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Abstract

Oxygen deficient zones host up to 50% of marine N2 production and the Eastern Tropical North
Pacific (ETNP) is the largest marine oxygen deficient zone. We measured 8 "'N-NOs-, 3'°N-
NO2", and 8'°N-N; at 7 stations along a transect normal to the coast in the heart of the ETNP
oxygen deficient zone in 2012. The 3'’N-N; minimum was 0.34%o at 300m, which corresponded
with the No/Ar maximum. When the atmospheric N2 background was removed, the biological
0!5N-Nj3 for the ODZ ranged from -7%o to -22%o. In the ODZ, §'>N-NOs" ranged from 15 to 24%o
while 3'"'N-NO»" was generally between -11 and -18%o, generating differences up to 40%o
between 3'N-NO;3™ and §'N-NO»". The isotopic separation between nitrite and nitrogen gas
(AN no2-N2) changed sign from ~5%o at the top of the oxygen deficient zone to ~-10%o at 300m,
indicating an important shift in nitrogen cycling with depth. We calculated the closed system
Rayleigh isotope effect (€) for N> production from both the 8" N-DIN (epiv =26+11%0) and d'°N-
N2 (en2=27+6%0) data. When examined individually by depth, both €piv and €nx2 matched closely
and both € depth profiles showed maximal fractionation at 300m. Additionally, closed system
isotope effects were calculated for one offshore station from the Arabian Sea in 2007 using d'°N-
N2 ( en2=2444%0) and 8"’N-DIN (epin=26£3%0). The relatively large isotope effects for N»
production appear to be found in both major offshore oxygen deficient zones, which implies a

large denitrification term in the marine N budget.

KEYWORDS: Nitrogen Isotopes, Oxygen Deficient Zone, Nitrogen Gas, Eastern Tropical North

Pacific
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1. Introduction

Fixed nitrogen, e.g. nitrate, nitrite and ammonia, is essential for the growth of
phytoplankton and other microbes, and limits primary production in much of the surface ocean
(Moore et al., 2013). The balance between N fixation and N2 production controls the amount of
marine fixed-N present in the ocean (Brandes and Devol, 2002; DeVries et al., 2012). There are
three major oxygen deficient zones (ODZs) in the ocean: the Arabian Sea in the Indian Ocean,
the Eastern Tropical North Pacific (ETNP) and the Eastern Tropical South Pacific (ETSP).
Despite constituting <1% of the ocean volume, ODZs host 30-50% of marine fixed-N loss
through N> production (DeVries et al., 2013). Evidence suggests that the oxygen content of the
Pacific is decreasing (Ito et al., 2017, 2016; Stramma et al., 2008; Whitney et al., 2007) and a 1%
reduction in the ocean O inventory could double the size of ODZs (Deutsch et al., 2011).
Indeed, repeat measurements along 110° W longitude in the eastern tropical North Pacific
(ETNP) indicate that the ODZ thickness has increased over the past 40 years (Horak et al.,
2016). The oxygen content of the ocean is sensitive both to temperature, and to increases in
anthropogenic iron deposition (Ito et al., 2016). While the current decrease in oxygen is likely
due to anthropogenic impacts and the Pacific Decadal Oscillation, the volume of ODZs should
also increase with future climate change (Ito et al., 2016; Ito and Deutsch, 2013). Thus, ODZs
are predicted to expand in the future, increasing the area favorable for fixed-N loss.

Although we have a reasonably good idea of the magnitude of fixed-N loss through
denitrification (org C + NOs3- — Nz) and anammox (NH4* + NO>™ — Nb») in the three major
ODZs (Chang et al., 2012, 2010), our understanding of the factors affecting these two processes
is still limited. The interpretation of the stable isotopic composition of the reactants and products
of the N-cycle provides a way to examine low oxygen systems without manipulation or
incubation. To date there are relatively few studies examining the[13'°N-N; in low oxygen
waters (Altabet et al., 2012; Bourbonnais et al., 2015; Brandes et al., 1998; Cline and Kaplan,
1975; Fuchsman et al., 2008; Hu et al., 2016; Manning et al., 2010). Older studies such as
Brandes et al (1998) and Cline and Kaplan (1975) examine &'>N-N; in offshore oxygen deficient
waters but the authors did not use 8" N-Nx to calculate isotope effects. Many of the recent &' N-
N> measurements have been on the Peru shelf of the ETSP and the region offshore of the shelf
which is affected by upwelling and eddies (Altabet et al., 2012; Bourbonnais et al., 2015; Hu et

al., 2016). In this system, nitrate concentrations are low and can be drawn down to zero. This
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differs from far offshore ODZs where nitrate concentrations are consistently between 20 and 30
uM (Chang et al., 2012, 2010). It was found that the isotope effect for N2 production from
nitrate was small, as low as 11%o on the Peru shelf (Hu et al., 2016) and 14%o in a eddy off shore
of the shelf (Bourbonnais et al., 2015). While no studies in the ETNP and Arabian Seas have
previously examined the isotope effect for N2 production from the N2 perspective, studies on the
isotopic composition of dissolved inorganic N (8'°’N-DIN) in offshore oxygen minimum zones in
the 1990s has yielded closed isotope effect estimates of epin=22-25%o (Brandes et al., 1998; Voss
et al., 2001). The 8"’N-DIN data from the ETNP in 1972 yielded open system isotope effect
estimates of 30%o to 40%o (Cline and Kaplan, 1975), but the 8'"’N-DIN values were actually
similar to those seen in the 1990s. Thus, current estimates for the N> production isotope effect
vary from 11%o to 40%eo.

Studies of cultured bacteria also yield large range of estimates for isotope effects
involved in steps of N2 production. Wastewater anammox bacteria have a nitrite reduction
isotope effect of eno2=16+4%o (Brunner et al., 2013). Denitrifier cultures grown at slow growth
rates and reduced C source produced small isotope effects for nitrate reduction (exo3=10 to 15%o;
Kritee et al., 2012). However, denitrifier cultures grown at fast growth rates had large isotope
effects (exos up to 30%o; (Granger et al., 2008; Kritee et al., 2012). However, the nitrate
reduction isotope effect should not be confused with the isotope effect for N> production (Fig 1).
While Bourbonnais et al (2015) found an isotope effect for N> production of 14%o in an ETSP
eddy, they also found an isotope effect for nitrate reduction of 16-21%.. Similarly, a recent
modeling study of 3'°N-NO»" and 3'"’N-NOs" in the ETSP found that an isotope effect of 18-23%o
for nitrate reduction best fit the available data (Peters et al., 2016). This difference between the
1sotope effect of N2 production and nitrate reduction highlights the importance of looking at
actual 8'°N-N data.

