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Nitrification and oxygen consumption in northwest Atlantic
deep-sea sediments

by John P. Christensen' and Gilbert T. Rowe’

ABSTRACT

The importance of nitrification in the oxygen consumption by deep-sea sediments was
investigated by modelling pore water nitrate profiles from 6 northwest Atlantic cores. Total
nitrification and denitrification rates were calculated from the thickness of the nitrification
layer, the nitrification rate at the sediment surface (V), the coefficient of exponential decrease of
the nitrification rate (B), and the first-order rate constant for denitrification. The four
unknowns were determined by best fit of the model to the nitrate profiles. The nitrate profile
from the furthest offshore station indicated no denitrification, so that only N and B were
determined. Nitrification rates ranged from 150 x 10710 3.86 x 107® nmole NH,* cm 257" at
the 1850 m and the 5105 m stations, respectively. As the oxygen consumption by nitrification
could account for 35% of the published total oxygen consumption at these stations, nitrification
represented a significant aerobic reaction in these deep-sea sediments. Ammonium sources
included an upward ammonium flux from deeper anaerobic strata (6%) and aerobic respiration
of organic matter (56%) with the remainder presumably supplied by anaerobic respiration
within the oxygenated strata (38%). Nitrogen budgets based on sediment traps indicated that
nitrification and burial rates agreed within a factor of 2 of sediment trap organic nitrogen fluxes.
Also, 70% of the nitrogen that was nitrified or buried was returned as nitrate to the water
column.

1. Introduction

Chemoautotrophic microorganisms oxidize reduced inorganic compounds such as
H,S, NH,*, Fe*?, or Mn™*? to obtain energy and fix CO, into organic matter. Among
these, nitrifiers consume oxygen to sequentially oxidize ammonium to nitrite and then
to nitrate which produces elevated nitrate concentrations in both shallow-water and
deep-sea sediments (Vanderborght and Billen, 1975; Jahnke et al., 1982; Goloway and
Bender, 1982). Although this process is important in stimulating sedimentary denitri-
fication, its role in oxygen consumption by deep-sea sediments is uncertain. It has been
assumed to approximate the stoichiometry of 16 ammoniums nitrified per 138 oxygen
molecules consumed in total such that nitrification accounts for 23% of the oxygen
consumption rate (Richards, 1965; Bender et al., 1977). This ratio has been experi-
mentally verified in sediments from the central equatorial Pacific (Grundmanis and
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Figure 1. Station locations.

Murray, 1982), but a greater role of nitrification in some sediments has been
postulated (Rowe, 1981). More recently, nitrification was shown to account for 35% of
the oxygen consumption in shallow coastal sediments (Seitzinger et al., 1984). In this
report, we estimate the nitrification rates in continental slope and abyssal plain
sediments in the northwest Atlantic Ocean based on analytical models of interstitial-
water nitrate profiles and compare them with previously published oxygen consump-
tion rates measured at these same locations.

2. Methods

Six gravity cores were collected in June 1981 on the R/V Oceanus cruise number
100 from water depths ranging from 1850 to 5120 m in the northwestern Atlantic
Ocean (Fig. 1). Immediately upon retrieval of the cores, pore water was separated
from the sediment particles by centrifugation of the whole sediments at 12,000 g (15
min) and then filtered through 0.4 um Nucleopore® filters. Aliquots were separated for
the determination of manganese, ammonium, nitrite, and nitrate concentrations. In
order to minimize bacterial alteration of the nitrogen concentrations during the 2—4 hr
processing, 1% v:v of concentrated HgCl, was added to each nitrogen aliquot. Soluble
manganese was determined by the method of Armstrong et al. (1979) within 2 hr of
core retrieval. Ammonium and nitrate were measured by the methods of Strickland
and Parsons (1972). Nitrate was then measured by the method of Gardner et al.
(1976), and values of about 0.5 uM were indistinguishable from background.
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3. Results

At all 6 stations, nitrate profiles had subsurface nitrate concentrations greater than
that in the bottom water (18 uM), indicating nitrate production by nitrification (Table
1, Fig. 2). At station NN, nitrate concentrations asymptotically approached concen-
trations of 32 uM at 30 cm suggesting nitrification occurred throughout the core. At
the other 3 stations, a subsurface maximum occurred indicating strata with nitrifica-
tion overlying a zone of denitrification. At 3 of these stations (DOS1, ADS, and
DOS2), nitrate was depleted to background levels within the core, and at station MM
nitrate probably would have disappeared within a few centimeters of the deepest
sampled depth since nitrate at this depth had been reduced to 1.6 uM. Nitrate
disappeared at progressively deeper horizons with increasing water-column depth and
distance offshore. At station DOS1 (1850 m), the nitrate disappeared at about 4 cm, at
station ADS it was about 10 cm, at station DOS?2 it was about 8 cm while at station
MM it was about 60 cm.

The distributions of nitrite, ammonium, and manganese in the interstitial waters
were related to the distribution of nitrate, Nitrite profiles had a subsurface maximum
(up to 2.3 uM) just above the nitrate disappearance depth. Although nitrite maxima
have not been observed in in situ separated pore water samples, these maxima are
frequently seen in cores and apparently are associated with denitrification (Emerson et
al., 1980). In association with nitrate exhaustion, ammonium and dissolved manganese
concentrations increased greatly. Contrary to our data, previous in situ measurements
of a nitrate flux into the sediments of station ADS suggested that continuously
decreasing nitrate profiles should have been observed (Smith et al., 1978). However,
our data agree well with one nitrate profile measured at a site between stations ADS
and DOS2 (Hinga et al., 1979) suggesting that our data are accurate.

