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Sinking organic matter spreads the nitrogen isotope signal of pelagic
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[1] Culture studies of denitrifying bacteria predict that
denitrification will generate equivalent gradients in the §'°N
and §'%0 of deep ocean nitrate. A depth profile of nitrate
isotopes from the Hawaii Ocean Time-series Station
ALOHA shows less of an increase in §'*0 than in §'°N
as one ascends from abyssal waters into the denitrification-
impacted mid-depth waters. A box model of the ocean
nitrate N and O isotopes indicates that this is the effect of
the low latitude nitrate assimilation/regeneration cycle:
ganic N sinking out of the surface spreads the high-
N signal of pelagic denitrification into waters well below
and beyond the suboxic zone, whereas the nitrate §'°O
signal of denitrification can only be transmitted by
circulation in the interior. Citation: Sigman, D. M., P. J.
DiFiore, M. P. Hain, C. Deutsch, and D. M. Karl (2009), Sinking
organic matter spreads the nitrogen isotope signal of pelagic
denitrification in the North Pacific, Geophys. Res. Lett., 36,
L08605, doi:10.1029/2008GL035784.
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1. Introduction

[2] The N and O isotope ratios of nitrate (NO3) provide
information on the transformations of oceanic fixed N. In
the suboxic thermocline waters of the eastern North Pacific
(ENP) margin, where both the §'*0 and 6'°N of nitrate are
elevated by pelagic denitrification, §'*0 is more elevated
above background deep water than is §'°N [Sigman et al.,
2005], while culture studies suggest that denitrification
alone causes nearly equivalent increases in §'%0 and §'°N
[Granger et al., 2008]. Plausible explanations for this field
observation include (1) the input of nitrate from coupled N,
fixation/nitrification and (2) the cycling of nitrate through a
reduction/re-oxidation sequence [Sigman et al., 2005].
Here, we report the opposite tendency in the deep to mid-
depth open North Pacific waters off Hawaii — elevation of
the 6'°N of nitrate relative to its 6'°0 — which we interlzl)ret
with the help of a global ocean box model. As high-6'°N
nitrate from the ENP denitrification zone is converted to
organic N and back to nitrate, the high-6'°N signal of
denitrification is preserved and spread through the North
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Pacific Ocean, adding to the spreading of the isotope signal
by circulation in the ocean interior. However, the O atoms
of nitrate are removed upon conversion to organic N, to be
added anew by subsequent nitrification, such that the high-
6'80 signal of denitrification is erased by the ocean’s
internal N cycling.

2. Methods

[3] Water samples were collected at the Hawaii Ocean
Time-series Station ALOHA during HOT-120 in November
2000. Nitrate isotope samples were collected in pre-cleaned
polyethylene bottles and stored frozen. The nutrient, O,,
and salinity data were generated as part of the HOT program
(http://hahana.soest.hawaii.edu/). We use N* as a measure
of the nitrate-to-phosphate relationship: N* = [NO3] —
16*¥[PO3 ] + 2.9 (in pmol kg~ ") [Deutsch et al., 2001].

[4] The §"°N and 6'0 of nitrate were measured using the
denitrifier method [Casciotti et al., 2002; Sigman et al.,
2001] (515Nsamp]e = ((15N/14N)sample/(lSN/MN)reference - 1) *
1000%0; 6lsosample = ((lsO/]éO)sample/(]80/160)reference - 1)
* 1000%o0). Measurements are referenced to air N, and
VSMOW using the nitrate reference material IAEA-N3,
with a 6"°N of 4.7%o vs. air and a §'%0 of 25.6%o vs.
VSMOW [Béhlke et al., 2003]. The nitrate §'*0 data were
updated from the referencing scheme of Casciotti et al.
[2002] to a new scheme using the multiple nitrate isotope
reference materials now available [Bohlke et al., 2003]
according to D. M. Sigman et al. (The dual isotopes of
deep nitrate as a constraint on the cycle and budget of
oceanic fixed nitrogen, submitted to Deep Sea Research,
Part I, 2008). The isotope values for samples reported here
derive from at least duglicate analyses, yielding standard
errors of £0.15%o for §'°N and £0.35%o for §'%0.

2.1. Box Model

[s] The nitrate isotopes were incorporated into the
‘CYCLOPS’ box model [Keir, 1988]. Relevant aspects of
the nitrate isotope component are described by Sigman et al.
(submitted manuscript, 2008). Essential information follows.