In the marine environment, the apparent isotope effect between nitrate and N> is affected
by nitrite oxidation (Fig 1). Nitrite oxidation has an inverse isotope effect, making nitrite more
depleted and nitrate more enriched (Casciotti, 2009). The difference between 8'’N-NOs™ and
O!5N-NO, (AN) can reach 40 to 50%o in low oxygen waters (Bourbonnais et al., 2015;
Buchwald et al., 2015; Gaye et al., 2013; Hu et al., 2016; Martin and Casciotti, 2017). Although
it has been suggested that ODZs are functionally anoxic (Revsbech et al., 2009; Ulloa et al.,
2012), the low oxygen K, for nitrite oxidation 0.5+4 nM (Bristow et al., 2016), indicates nitrite
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oxidation is possible at oxygen concentrations below detection of a STOX oxygen sensor (1-10
nM; Ulloa et al., 2012). Furthermore, rates of oxygen advection and diffusion may be large
enough to supply the necessary oxygen to the upper and lower parts of the ODZ, but not the core
(Peters et al., 2016). Stable 8'°N and 8'30 isotopes indicate parallel processes of nitrite oxidation
and dentrification in ODZs (Buchwald et al., 2015; Gaye et al., 2013; Martin and Casciotti, 2017;
Peters et al., 2016). In large ODZs, measured and modeled nitrite oxidation rates dwindle in the
core of the ODZ, but the depth range of nitrite oxidation and N> production overlap (Babbin et
al., 2017, 2014; Buchwald et al., 2015; Peng et al., 2015; Penn et al., 2016; Peters et al., 2016).
O!’N-NOs" and 8'N-NO; are affected oppositely by nitrite oxidation, but their combined
isotopic pool (DIN) is unaffected. However many N> production processes use nitrite directly, so
changes in 8'>N-NO; from nitrite oxidation would affect their N isotopic signature.[’

Unlike water column denitrification, sedimentary denitrification is thought to usually
have a very small isotope effect (<3%o) due to near complete consumption of nitrate (Brandes
and Devol, 1997; Lehmann et al., 2007; Sigman et al., 2003). Higher fractionation effects have
been documented (Didhnke and Thamdrup, 2013), but in general the isotope effect is thought to
be small. The balance between sedimentary denitrification and water column denitrification sets
the 8N of oceanic DIN. Thus, the isotope effect from nitrate to N> during water column
denitrification can be used to estimate rates of sedimentary denitrification. A large isotope effect
associated with denitrification in offshore ODZs implies significantly more sedimentary
denitrification than water column denitrification (Brandes and Devol, 2002). A small
fractionation effect for water column denitrification reduces estimates of sedimentary
denitrification and requires less N> fixation to attain global marine N balance (Altabet, 2007;
Bourbonnais et al., 2015; Brandes and Devol, 2002; Kritee et al., 2012). DeVries et al. (2013)
were able to model the a balanced ocean N budget with a 3-D biogeochemical model using an
apparent isotope effect for nitrate reduction of 17%o and a marine denitrification rate of 120-240
Tg N yr! (DeVries et al., 2013). However, an isotope effect significantly larger than 17%o could
potentially imply both larger sources and sinks of N2 in the ocean.

The Eastern Tropical North Pacific (ETNP) ODZ is the largest Oxygen Minimum Zone
(Paulmier and Ruiz-Pino, 2009) with over 700m depth of anoxic water at its heart. Here we
present 8'N-N», 8'>N-NO>", and 8'"’N-NO;3" from 7 stations in the heart of the ETNP ODZ

including both coastal and far offshore stations (Figure 2; Table S1). Additionally we examine
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data from one station in the Arabian Sea (Table S1) to expand the range of our findings. Here we
present the first analysis of the denitrification isotopic effect based on 8'’N-N outside of the

ETSP.

2. Methods
2.1 Study site and sample collection

Samples were collected during R/V Thomas G. Thompson cruise TN278 to the ETNP
during March-April 2012 (Fig. 2, Table S1). Water samples were taken using a SeaBird CTD-
Rosette system equipped with dual sensors for conductivity, temperature, and oxygen (SBE 043)
as well as Chlorophyll fluorescence and transmissivity. A STOX (Switchable Trace Oxygen
microsensor; Revsbech et al., 2009) sensor was also attached to the CTD-Rosette and its output
was also logged by the CTD. (The STOX data from this cruise has been previously reported in
Tiano et al., 2014). The SeaBird SBE43 oxygen sensor was calibrated against Winkler
determinations (n=53 depths in triplicate, regression R? = 0.98).

Samples were also collected on the R/V Roger Revelle at Station 1 (Table S1) in the
Arabian Sea during September 2007. Water samples were taken using a SeaBird CTD-Rosette
system equipped with dual sensors for conductivity, temperature, and oxygen (SBE 043). The

SeaBird SBE43 oxygen sensor was calibrated against micro-Winkler determinations.

2.2 Nutrient measurements

For the ETNP, nutrient samples collected directly from the Niskin bottles and were
filtered through GF/F glass fiber filters and stored refrigerated until analysis on board.
Concentrations of NO2", PO43, Si(OH)4, and NH4* were determined shortly after sample
collection using a Technicon Autoanalyzer and the JGOFS protocols (UNESCO, 1994). For the

Arabian Sea, nutrient values were reported in Chang et al (2012).

2.3 N2 and J°N-N: Methods

For the ETNP, duplicate gas samples used for N2:Ar ratios and d°N-N, were collected in
preweighed, evacuated 185 mL glass flasks sealed with a Louwers-Hapert valve. The sampling
flask contained dried mercuric chloride as a preservative (Emerson et al., 1999). To prevent air

contamination when sampling, samples were transferred from the Niskin bottle to the sample
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flask under a local CO; atmosphere (Emerson et al., 1999). Sample flasks were filled
approximately half full and returned to the University of Washington for analysis. In the
laboratory flasks were weighed and equilibrated with the headspace by rotating overnight in a
water bath at a known (room) temperature. Immediately after equilibration nearly all liquid water
was removed from the flask and the head-space gases were cryogenically processed to
completely remove CO: and residual water vapor. At the same time a known concentration of
36Ar spike was added to each sample, as done previously (Chang et al., 2010; Fuchsman et al.,
2008), to allow the concentration of “°Ar to be determined from the 3°Ar:*°Ar ratios.

To avoid using an oxygen correction for 8'’N-N», most oxic samples were also put
through an inline CuO furnace to remove all oxygen. However, to check the validity of the
oxygen correction, for some duplicates, one sample was put through the furnace and one was not.
The still oxygenated samples were measured against an oxygenated standard and an oxygen
correction was used as in (Chang et al., 2012, 2010; Fuchsman et al., 2008; Manning et al.,
2010). Duplicates matched indicating that present and older data were comparable (Fig. S1). All
gas samples were measured at the Stable Isotope Lab, School of Oceanography, University of
Washington on a Finnigan Delta XL isotope ratio mass spectrometer. Anoxic samples were
measured against a standard containing zero oxygen, where the standard value was determined
from air heated in the inline CuO furnace to remove oxygen.

