denitrification with some potential overprinting by
N>O reduction during denitrification. For the deep layer, nitrification was more prominent with
some contribution from nitrifier-denitrification. The elevated values of &' NPk &80n20 and SP
for N>O in the ODZ core are consistent with the occurrence of N2O consumption. However,
evaluation of the relationship between 8'%0n20 and SP in the ODZ identified a deviation from the
expected 2.2 slope expected for N2O reduction alone (Ostrom et al., 2007). Regional water mass

mixing, varying isotope effects for N2O reduction at different concentrations and N>O production
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in the ODZ via nitrification were evaluated and discounted as key drivers in this relationship.
While varying isotope effects (€) were observed between different N>O concentrations, we
believe this is a symptom rather than a cause of the deviation. Further evaluation reveals that the
elevated SP, relative to 8'%0On2o, at high extents of N2O consumption could be attributed to the
shift towards more depleted 3" NP values in the ODZ core, maintaining high SP independent of
changes in 8" N* and 8'®0n20. The more depleted 3'°NP signal is reflective of either enhanced
fractionation between NOs™ and ' NP relative to 8'N® (denitrification with a site preference), or
preferential incorporation of a '’N-depleted substrate, such as NOx", into the N>O-f3 position.
Overall, our analysis suggests that NO3™ is an important source of N2O in the offshore ETSP

ODZ, explaining much of the variation in 3'’N* and 8'%0n2o0.
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Table 1: Estimated isotopic composition of N2O sources

Layer OISNbulk &180n20 Site Preference
(%o vs. atm Np) (%o vs. VSMOW) (%0)

Surface 6.2 + 1.3%0 51.9 + 3.0%o 6.8 = 4.3%0
Oxycline 7.6 +2.2%0 50.9 + 3.4%0 9.4 +2.5%0
Deep 6.6 + 0.6%0 54.2 + 0.6%0 20.2 + 0.6%0
Table 2: Apparent isotope effects for NoO consumption in the ODZ

Upper Middle Lower Ostrom et

ODZ ODZ ODZ al., 2007
e%0 25.6 £6.5%0 | 19.6 £4.5%0 | 14.5+£3.4%0 | 10.9-15.0%0
eSP 17.5£5.5%0 | 21.8£3.1%0 | 11.6 £2.9%o0 5.0-6.8%o
€'30/eSP 1.46 £0.56 0.90 £0.36 1.25+£0.45 2.2
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Figure Legends
Figure 1. Cruise track for ETSP 2013 cruise (NBP-1305) of the coasts of Peru and Chile, with
stations discussed in this study labeled and highlighted by fringing circles. Plotted in Ocean Data

View (Schlitzer, 2000).

Figure 2. Depth profiles of (A) oxygen (UM), (B) nitrite (M), and (C) nitrous oxide (nM) for

the seven stations measured during the NBP-1305 cruise in 2013.

Figure 3. Depth profiles of (A) 8NPk (B) 3'80, (C) site preference (SP), (D) 8°N¢, and (E)
8NP of nitrous oxide (N20O) for the seven stations measured during the NBP-1305 cruise in

2013.

Figure 4. Keeling plot analysis of N2O sources for surface (filled circles), oxycline (filled
triangles), and deep (open circles) layers. Linear regressions of 8" N (A), 8020 (B), and
N>O site preference (C) vs. 1/[N2O] are shown with solid lines and 95% confidence intervals on

the regressions are shown for each series (dashed lines).

Figure 5. 3'80n20 vs. 89 N® (A) and 3'80n20 vs. SP (B), for the ETSP ODZ samples (26.2 < 6 <
26.8 kg m3). In (A), the solid line represents the expected 3" N* vs. 8'®Onno relationship for NoO
consumption via denitrification (Ostrom et al., 2007). In (B), the solid lines reprenset the
expected slopes of SP vs. 8'"®0On20 during denitrification from two hypothesized source waters:
Eastern South Pacific Intermediate Water (ESPIW, left) and Equatorial Subsurface Water

(ESSW, right). Mixing between the two water masses is represented by the dashed arrow.
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Figure 6. Apparent isotope effects for 3'®Onzo (€!%0) and site preference (eSP) during N>O
consumption in the ETSP ODZ, with data separated into upper ODZ (gray symbols), middle
ODZ (black symbols), and lower ODZ (white symbols). Isotope effects were obtained using a
Rayleigh equation from the slopes of 8% On2o (A) or SP (B) vs. —In([N20]), where [N20] is the
concentration of dissolved N>O in nmol/L. €SP was highest in the middle ODZ, while €'30 was
highest in the upper ODZ. These patterns led to the lowest ratio of €'30/€SP in the middle ODZ,

relative to that expected from denitrification (Ostrom et al., 2007; Jinuntuya-Nortman et al.,

2008).

Figure 7. 5'°N¢, §°NP, SP, 3'%0n20, 8"’Nno3 and 8" Nnoz as a function of depth for stations BB1
(A), 5 (B), 17 (C), and 18 (D). The shaded portion of each panel represents the ODZ, with upper
middle, and lower ODZ layers separated by dashed and dot-dashed lines, respectively. Clearly
evident at each station is a depletion in §"’NP and an increase in SP in the middle ODZ. 5'N*
and 8'%0n20 closely tracked each other, while SP exhibits a decoupling from 8'N® and 8'80n20

in the middle ODZ due to the lowered &'NP.

Figure 8. Box and whisker plots of observed 8'N® (A), 3'°NP (B), and 8'®Onzo (C) relative to
observed 8"’ Nnoz and 8" Nnos, or 8'80no3 and 8'¥Ono2, as well as calculated steady state 3'°N¢,
ONP, and 8'%0n20. Observed N>O data are given in blue boxes, while observed NO3™ and NO»
data are given in red and gray boxes, respectively. The boxes show the range of 25 to 75"
percentile of ODZ observations at each station, with the median value for each station shown

with a horizontal line inside each box. Error bars show 90™ and 10% percentiles for
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1002  measurements of ODZ N0 and NO-". The calculated steady-state [111[ /[ Ivalues from NO3™ and
1003  NO; are given by the red and gray lines, respectively, with the 50" percentile shown with the

1004  solid lines and the 25" and 75" percentiles shown with the dashed lines in each panel.
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