[6] The model’s fixed N includes only nitrate and partic-
ulate organic N (PN). In the surface boxes, nitrate is
assimilated into organic matter in a 16:1 ratio to phosphate,
and organic N and P sink out of the surface ocean and are
regenerated in this same ratio. N, fixation occurs to main-
tain P (rather than N) limitation of carbon fixation and
export in the low latitude surface boxes. Denitrification
occurs in the water column, through a routine that develops
a suboxic domain within any given box on the basis of'its O,
concentration and demand for oxidant. Sedimentary denitri-
fication rate is parameterized using a modified expression
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from Middelburg et al. [1996]. The model steady state output
is tabulated in Table S1'.

[7] Oceanic N, fixation is assumed to produce PN with a
8N of —1%o [e.g., Montoya et al., 2002]. The N isotope
effects of nitrate assimilation and denitrification are as-
sumed to be 5%o and 25%o, respectively [e.g., Brandes et
al., 1998; Sigman et al., 1999]; the N isotope effect, 155, ofa
nitrate-consuming process is defined here as (‘*k/'°k —
1)¥1000%o, where '*k and '’k are the rate coefficients of the
consumption reactions for the '*N- and '*N-bearing forms
of nitrate, respectively. Organic matter regeneration/nitrifi-
cation is assumed to yield nitrate with the §'°N of the
organic matter. We assume that sedimentary denitrification
consumes nitrate without isotope discrimination [Brandes
and Devol, 1997; Lehmann et al., 2004, 2007].

[8] In the model case used here, the nitrate O atoms are
assumed to derive solely from ambient water [Casciotti et
al., 2002; Sigman et al., submitted manuscript, 2008]. The
8'®0 of newly produced nitrate from nitrification is not well
known. We preliminarily estimate that it is 1.15%o greater
than ambient water (Sigman et al., submitted manuscript,
2008), but with minimal significance for this study. We
apply an '’c:'8¢ ratio of 1 for both nitrate assimilation and
denitrification ("% = ("*k/'*k — 1)*1000%0) [Granger et
al., 2004, 2008].

2.2. Isotope Terms

[v] Below, we refer to the derived parameter A(15,18),
which quantifies deviations in the nitrate §'°N-to-6'%0
relationship from that expected from a specific removal
process [Sigman et al., 2005]:

A(15,18) = (6N — 6Ny) — (e ¥ &) * (880 — 6'%0y) (1)

where §'°Nj, and 6'®0y, represent the isotopic composition
of the background nitrate supply to the system, and §'°N
and §'0 are the measured isotopic composition of nitrate in
a given sample. The '’c:'®¢ is the N-to-O isotope effect ratio
of the consuming process, taken to be 1. In this study, we
define 6'°Ny, and 6'®0,, as the mean values for our ALOHA
samples below 3500 m, rounded to the nearest 0.1%o: §"°Nj,
= 5.0%o vs. air, and §'%0,, = 1.8%o vs. VSMOW. This depth
interval is reasonably taken as reflecting the Southern
Ocean-derived abyssal water that flows into the North
Pacific, where it rises and flows back southward at ~1-—
3 km depth while undergoing biogeochemical alteration
[Schmitz, 1995]. A positive A(15,18) indicates a higher
nitrate 6'°N than expected from (1) the sample’s nitrate
6'%0, (2) the §'°N and §'®0 of the nitrate supplied to the
system, and (3) the '2e:'®¢ of the consuming process.

3. Results

[10] Above the abyssal waters at ALOHA, there is an
upward increase in both nitrate §'°N and §'®0 into the
depths corresponding to the isopycnals of the [O,] and N*
minima in the eastern North Pacific (Figure 1), presumably
resulting from the influence of the denitrification zones of
the eastern Pacific. However, there is an interesting differ-

'Auxiliary materials are available in the HTML. doi:10.1029/
2008GL035784.
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ence between 6'°N and 6'°0 in terms of the amplitude of
increase. In the 750—2000 m depth interval, nitrate 6'°N is
~0.4%0 more elevated than is §'®0 relative to their deep
values at ALOHA (Figures la and 1b), yielding a maximum
in A (15,18) of ~0.4%o (Fi{gure Ic). This observation is also
apparent in a plot of the § O of nitrate versus its §'°N: as
one shoals gradually from 3600 m, the §'%0 and §'°N
increase in a ratio of ~0.7 (Figure 2). Upon reaching the
denitrification-driven §'°N and 6'%0 maxima at 350—500 m,
this trend is broken, with the §'®0 and §'°N at these depths
being equally elevated above abyssal nitrate (Figure 2a; see
dashed reference line with slope of 1).