Also included here are 8'"N-N, measurements from the Arabian Sea in 2007. N>
concentrations for these samples have been previously reported (Chang et al., 2012). However,
O!5N-Nj; values have not been previously reported. They were measured as above except that a
CuO furnace was not used. The effect of oxygen on the measurement of J°N was determined
using a series of five flasks that contain variable amounts of oxygen but the same concentrations
and N of nitrogen gas. The calculated slope from the standards was extrapolated to the
sample. The value of the oxygen correction ranged from zero in the ODZ to 0.1 to 0.3%o in oxic
waters.

In the Black Sea, a methane correction was used for 0’N-N; (Fuchsman et al., 2008), but in the
Black Sea methane reaches 11 uM (Reeburgh et al., 1991). This correction was not needed in the
ETNP or Arabian Sea because methane was <100 nM in these ODZs (Chronopoulou et al., 2017;
Jayakumar et al., 2001).
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2.4 d°N-NOz, and J°N-NO3 Methods

Samples containing [NO>] > 0.25 uM were chosen for 3'°’N-NO," analysis, purged with
N> gas to remove in situ N>O, and treated with a sodium azide/acetic acid reagent (Mcllvin and
Altabet, 2005). Nitrite isotope analyses were conducted on 2-10 nmol of NO;™ and calibrated to
air and VSMOW reference scales (for 8'5N and 8'30, respectively) using reference materials N-
23, N-7373, and N-10219 (Casciotti et al., 2007) each analyzed in triplicate at two different
quantities (5 nmol and 10 nmol NO>"). §'°N-NOs" samples were prefiltered with 0.2 um syringe
filters and frozen until returning to the lab. Sulfamic acid was added to samples containing [NO>
1> 0.2 uM to remove NO; (Granger and Sigman, 2009). §'°N-NOs" was determined by the
‘denitrifier method’, which involves the bacterial conversion of NO3™ to N2O (Casciotti et al.,
2002; Sigman et al., 2001). Nitrate isotope analyses were conducted on 20 nmol NO3™ and
calibrated to air and VSMOW reference scales (for 8'°N and 8'%0, respectively) using reference
materials USGS32, USGS34, and USGS35 (Bohlke et al., 2003), each analyzed six times
throughout the run in 20 nmol amounts (Mcllvin and Casciotti, 2011). 8'SN-NO>", and 3"’N-NO3
from station 1 in the Arabian Sea 2007 were measured similarly and can be seen in Martin and

Casciotti (2017).

3. Results

The section comprised by our stations in the ETNP showed a significant upward tilt of
the isopleths surfaces near the coast (Fig. 3). At stations 132 and 133, the stations closest to the
coast (Fig. 2), the top of the ODZ and the nitrite maximum were at shallower depths than open
ocean stations on the transect (Fig. 3). Due to this we present the offshore stations data versus
depth, but when all stations are combined we plot versus density. At the offshore stations (Fig. 2)
the STOX based O concentrations became undetectable at 105 m and remained undetectable
until 830 m (Tiano et al, 2014). We define the ODZ as this zone over which oxygen was below
detection.

The top of the ODZ was also the depth at which a secondary nitrite maximum (SNM)
appeared in the water column (Fig. 2a). At the offshore stations, the concentration of NO> in the
SNM increased to ~5 pM at 140 m and then decreased to zero at S00m (Fig. 2a), while at the
coastal stations the maximum was greater (~6 uM) and occurred shallower in the water column

(Fig. 3 and S2). Nitrate concentrations were very low in the mixed layer, increased rapidly in the
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pycnocline to about 20 uM, then increased more gradually to a maximum of about 45 uM at
1000 m (Fig. 3a). Ammonium concentrations were generally <0.1 uM in the ODZ (Peng et al.,
2015; Figure S3), so we consider DIN to be NO3™ + NO>". DIN concentrations were similar to
nitrate with the exception of a significant elevation in the upper half of the ODZ due to the
secondary nitrite maximum.

Data from all stations, coastal and offshore, aligned well on density surfaces (Fig. S4).
At all stations, the SNM peak was located on the 26.2 sigma-theta surface. This sigma-theta
surface coincides with the Pacific Equatorial 13°C water mass (Fig. S5) discussed in (Fiedler and

Talley, 2006).

3.1 Nitrogen Gas and J°N

Measured N2:Ar saturation ratios were high in the ODZ and frequently had two local
maxima, one at the top of the ODZ and a second at 300m (Fig. S2). Measured N»:Ar ratios
contain both biologically produced N> and a large background signal. The background N> (and
argon) was originally derived from equilibrium with air, but mixing of water masses of different
temperatures causes gases to become supersaturated in the ocean (Ito and Deutsch, 2006). We
determined biological N2 (N2 excess) by subtracting background N2:Ar measurements from oxic
waters in the tropical and subtropical Pacific (Chang et al., 2012). The background data was fit

with the equation:
Ny: Argackgrouna = 0.998 + 2.31 X 10780499 (Chang et al., 2012). (1)

Calculated background values for each station are shown in Fig. S2. N2 excess, which we

consider to be biological N2, was then calculated as follows:

Nz,excess = (NZ: Armeasured - NZ: ArBackground) X Nz,saturation X 2 (2)

Where the factor of 2 in the last term converts from moles of N> gas to moles N.
N2 saturation Was calculated as in Hamme and Emerson (Hamme and Emerson, 2004). Thus Ar
measurements were not used in the calculation of N> excess reported here. Argon concentrations

were up to 6% supersaturated in the upper oxic waters, but were very close to saturation in the
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ODZ (Fig S6). Since the argon measurements were close to saturation, using Ar measurements to
determine N> concentrations from N2/Ar measurements and background calculations, instead of
N2 saturation, produced quite similar results (Fig. S7). N2 excess values were high through the ODZ
with concentrations between 10 and 15 puM (Fig. 4 and S2).

The amount of fixed N loss in an ODZ, has frequently been expressed as N deficit, which
is the difference between measured [DIN] and expected DIN. The expected DIN (Nexpected) 1S
typically estimated from phosphate to DIN ratios determined from waters outside the ODZ and

phosphate concentrations within the ODZ:
Nexpectea,erne = 144 X [PO3"]—1.1 (Changetal.,2012). 3)

In the ETNP, depth distribution of N deficit generally matches N2 excess (Fig. 4), with N
deficit, like N> excess, maximal at the top of the ODZ and at 300m. There is a local minimum in
both N deficit and N2 excess located at 200 m (density surface 26.3). In general, N2 excess and N
deficit values match closely with a slope of 0.9 (R%=0.86; Fig. S8). However, at stations 162 and
163 there is a significant mismatch (2-4 uUM) between N deficit and N> excess in the ODZ (Fig.
S2). The reasons for this mismatch are unknown, but are likely related to our background values
imperfectly capturing the actual background due to water mass mixing.