[11] Given only N, fixation (with nitrification to nitrate)
and denitrification operating in the ocean N cycle, one
would expect equivalent increases in nitrate §'*0 and
8N from regions of N, fixation (or from global mean
deep water) toward a region of denitrification (bold black
line in Figure 2b). However, this ‘denitrification-only’
behavior does not appear to fit our data from ALOHA. A
similar deviation from the denitrification-driven &'®0-to-
6'°N variation ratio (A§'®*0:A8'°N) appears among the
boxes of the ocean model (blue crosses and red pluses in
Figure 2b). Comparing deep and intermediate North Pacific
boxes, the closest analogue to the ALOHA profile, nitrate
80 and 6N increase in a ratio of 0.72. Moreover, the
deviation of A§'"®0:A8'°N from 1 observed in the ALOHA
data and the model is complemented by a similar measured
deviation in the A§'®0:A6'°N of inter-basin gradients
(Sigman et al., submitted manuscript, 2008).

[12] The deviation in A§'®0:A6"°N from 1 in the model
arises from the regeneration and nitrification of sinking N.
Denitrification in the model, which occurs most rapidly in
the intermediate North Pacific, renders the nitrate in that
box enriched in "N and '®0. This nitrate is mixed or
upwells into the North Pacific surface, where it is converted
into high-8'>N PN, which sinks back into the interior, to be
regenerated as high-'°N nitrate in the underlying interme-
diate and deep boxes. This N cycling preserves the N
isotope signal of denitrification and spreads it beyond the
box hosting the denitrification by a means other than
circulation. However, the regenerated nitrate has the §'%0
of nitrification, such that this cycled nitrate has lost the %0
enrichment from denitrification (gray arrows in Figure 2b).
Since the model assumes that most (84%) of the sinking
flux is regenerated in the intermediate box, the A§'*O-to-
A6 N decoupling is greatest there.

[13] This box model dynamic applies to the Station
ALOHA data. The denitrification occurring in the eastern
Pacific produces high-é SN nitrate, and the entrainment of
this nitrate leads to '°N enrichment of the sinking flux in the
region [Altabet et al., 1999], the regeneration of which
spreads the nitrate 6'°N signal of denitrification into waters
outside the zone of denitrification. The regenerated nitrate,
however, has no surviving O isotope signal of denitrifica-
tion. Thus, whereas the §'°N elevation by denitrification can
be spread throughout the ocean by the assimilation of '>N-
enriched nitrate at the surface, sinking, and remineralization
in the interior, the ¢ 80 elevation cannot, leading to a less
re%ionally distributed denitrification-driven signal in nitrate
6'®0 than in 6"°N. This can explain the mid-depth (750—
1500 m) interval with A(15,18) > 0 (Figure 1c). Using a
three end-member mixing model, we estimate that 45% (i.e.
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Figure 1. For a depth profile of samples collected as Hawaii Ocean Time-series Station ALOHA during HOT-120 in
November 2000, (a) nitrate §'*0, (b) nitrate 6"°N, (c) A(15,18), (d) N*, (e) [0], (f) [NO; ], and (g) salinity.

half) of the §'°N elevation at 1200 m (relative to abyssal [14] If the regional nutrient supply to the surface ocean is
nitrate with a 6'°N of 5.0%o) is due to the remineralization ~elevated in nitrate §'°N by denitrification, then its
of organic matter derived from high-6'>N nitrate, the [NO5]:[PO3 ] ratio should also be reduced. If all of the
remainder coming from the circulation-driven input of phosphate is consumed in the surface, then either the N:P
nitrate from the ENP suboxic zone (see auxiliary material). ratio of the export production must be below the canonical
However, this quantification must be considered prelimi- “Redfield” ratio of 16 for organic matter, or new N must be
nary, awaiting resolution of the additional considerations fixed in the surface. In the case of N, fixation, the §'°N of N