The ETNP 8'°N-N; measurements range from 0.34 to 0.62%o and frequently have a
minimum <0.4%o at 300m (Fig. S2). These measurements are similar to 8'"N-N, data from the
ETNP in 1993 (Brandes et al., 1998). Measured 8"’N-N» also contains both a biological and
background signals. The 8'SN-N value in seawater at equilibrium with air is about 0.68+0.02%0
(Knox et al., 1992). Mixing has a much smaller effect on 8'°N isotopes than on N»
concentrations since all water masses bear the equilibrium isotope signature. The average 8! N-
N> measurements at 1500m, a depth not influenced by the ODZ, at the 4 offshore stations (data
not shown) was 0.65+0.05%o. Here we used 0.68%0 as our background value, but also made
calculations using values of 0.65%0 and 0.7%o in order to estimate potential error in the
calculation of 8'°N-N> excess (Fig. S2). The resulting 8'’N-N> excess values for the ETNP were
generally between -10%o and -30%o (Fig. 4 and S2, S4).

10



288 Total 8'>N-N; for the Arabian Sea ranged from 0.45%o to 0.55%o (Fig. S9). Despite this,
289  O!°N-N; excess values for the Arabian Sea, calculated as above but using N2: Arpackground

290  calculations from the Arabian Sea (Chang et al., 2012) were between -14%o and -20%o (Fig. 5),
291  which is in the same range as the ETNP.

292 In the ETNP, the 8'>N-NOs" increased from around 10%o in the oxycline to around 20%o
293  in the ODZ and then values decreased towards the lower oxycline (Fig. 4). In the Arabian Sea,
294  O'N-NOs- was 11-12%o at the top and bottom of the ODZ, but reached 24%¢ in the heart of the
295 ODZ (Fig. S10). The ETNP 8'N-NO,- was generally in the -15%o to -20%o range in the ODZ
296  (Fig. 4 and S2). While 8'>N-NO>" had similar range of values as 8"’N-N» excess, at each station
297 O N-Nzexcess was enriched compared to 8'"N-NO»" in the upper ODZ, but became more

298  depleted than 8'""'N-NO;" at 200-300m (Fig. S2). In the Arabian Sea, 8'>N-NO»- and 8'"'N-N,
299  excess were quite similar at ~-15%o until 250 m, where &'°N-NO,- started to become more

300 depleted with depth reaching -31%o at 375m (Fig 5). 3"’ N-NO; values from the Arabian Sea
301 ODZ (Fig 5) are similar to those seen in the ETNP in 2012.

302 In the ETNP, nitrite concentrations were 5 UM offshore and reached 6 UM closer to the
303  coast (Fig. 3) which is unusually high for the ETNP (Horak et al., 2016). Accordingly, 8'°N-
304 NOz was different in 2012 than values seen in the ETNP in 2003 (Casciotti and Mcllvin, 2007).
305  In 2003, 8'°N-NO; values changed from -15%o to -18%o at the top of the ODZ to -8%o at 300m
306  (Casciotti and Mcllvin, 2007). In contrast, in 2012 the 8'>N-NO»" values were more negative at
307  depth than in 2003, with values at 300m of -12%o to -15%o (Fig. 4, S2). We suspect that this is
308  due to the higher nitrite concentrations in 2012 than seen in 2003 (3.5 uM). It is still unclear why
309 these differences occurred (Horak et al., 2016), but larger concentrations should buffer the

310  enrichment of the remaining nitrite as it is reduced.

311

312 3.2 AN values

313 A comparison between different N species 8'°N values helps quantify the importance of
314  oxidation and reduction in the system (Casciotti, 2009; Casciotti et al., 2013). APNNo3-No2, the
315  difference between 8"’N-NOj3™ and 3"’N-NO,", was consistently about 32%o through most of the
316 ETNP ODZ, though values may be slightly smaller below 300m (Fig. 6). Similar results were
317  found in 2003 ETNP data (Casciotti and Mcllvin, 2007). In the Arabian Sea, the A" Nno3.no2

11
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was ~35%o at the top of the ODZ but was ~40%o for the majority of the ODZ (Fig. S9).
Interestingly, the A'>Nno3-no2 had significantly more structure in the ETSP (Casciotti et al.,
2013) than seen here in the ETNP and Arabian Seas. The A’ Nnos.no2 values seen here are
greater than ~25%o, an upper estimate on the isotope effect (¢) value for nitrate reduction
(Granger et al., 2008), indicating the influence of nitrite oxidation on the system (Casciotti et al.,
2013). Nitrite oxidation has an inverse fractionation effect, which means that the nitrate
produced becomes more enriched and the nitrite remaining becomes more depleted (Buchwald
and Casciotti, 2010; Casciotti, 2009). Thus, nitrite oxidation can increase the isotopic separation
between NO3™ and NOy™. The more nitrite oxidation the greater the A'>Nno3 -no2 (Casciotti et al.,
2013). However, one would expect that nitrite oxidation to be higher at the edges of the ODZ
(Babbin et al., 2017; Penn et al., 2016; Peters et al., 2016), and A'*Nno3 -no2 does not follow this
trend both for the ETNP and the Arabian Sea (Fig 6, S10). We also looked at A'>N no-no2, the
0N difference between excess N and nitrite for the ETNP. These values consistently become
more depleted with depth, changing sign from 2%o to10%o at the top of the ODZ to —6%o to -15%o
at 300m (Fig. 6). AN n2-no2 values highlight that 3'°N-N; excess was enriched compared to
0!'>N-NO;" in the upper ODZ, but became more depleted than 8'>N-NO>™ at 200-300m (Fig. 6,
S2). The change between positive to negative AN n2-no2 occurs at the nitrite maximum, which
is in the 13°C water mass. Interestingly, the positive AN no2-n2 in the top 50m of the ODZ
indicates that the N2 produced is more enriched than nitrite even though nitrite is the source of
N2 (Fig. 6). Isotope effects for nitrite reduction of €=22%. have been found in bacterial cultures
containing the copper-type nitrite reductase (NirK) and eé=8%o in cultures containing the heme-
type nitrite reductase (NirS) (Martin and Casciotti, 2016). In an eddy in the ETSP, the isotope
effect for nitrite reduction was calculated to be 12%0 (Bourbonnais et al., 2015), similar to
cultures with the NirK copper nitrite reductase (Martin and Casciotti, 2016). However, in situ
nitrite data has been successfully modeled with no fractionation during nitrite reduction in the
Southern ETNP (Buchwald et al., 2015) and ETSP (Casciotti et al., 2013; Peters et al., 2016),
and 0'°N-NO:" and 8'°N-N; excess values were nearly identical in the Arabian Sea (Fig 5).

Scenarios to explain this data are discussed below (section 4.3).

3.3 Isotope effect for N> production
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To minimize the complication of nitrite oxidation on our calculations, we combine &' N-
NO2’, and 8'"N-NOs" to form d'"’N-DIN. We calculated the closed system fractionation effect for
N> production from 8""N-DIN and from &N of biologically produced N> (3'°N-N» excess).
Closed system calculations assume no re-supply of substrate, in this case nitrate, so are
appropriate where there is little mixing (Hu et al., 2016). As our stations were far removed from
the edges of the ODZ where mixing and re-supply of nitrate would occur, we chose a closed
system isotope effect calculation. Individual isotope effects were calculated for each sample
using the equations for closed system fractionation (Mariotti et al., 1981):

S DIN = §*®DINpjtiqr + € X In[f] 4)
f
615N2,excess = 615D1Ninitial — £ (E) ll’l[f] (5)
where € is the isotope effect and f is the fraction of DIN remaining. In all cases, values for f were
calculated as:

f=

NO3 +NO3
DINexpected

(6)
where
DINexpectea = NO3 + NO3 + Npexcess (7)

Thus, instead of calculating expected DIN based on an assumed N:P ratio, N2 excess
measurements were used to quantify the amount of DIN removed. The isotope effect for nitrate
reduction was calculated similarly to DIN. Also, instead of assuming a deep water value for
0" N-DINinitial, we calculated 8'>N-DINiniia by combining the mass-weighted isotopes of nitrate,
nitrite, and N2 excess (Figure S11) which contains the influence of remineralized organic matter
as well as the original nitrate. In the ODZ, we assumed that remineralized organic matter is
converted to N2 via anammox. For this calculation, we assumed that N2 fixation rates were
negligible. Offshore nitrogen fixation rates measured in the ODZ on this cruise were 0.2 nM per
day (Jayakumar et al., 2017), supporting this assumption. We did not include N>O in this
calculation, but N2O concentrations were from 0-60 nM in the ODZ for this cruise (Babbin et al.,
2015), so were insignificant to the calculation when mass-weighted. Ammonium concentrations
were also generally below detection in the ODZ (Peng et al., 2015). Averaging across all samples
yielded 8'N-DINipjial of 5.3 + 0.8%o0 for the ETNP and 5.6%o + 0.9%o for the Arabian Sea. These
average values were used as 8'"N-DINiial in our calculations. Our average 8'>N-DINiyiial values

of 5.3%o and 5.6%o are very similar to those used in previous isotope effect calculations in the
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ETSP (5.5%0; Bourbonnais et al., 2015; Hu et al., 2016). However, more enriched 8'>N-NO3
values have been found for the intermediate waters at station ALOHA (6.4%o0; Sigman et al.,
2009) and in the 200-600m Pacific equatorial waters (7%o; Rafter et al., 2013). Thus &' N-
DINinitia1 in the ODZ is more depleted than nitrate in the ODZ source waters. By using this
calculated 8'"N-DINiyitial based on our data, we avoid the over estimation of the N> production
isotope effect due to aerobic respiration as discussed by Marconi et al (2017). If 3'SN-DINinitial
were chosen from source waters, the addition of remineralized organic N would be incidentally
included in the isotope effect calculation (Marconi et al., 2017). In fact, given the relatively
enriched source waters, it does appear that our depleted 8'>N-DINixisial values are probably due to
the influence of remineralization. Sediment trap samples from our ETNP cruise had a 3N of
8.120.4%o offshore (n=2) and 8.7+0.4%0 onshore (n=5) (Table S2; Rick Keil, personal
communication). Due to little seasonality in the chlorophyll a, productivity, and nitrate supply in
our region of the ETNP (Pennington et al., 2006), we assume that the isotopic composition of our
sediment trap samples were representative. Sediment trap material from the Arabian Sea 2007
ODZ (collection described in Keil et al., 2016) had 3N of 7+1%0 (n=12; Table S2; Rick Keil,
personal communication), similar to values from the ETNP. Given a isotope effect for organic
matter remineralization to ammonium of 4%. (Macko et al., 1994; Saino and Hattori, 1980;
Wada, 1980), remineralized N should have been ~4 to 5%o in the ODZ, similar to our &' N-
DINinitiat of 5.3 +0.8%0 or 5.6%0 £+ 0.9%e.

When calculated for each depth, the closed isotope effects for the ETNP derived from
DIN and N> excess match closely; they are -20 to -25%o at the top of the ODZ, increase to -30 to
-45%0 at ~300m, and then decrease again toward the bottom of the ODZ (Fig. 7, and S12). In the
Arabian Sea, the closed isotope effects derived from DIN and N excess were fairly constant,
varying between -24%o and -30%o (Fig 8). As expected, in both the ETNP and the Arabian Sea,
O'’N-NO>" was often most depleted at the top of the ODZ, where one would expect nitrite
oxidation (Fig. 5, and S2). However, unlike the Arabian Sea, where 8’N-NO, and &'’N-N> are
closely correlated for the top 300m and 8'’N-N; is fairly constant with depth (Fig 5), in the
ETNP, 3!°N-N; excess does not track 8'’N-NOy", and 8'N-N; excess has the most depleted
values in 250m-300m range towards the bottom of the SNM (Fig. 4, S2, S4). Unsurprisingly,
250m-300m is the same range where the isotope effects are the largest (Fig. 7, Fig S12).
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For the ETNP, the average apparent closed isotope effect for consumption of DIN was -
26+11%o0 (using equation 4) and it was -27+6%o for production of N2 excess (using equation 5).
The closed isotope effect from St 132, our ETNP coastal station (-23+3%o for N2 and -23+5%0
for DIN; 550 m bottom depth; Fig. 7), is similar to our offshore average value (-29+5%o for N»).
If the closed isotope effect for the ETNP was calculated by the more traditional Rayleigh plot,
the values were quite similar to our average depth calculations (-25.1%o for DIN; Figure S13),
but due to the previously mentioned variability with depth, the R? value was only 0.5 for DIN
and was worse for N> gas (data not shown). Though we prefer a closed system calculation, we
also examined our results with an open system calculation where mixing is assumed to be a
dominant process:

SDIN = §°DINpipi + € X (1 = f) (8)

8Ny excess = 6 DINipiiq1 — € X f ).

Our isotope effects were similar, though more variable, if an open system calculation was used (-
29+17%o tor DIN and -32+8%o for N> in the ETNP). This similarity between closed and open
systems supports the robustness of our calculations. Given that the N deficit (calculated from
nutrients) and the N2 excess (calculated from N> gas) were quite similar (Fig. 4, S2, S4, S8), as
were the isotope effects calculated from reactants and from the product, we assume that we have
mass balance in our system.