described next. export would be lower than that of the nitrate supply, which
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Figure 2. (a) Nitrate 6'%0 versus nitrate 6'°N for the Station ALOHA data and (b) comparison of the deep data (750—
4800 m) to output from the box model. In Figure 2a, samples at >350 m depth are color coded according to density; above
this, a gray arrow indicates shoaling. Nitrate §'°N and 6'®0 increase upward from the base of the profile due to
denitrification at mid-depths in the eastern Pacific. The upward increase in nitrate §'°N and 6'*0 from 4800 to 750 m has a
AS"®0:A8'N 0f 0.70 + 0.04 (model-II least squares regression, with 95% confidence interval; see dotted line). In Figure 2b,
the ALOHA data from 4800 to 750 m (gray symbols, with least-squares trend and 95% confidence interval plotted) are
compared to the output from the box model. Blue crosses and red pluses indicate deep (bottom-1500 m) and intermediate
(1500-150 m) boxes, respectively (NA, North Atlantic; A, Atlantic; SO, Southern Ocean; I, Indian; SP, South Pacific; and
NP, North Pacific). The A§'®*0:A6'N slope defined by comparing intermediate and deep North Pacific boxes (INP-DNP)
is 0.72. The circled cross in the lower left of Figure 2b indicates the estimated 6'°N and §'®0 of nitrate deriving from N,
fixation, and the black line shows the expected correlation between nitrate 6'°0 and 6'°N in a hypothetical ocean that
includes only N, fixation (followed by regeneration and nitrification) and denitrification. The gray arrows then indicate the
effect of including nitrate assimilation in the low latitude surface ocean followed by N export and regeneration/nitrification
in the ocean interior.
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would weaken the distinction between the N and O isotope
dynamics of regeneration described above. Nevertheless,
coupling of pelagic denitrification with N, fixation in a
given ocean region works to raise the region’s nitrate §'°N
[Sigman et al., 2005], so the N-vs.-O isotope distinction
would not be completely lost. Indeed, in our box model, in
which N, fixation in the surface boxes compensates for any
nitrate deficit in supply of nutrients from the subsurface, the
deviation of A§'®0:A§"N from 1 occurs and is comparable
in amplitude to the data (Figure 2b). Assuming that sinking
N has been supplemented by the full amount of N, fixation
needed to completely remove the nitrate deficit upwelled in
the eastern North Pacific, we recalculate that 58% of the
8N elevation measured at 1200 m derives from the
regeneration of organic N, 13% more than without this
consideration (see auxiliary material).

[15] As with denitrification in the ENP suboxic zones,
partial nitrate assimilation in the surface formation regions
of North Pacific Intermediate Water (which ventilates the
~450 m level at ALOHA; salinity minimum in Figure 1g)
may also work to raise the 6'"°N and 6'®0 of nitrate in the
upper kilometer of the water column relative to deeper
water. The low latitude nitrate assimilation/nitrification
cycle should alter any such partial nitrate assimilation
isotope signal in the same manner as its effect on the
denitrification signal: Complete nitrate assimilation in the
low latitude surface, coupled with sinking PN and regener-
ation of nitrate in the interior, removes the partial nitrate
assimilation signal from the 6'*O of nitrate but not from its
8"*N. Moreover, the high-&lsN thermocline nitrate, once
assimilated and converted into sinking PN, can be distrib-
uted deeper into the water column. Thus, part of the
deviation of the O-to-N isotope trend from the expected
I-to-1 behavior between 3600 m and 750 m at ALOHA
may derive from low latitude processing of the high latitude
partial nitrate assimilation isotope signal in preformed
nitrate at shallow levels. In the box model, this dynamic
causes 30—50% of the deviation in A§'®*0:A§" N from 1,
depending on the diagnostic used (Sigman et al., submitted
manuscrigt, 2008). This would lower our estimate of the
nitrate §"°N elevation at 1200 m originating from sinking N
from 45—58% (see above) to 23—41%. We favor the higher
end of this range, because the model appears to over-
represent the partial nitrate assimilation dynamic relative
to the real ocean (Sigman et al., submitted manuscript,
2008).

[16] Above 750 m, nitrate 6'*0 and 6'°N continue to
increase, with a sharp maximum at 350—400 m. Over this
depth interval, the 6'®0 of nitrate increases upward more
than does its 6'°N, yielding nearly equal elevations in nitrate
6'®0 and 6"°N at 350—400 m relative to >3500 m depth (in
Figure 1, A(15,18) at 350—400 m is 0; in Figure 2a, see
dashed line with slope of 1). These depths fall within the
salinity minimum associated with North Pacific Intermediate
Water (Figure 1g) and on the same density surfaces as
waters from the eastern North Pacific margin suboxic zone
region where both nitrate §'*0 and §'°N are elevated due to
denitrification and where there is a notable elevation in
nitrate 6'°0 relative to its 6'°N (i.e. a negative A(15,18))
[Sigman et al., 2005]. At these depths, isopycnal communi-
cation of the isotope signal of denitrification is more impor-
tant, in which case the denitrification signals in both §'°N and
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6'0 are transmitted. Moreover, the distinctly negative
A(15,18) in the ENP margin waters should work to raise
the 6'®0 of nitrate relative to its ' N (lower the A(15,18)) at
ALOHA, compensating for the high A(15,18) of any nitrate
mixed up from below (auxiliary material Figure S1).