The Arabian Sea is another major ODZ. We have 8"°N-N; excess and 8""'N-DIN from
one offshore station from Arabian Sea in 2007 (R/V Revelle) (Fig. 5). Sediment trap material
from the Arabian Sea 2007 ODZ (Keil et al., 2016) had 3N of 7+1%. (n=12; Table S2; Rick
Keil, personal communication), similar to values from the ETNP. Thus it is not surprising that
ON-DINinitia1 was also similar (5.6%0 + 0.9%0). When 8'°N-N is examined from the Arabian
Sea, the closed isotope effect was 26+4%o and the isotope effect for d'SN-DIN was 26+3%o (Fig.
8), which is also similar to the offshore ETNP. These numbers are significantly larger than those
determined from the coastal ETSP data (Hu et al., 2016) but are consistent with older d'>N-DIN
data from the Arabian Sea in 1993, 1994, and 1995 (e=22+3%0 with a 8" N-DINinitial of 6%0 and
£=24 with 8"’ N-DINijyjiai of 5%0) and ETNP in 1993 (=2542%0 with a 8" "N-DINiyita of 6%o0) and
in the ETNP in 1997 (€=22.5%0 with a 8'>"N-DINinitial of 6.2%0) (Brandes et al., 1998; Voss et al.,
2001). Combined, this data indicates that the isotope effect for N2 production is similar for the

offshore regions of these two ODZs and is approximately 25%o.
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The isotope effect for nitrate reduction in the ETNP was -28+6%0, which was in the same
range as the isotope effect for DIN. In Arabian Sea the isotope effect for nitrate reduction was -
25+6%o, also in the same range as the isotope effect for DIN. This differs from the ETSP where
isotope effect for nitrate reduction has been repeatedly found to be significantly larger than that
for DIN conversion to N2 (Bourbonnais et al., 2015; Casciotti et al., 2013; Peters et al. this

issue).

4. Discussion
The Eastern Tropical North Pacific (ETNP) ODZ is the largest marine ODZ by volume and
accounts for ~40% of marine anoxic waters by area (Paulmier and Ruiz-Pino, 2009). At offshore
stations in the core of the ODZ in 2012, oxygen was below detection for a STOX sensor from
105 m to 800 m. Both rates of N> production by denitrification and anammox were measured in
incubation experiments during this cruise (Babbin et al., 2015, 2014) and the addition of
sediment trap material stimulated denitrification rates (Babbin et al., 2014). Denitrifier RNA has
been found to be enriched within particles in the ETNP (Ganesh et al., 2015). The Arabian Sea
only accounts for 8% of marine anoxic waters by area, but thickness of the ODZ is comparable
to the ETNP (Paulmier and Ruiz-Pino, 2009). On our cruise in the Arabian Sea in 2007,
denitrification rates and genes dominated over anammox (Ward et al., 2009) and the addition of
sediment trap material stimulated denitrification rates (Chang et al., 2014). N> gas and 8'°N,
O’N-NO>" and 8"’N-NOs" were measured along a coast to open ocean transect in core of the
ETNP ODZ and on one station in the Arabian Sea. Interestingly in the ETNP, AN no2-n2
changed with a clear trend from negative to positive with depth and the isotope effects for N>
production also changed with depth. These same features were not seen in the Arabian Sea. In
both the ETNP and Arabian Sea, the isotope effects calculated from DIN and N2 were quite
similar, and the magnitude of the isotope effect was large.
4.3 Change in isotope effect with depth

In the ETNP, the absolute values of the apparent isotope effects for DIN and N> excess
increase with depth until ~300m and then decrease again (Fig. 7, S12). This same change in
isotope effects with depth is not seen in the Arabian Sea (Fig 8). Instead in the Arabian Sea there
is a slight decrease in apparent isotope effect with depth (Fig 8). Below we discuss 6 possible

explanations for this observation in the ETNP. One hypothesis to explain this could be the
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influence of nitrite oxidation at the top of the ODZ. 8'>N-NOs-and 8'"’N-NO," values from the
Southern ETNP (Costa Rica Dome) were similar to values presented here and could be modeled
completely by nitrate and nitrite reduction, with nitrite oxidation (Buchwald et al., 2015) but N»
gas was not included in the model. Nitrite oxidation could affect the system by modifying 6'>N-
NOz’, and 8'N-NOs™ and by affecting the nitrite concentrations. Isotope effects are often
reduced at low substrate concentrations. However, the DIN and N> excess isotope effects are
largest at 250-300m where nitrite concentrations are already greatly reduced, so nitrite
concentrations cannot explain the isotope effect depth profile. Additionally, nitrite oxidation
would affect the intermediate reactant d'’N-NO;-, which could then affect 8'°N-N; and the
isotope effect. However, 8"N-NO»- and 8""N-N> excess do not correlate in the 250-300m region,
implying a different cause for the change in isotope effect. All together, nitrite oxidation does not
appear to be responsible for the change in isotope effects with depth.

A second hypothesis would involve the input of ammonium into the ODZ from migrating
micronekton/zooplankton. ADCP data indicates micronekton migrate to 300m in the ETNP
(Bianchi et al., 2014). 8N of ammonium from excretion under ODZ conditions is not well
quantified. Theoretically, the input of depleted ammonium from zooplankton at 300m could
affect 8'’N-N; gas, making it more depleted. However, any significant depletion from injected
ammonium would also appear in our DINinisal calculations, and it does not (Figure S11).

A third hypothesis is that the differences in isotope effects are due to differences in
physical processes. The T/S diagram (Fig. S5), shows that the nitrite maximum is in the Pacific
Equatorial 13°C water (Fiedler and Talley, 2006). The anoxic water masses above and below
could carry different signals that would then mix. Theoretically, the calculated DIN fractionation
effect in the 13°C water could be affected by mixing with oxic water above it (Marconi et al.,
2017). In fact, the enriched 3'""N-NOs" in the oxycline above the ODZ (Fig. 4) suggests that
mixing is occurring. However, calculation errors from this mixing would be, once again, related
to incorrect choice of 8'’N-DINiigal. Since our 8" N-DINinitial (section 4.2) and DINexpected (Eq 7)
are calculated from our DIN and N> data without assumptions that could vary with water mass, it
remains unclear why the different water masses would have different fractionation effects.

Because the AN no3 -no2 has little variability from the top of the ODZ to 300m while
AN no2-n2 changes with a clear trend (Fig. 6), it seems possible that the change in isotope effect

for N> production with depth has to do with nitrite reduction. A fourth hypothesis to explain the
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difference in isotope effects with depth would be a change in the N> producing bacterial
community at 200-400m. Different types of bacteria are known to have different nitrite reduction
isotope effects based on their type of nitrite reductase (Martin and Casciotti, 2016). However,
nirK was the dominant nitrite reductase gene throughout the ODZ (Fuchsman et al., 2017) and
AN no2-N2 values were positive in the upper ODZ and negative below, switching sign at the
nitrite maximum. It seems unlikely that some bacteria would have a positive isotope effect for
nitrite reduction and other bacteria would have a negative nitrite reduction isotope effect.
However, it is possible that some denitrifiers could use nitrate as an oxidant, and keep and use
the nitrite produced internally, while others use nitrite from the bulk water column. Given the
large difference in 8'°N between nitrate and nitrite, these two hypothetical types of bacteria
would produce very different 8 ’N-N». For example, at 100m a denitrifying bacterium using
nitrate would start with a reactant at ~12%o while a bacterium using nitrite would start with a
reactant at ~ -18%.. For the nitrate case, an isotope effect of ~20%o would explain the 3" N-N;
excess (-12 to -18%o) at 100m while the nitrite case would need a reverse isotope effect.
However, at 300m, nitrate is 20%o while nitrite is -14 to -16%o. Thus a nitrite reduction isotope
effect of 10%0 would successfully explain 8""N-N; excess (~-26%o0) at 300m while an isotope
effect from nitrate would be exceptionally large (46%o). It appears that a switch in the type of
denitrifier could reproduce our measurements. What is unclear is if these two types of bacteria
actually exist. In gram negative bacteria, nitrite reduction occurs in the periplasm (Zumft, 1997),
where nitrite can escape the cell across the outer membrane. However, an internal nitrite pool has
been demonstrated for denitrifying bacteria in a sulfidic fjord (Jensen et al., 2009). The idea is
that if a bacterium performs both nitrate reduction and nitrite reduction, some nitrite may escape
the cell, but the nitrite concentrations inside the cell is still higher than its surroundings (Jensen
et al., 2009). Additionally, the use of an internal nitrite pool for at least some denitrifiers has
been suggested previously in the ETSP and Arabian Seas to explain excess 3N, produced in
enriched '’N experiments with nitrite (Chang et al., 2014; De Brabandere et al., 2014).
Additionally the apparent isotope effects for nitrate and nitrite reduction could be reduced
at the top of the ODZ due to assimilation. Cyanobacteria are photosynthesizing at the top of the
ODZ in the ETNP (Garcia-Robledo et al., 2017), so are presumably assimilating nitrogen in
some form. Assimilation has a small isotope effect of 5-7%o (Altabet, 2001; Granger et al., 2004)
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and so could be reducing the combined apparent isotope effect at the top of the ODZ. However,
neither assimilation of nitrate nor of nitrite can explain the AN no2-n2 changes in sign.

Finally, denitrifiers are known to be attached to particles (Ganesh et al., 2015, 2014).
Given sediment trap data (3N of organic N of 8%o), in the ETNP, and with a isotope effect for
organic matter remineralization to ammonium of 4%. (Macko et al., 1994; Saino and Hattori,
1980; Wada, 1980), nitrite produced from remineralized ammonium within particles would be
enriched compared to the highly depleted, water column nitrite measurements. Low levels of
particle associated nitrite has been found in oxic waters at Station ALOHA (Wilson et al., 2014).
The presence of nitrite has been showed to stimulate N>O production in particles at Station
ALOHA (Wilson et al., 2014). Theoretically, N> could also be produced from nitrite in particles.
Nitrite can only be produced from particle remineralization when some oxygen is available.
Thus, as the presence of even trace amounts of oxygen diminishes with depth, more enriched N>
produced from remineralized nitrite in particles would also decrease. In this case a bacterium
using remineralized nitrite in a particle would start with a reactant at ~4%o. As the proportion of
N> produced with this remineralized nitrite decreased with depth, utilization of depleted water
column nitrite would become dominant. For example, a simple calculation using St 161 as a
template (Fig S2), assuming water column nitrite of -16%o, and N2 excess of -12%o at the top of
the ODZ with a constant nitrite reduction isotope of effect of 10%o, approximately 70% of nitrite
reduced would need to be from particles (producing N> at -6%o) and ~30% from the water
column (producing N> at -26%o). While at 300m, the measured N> excess (-25%o) could be
reproduced by using 100% water column nitrite. This hypothesis could explain the apparent
change in isotope effect with depth along with changes in AN no2-n2 values. Additionally, the
large use of remineralized organic matter in this scenario would also be consistent with our
calculated 5.3%o0 DINinitia1 values, which reflect remineralization.

While nitrite oxidation, migrating zooplankton and mixing between water masses
undoubtedly occur in the ODZ and may affect our isotope values, alone they cannot explain our
variability in isotope effects. However, both a shift between denitrifiers with and without an

internal nitrite pool or denitrification inside sinking particles can explain our ETNP data.

4.4 Magnitude of N> production isotope effect
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Lately, evidence has mounted for a small fractionation effect (<15%o) for water column
denitrification. This small fractionation effect is based on culture experiments and isotopic data
from the ETSP (Bourbonnais et al., 2015; Casciotti et al., 2013; Hu et al., 2016; Kritee et al.,
2012). However, our data from the heart of the ETNP indicates a large apparent isotope effect of
26£11%o, calculated from DIN, or 27+6%o, calculated from N> excess. Similarly our data from
the Arabian Sea also indicated a large apparent closed isotope effect of 26+4%o from 8'"'N-N»
excess and 26+3%o for 3'""N-DIN. Our result also contrasts with isotope effect calculations
derived from DIN data collected on in the ETSP ODZ, which ranged from 11%o to 14%o
(Bourbonnais et al., 2015; Hu et al., 2016). Additionally, nitrate reduction and DIN isotope
effects are similar in the ETNP and Arabian Sea, but have been repeatedly found to differ in the
ETSP (Bourbonnais et al., 2015; Casciotti et al., 2013; Peters et al. this issue). The isotope effect
calculation is extremely sensitive to the fraction remaining, which often depends on phosphate in
N deficit calculations, but Hu et al (2016), Bourbonnais et al (2015), and our calculations avoid
this issue by using measured N> excess instead of N deficit in the fraction remaining calculations.
The difference between our isotope effects and published isotope effects from the ETSP could be
due to differences associated with the location of sampling in those studies. One of the ETSP
studies was coastal with bottom depths less than 150m (Hu et al., 2016) and the other two were
from eddies influenced by coastal water (Altabet et al., 2012; Bourbonnais et al., 2015). Nitrate
concentrations were greatly reduced on these study sites compared to our stations (Altabet et al.,
2012; Bourbonnais et al., 2015; Hu et al., 2016). On the coastal transect, there were mismatches
between N2 excess and N deficit (Hu et al., 2016). Data from an along shore transect in the ETSP
in 2013 also found mismatches between N> excess and N deficit at some stations (Peters et al.,
this issue). The coastal ETSP shelf, where 8'SN-N; excess was examined, was affected by
sediments (Hu et al., 2016), which have near zero isotope effects (Brandes and Devol, 1997;
Lehmann et al., 2007). Perhaps, due to the larger width of the Peru shelf (Smith and Sandwell,
1997, visualization on http://topex.ucsd.edu/marine_topo), sedimentary processes influence the
1sotope effects in this region. Our coastal station from the ETNP did not have reduced isotope
effects compared to the offshore ETNP (Fig. 7). However, the ETNP shelf in the region sampled
was quite narrow (Smith and Sandwell, 1997). It seems that the ETSP system is more
complicated in some way than the ETNP and Arabian Sea, which affects the apparent isotope

effects calculated there.