[17] Above 350 m, nitrate ' °N decreases to 4.2%o, while
its 6'%0 decreases less, such that A(15,18) decreases
sharply toward the surface. This upward decrease in nitrate
6'5N has been observed previously in both the Atlantic and
the Pacific subtropical ocean [Karl et al., 2002; Knapp et
al., 2005; Liu et al., 1996] and in this specific region
[Casciotti et al., 2008], where it has been explained as the
remineralization of low-8'°N sinking N produced by N,
fixation in the overlying surface ocean.

[18] A more general view of the discussion above is that
the low latitude nitrate assimilation/regeneration cycle in the
ocean tends to lower the §'%0 of nitrate from the 1-to-1
variation with §'°N expected from an ocean with only N,
fixation (followed by nitrification) and denitrification, leading
to less inter-basin variation in nitrate §'*0 and a lower mean
ocean nitrate §'*0 (downward gray arrows in Figure 2b;
Sigman et al., submitted manuscript, 2008). Consistent with
this view, the 6'°0 of abyssal Pacific nitrate is itself below
the expected 1-to-1 trend, and the A§'*0:A6'°N from the
abyssal to mid-depth Pacific is also less than expected from
N, fixation and denitrification alone (Figure 2b). At the
same time, in regions where N fluxes are more dominated
by N, fixation, denitrification, and their interaction, we
would expect nitrate 6'%0 and §'°N to converge toward
the bold line in Figure 2b. This may explain the conver-
gence of the nitrate isotopes toward the N, fixation/denitri-
fication trend in the waters at 350—500 m that communicate
directly with the eastern Pacific margin suboxic zones,
where both denitrification and N, fixation may be important
[Sigman et al., 2005], and in the waters above 350 m in which
newly fixed N may represent an unusually large fraction of
the nitrate pool [Casciotti et al., 2008] (Figure 2a).

4. Conclusions

[19] The nitrate N and O isotope signals of denitrification
can both be transported out of the region of denitrification
by ocean circulation. However, only the N isotope signal of
denitrification can also be transported by organic matter.
This difference between the N and O isotopes of nitrate
appears to be realized in the nitrate isotopes in the mid-
depth water column at Station ALOHA, where the upward
nitrate §'°N increase from the abyss toward the [O;]
minimum begins deeper than does the §'%0 increase. These
data suggest that roughly a third of N isotope elevation at
1-2 km depth relative to abyssal nitrate derives from the
dissemination of the denitrification signal through nitrate
assimilation in the surface, the production of sinking organic
matter, and its regeneration back to nitrate at depth.

[20] As ocean general circulation models are applied to
study suboxic zones and their communication with the
global ocean, it appears that the N and O isotopes of nitrate
will provide a useful test of realism that is more stringent
and mechanistically specific than the simulation of nutrient
concentrations alone. Specifically, the deviation of the
nitrate N and O isotopes from denitrification-only behavior
puts a constraint on the rate of exchange of nitrate from the
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denitrification zones with the rest of the Pacific interior,
relative to the rate of internal N cycling (nitrate assimilation
in the surface ocean and the regeneration of sinking N in the
interior). Similar constraints arise from larger scale (e.g.,
interbasin) gradients and mean ocean values of nitrate §'°N
and 6'%0 [Brandes and Devol, 2002; Deutsch et al., 2004;
Sigman et al., submitted manuscript, 2008].

[21] As with the isotope signal of denitrification from the
eastern North Pacific suboxic zone, the coupled N and O
isotope signal of partial nitrate assimilation in the subpolar
surface, once subducted into the thermocline, should also be
altered by the low latitude nitrate assimilation/nitrification
cycle, also lowering the §'*0 of nitrate relative to its §'°N in
the low latitude water column (i.e. raising its A(15,18)).
The unknown importance of this process is a source of
uncertainty in our interpretation of the ALOHA data. How-
ever, with more work, it too can yield constraints on the
interaction between ocean circulation and biogeochemistry.
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