20



592
593
594
595
596
597
598
599
600
601
602
603
604
605
606
607
608
609
610
611
612
613
614
615
616
617
618
619
620
621

Our DIN and N2 excess isotope effects are apparent isotope effects that include both
denitrification and anammox. However, our nitrate reduction isotope effects for the ETNP (-
28+6%0), and Arabian Sea (-25+6%0) were also large. In culture, dentirifiers grown at slow rates
to mimic the estimated in situ water column rates exhibit small nitrate reduction fractionation
effects (Kritee et al., 2012). However, cultures grown at high rates show large fractionation
effects (Granger et al., 2008; Kritee et al., 2012). Mounting evidence suggests that denitrifiers
are preferentially partitioned onto particles (Ganesh et al., 2015, 2014). In all three ODZs,
denitrification rates were high when sinking particles were included (Babbin et al., 2014; Chang
et al., 2014). This suggests that much of the denitrification in the ODZ may be taking place at

higher growth rates associated with particles and therefore, with a larger fractionation effect.

Implications

The balance between sedimentary denitrification and water column denitrification sets
the !N of oceanic nitrate. Assuming that in general sedimentary denitrification has a very small
fractionation effect, a small the water-column isotope effect for denitrification allows the
calculation of a lower the sedimentary denitrification rate (Altabet, 2007; Brandes and Devol,
2002; DeVries et al., 2012). We find evidence for relatively large isotope effects in all three
ODZs implying correspondingly large sedimentary denitrification rates. If the ocean is at steady
state, denitrification and N fixation should balance, and have been modeled to do so (DeVries et
al., 2013, 2012). However, the balance between denitrification and N> fixation also depends on
N> fixation rates, values for which are presently in a state of flux (Konno et al., 2010; Mohr et
al., 2010; Moisander et al., 2010). Older N fixation rates calculated from "N additions are likely
to be underestimates due to problems with the measurement (Konno et al., 2010; Mohr et al.,
2010). Additionally, new Nz fixing organisms with a greater geographic range have been
discovered (Moisander et al., 2010), increasing the area for potential N> fixation. Correction for
these issues may almost double N fixation rates (GroBBkopf et al., 2012). Due to the current
uncertainty in N> fixation estimates, even the large fractionation effects calculated here do not

preclude a balanced N budget (DeVries et al., 2012).
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Figure Captions:

Figure 1. Schematic depicting individual isotope effects and N sources that are included in
the apparent isotope effect for N, production.

Figure 2. A map of the Eastern Tropical North Pacific shaded by oxygen concentration
according to the World Ocean Atlas (2013) (Garcia et al., 2013) at density surface 0=26.5.
Black dots indicate stations examined in this paper.

Figure 3. Section plot of A) oxygen (lmol/kg), B) nitrite (umol/kg) and C) potential density
(kg/m?) for the ETNP in 2012. Sampled depths are indicated by black dots. Station names are
listed at the top of part A and include some stations where isotope data was not available. The
shelf is indicated by dark grey.

Figure 4. Compilation of ETNP N concentrations (A) and isotopes (B) for offshore stations
(St 135-164) plotted versus depth. Dashed lines indicate the boundaries of the ODZ using
STOX oxygen electrode measurements from Tiano et al. (2014).

Figure 5. 815N data for the Arabian Sea St 1. The 615N of N3 excess is calculated by
subtracting background values. Red triangles are §15N of N excess for a background value
of 0.68%o0 (Knox et al,, 1992). Red lines indicate the range of values if background is varied
between 0.65%0 and 0.7%o. §15N-NOz2- is also shown where available (green circles). Nitrite
concentrations (lower axis) are shown for comparison (blue triangles). Dashed lines
indicate the boundaries of the ODZ.

Figure 6. A compilation of A15N for the difference between nitrate and nitrite and for the
difference between N> and nitrite for the secondary nitrite peak at both offshore and
coastal stations in the ETNP. All data points are in the ODZ.

Figure 7. Variability of the isotope effect (&) for N2 production (§1°N-DIN or 61°N-N; excess)
with depth in the ETNP at A) an average of offshore stations 135-164 (individual stations
can be seen in Figure S12) and B) at coastal station 132 (bottom depth 550m). Red lines
indicate what the fractionation factor would be if the background was shifted from 0.68%o0
(Knox et al., 1992) to either 0.65%0 or 0.7 %o.

Figure 8. Closed system fractionation factors for the Arabian Sea in 2007. Red lines
indicate what the fractionation factor would be if the background was shifted from 0.68%o0
(Knox et al., 1992) to either 0.65%0 or 0.7%o.

31



nitrate red. nitrite red.

€03 ENo2

NO, <= NO; 7-’ N,
Eox anammox (NH,* completely consumed)

.
nitrite ox. NH4



115°W 110°W 105°W



DEPTH [M]

DEPTH [M]

DEPTH [M]

8
S

8
S

"
S
S

St 163

St 162

0, umol/kg

St 161 St150 St136 St135 St134 St133 St132

400 600
Section Distance [km]

400
Section Distance [km]

400
Section Distance [km]

Ocean Data View / DIVA

5
3
2
N
&
N
]
§
s
3
S

Ocean Data View / DIVA




Depth (m)

Offshore N concentrations (uM)

100 P e~ P~~~
200 o :
300
400
500
600 ¢
700
O I
900

1000 s
ONO,- “DIN ©NO,- *Ndef ~N excess

0 1
100
200
300

400
500
600
700
800
900
1000

-35

Offshore 8N (%o)

25 -15

-5 5

2 fH
M
A L]
m
LN [
e fir————————
O]



Depth (m)

AN (%o)
-20 10 0 10 20 30 40 50 60

0 I — D -------------
] o
50 A o o I:||§|DI:I
: o O
100 ' %G %D
150 1 o ofoo o
] mn)
250 O
300 1 o o
350 -
400 A
450
500 - O =




Depth (m)

50
100
150
200
250
300
350
400
450
500

-20

O Offshore AN2-NO2
O Offshore ANO3-NO2
A Coastal AN2-NO2

< Coastal ANO3-NO2
4 2003:ANO3-NO2



Depth (m)

B.
Offshore avg (n=5 St) € (%o) Coastal & (%o)

50 -40 30 20 -10 0 50 <40 30 20 -10 0
O-||||I||||I|||-I||||I||||I O:||||||||||||||||||||||..|
] 50
100 7 100
] 2 150 -
200 A ;E’ ]
: §2oo§
300 A R 250 1
] 300 7 —
400: 350_
] 400 -
500 - ]
] A8N2 450; oaN2
600 - O ¢ DIN 500 - o © & DIN



Depth (m)

0 -
100 1

200 -

400 -
500 -

600 -

8(%0)
50 40 -30 20 -10 O

1 O e DIN
OeN