4. Discussion

The distribution of biochemical reactions in sediments is related to the thermody-
namic favorability of the reactions (Froelich et al., 1979). Thus, oxygen consumption
proceeds until oxygen concentrations reach sufficiently low levels (about 3 uM, Devol,
1978) whereupon nitrate reduction and denitrification become energetically favorabie.
During denitrification, nitrite concentrations can be eclevated. Redox conditions
characteristic of denitrification also favor the stability of soluble manganese (Mn*?).
Following nitrate disappearance, more anaerobic processes such as iron solubilization
and sulfate reduction become favorable. This scheme conforms to our data. Within the
aerobic layer, nitrification proceeds as indicated by the low ammonium and elevated
nitrate concentrations. Nitrite maxima occur just above the depth of nitrate disappear-
ance and large accumulations of ammonium and manganese begin at or just below this
depth.

In aerobic deep-sea sediments with plentiful oxygen, nitrate concentrations asymp-
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totically approach a maximum value (Grundmanis and Murray, 1982) as seen in our
station NN. In this case, the steady-state nitrate distribution has been described by the
equation (Goloway and Bender, 1982),

&C

0=¢D§Z—2—¢wi€+¢Nexp(—Bz) (§))]

Jdz

where D is the effective diffusivity of nitrate in the pore water, C is the nitrate
concentration (nmole/ml), and w is the sedimentation rate (cm/s). Depth in the
sediment is z (cm), porosity is ¢ (ml cm™), and N exp (— Bz) is the nitrification rate

Table 1. Porewater chemistry from northwest Atlantic cores. Station locations (latitude N and
longitude W) and water column depth are given. Depth in the core (Z) is in ¢cm and
concentrations are in uM. *was not detected.

Station DOS1 Station 731

Lat 39°45.1’ Long 70°40.0" Depth 1840 m

Lat 34°57.0' Long 67°7.7 Depth 5120 m

zZ NO3 NO2 NH4 Mn z NO3 NO2 NH4 Mn
0-1 302 23 8.2 2.6 0-1 21.8 1.10 3.1 1.1
1-2 31.1 41 8.1 7.6 1-2 25.1 .38 1.9 1.8
2-3 225 1.32 7.6 9.3 2-3 25.4 12 1.4 1.8
3-4 9.36 1.99 3.7 10.0 3-4 28.5 .09 .02 1.1
4-5 4.00 47 8.0 11.2 68 28.7 0 1.5 1.5
5-6 1.24 44 18.6 134 10-12 26.4 21 1.1 3.1
7-8.5 .68 17 37.6 18.2  14-16 27.6 15 1.9 1.8
10-11.5 109 0 58.8 21.1 19-21 259 0 0.7 22
14-15.5 .80 17 87.7 233 24-26 24.2 0 — 2.4
17-18.5 — — 121. 25.5  29-31 25.0 .09 — 0.5
20-21.5 95 0 135. 242 31-33 23.5 12 — 1.8
22.5-24 00 157. 24.6
Station ADS Station MM
Lat 39°45.1' Long 70°40.0" Depth 2850 m Lat 34°41.9’ Long 66°29.3' Depth 5105 m
zZ NO3 NO2 NH4 Mn VA NO3 NO2 NH4 Mn
0-1 206 0.02 5.7 1.1 0-1 18.7 47 5.6 7.8
-2 277 1.17 23.4 1.4 1-2 18.3 33 4.1 7.4
2-3 190 94 10.3 1.4 2-3 20.2 .05 2.7 6.3
3-4  18.6 .15 4.1 43 6-8 20.6 19 24 8.1
45 149 .02 1.9 6.6 10-12 21.4 .28 1.7 7.5
5-6 125 .02 1.8 79  15-17 21.7 .05 8.9 1.1
7-8 571 2.27 3.0 98 22-24 18.4 .05 0.8 12.5
8-9.5 3.66 1.22 4.4 128 27-29 16.3 .05 0.8 12.7
14-16 .54 .30 20.5 76.5  35-37 11.9 0 1.6 12.5
20-22 .86 28 325 943  43-45 8.53 02 0.8 13.8
30 96 35 48.6 103.3  50-52 441 .02 1.1 13.8
40 40 .40 60.2 1046  55-57 1.60 .02 1.2 16.9
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Station DOS2 Station NN
Lat 38°18. ' Long 69°33. * Depth 3630 m Lat 33°56.0" Long 65°51.4' Depth 5090 m
Z NO3 NO2 NH4 Mn VA4 NO3 NO2 NH4
0-1 24.4 .57 2.6 2.5 0-1 22.4 .58 2.7
1-2 239 .46 2.6 0 1-2 23.9 .05 1.2
2-3 228 46 3.9 0 2-3 248 0 1.5
45 153 .69 5.0 2.8 34 27.9 0 1.9
6.5-8 4.69 1.00 2.0 4.1 7-9 28.6 .10 2.1
9.5-11 2.28 23 5.3 40.1 12-14 30.4 13 1.5
13-15 — 52 14.5 60.1 17-19 32.2 .10 2.3
17-19 1.45 .34 21.5 62.3  22-24 31.9 .08 1.5
24-26 3.43 0 374 51.2  26-28 31.8 0 5.7
30-32 — 17 46.0 457  30-32 314 .02 1.9
36-38 1.31 0 57.8 448
41-43 0.55 .03 67.2 473
STATION DOS | STATION 731
NO3 NOZ NHE Mn *2 NO3 NOZ NHE
w0 5 0 50 K0 0O
or
20t
3oL
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Figure 2. Porewater solute profiles in uM.
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where N is the rate at the sediment surface (nmoles ml™! s™!) and B (cm™') is the
coeflicient describing the exponential decrease of this rate with depth.
With the boundary conditions,

z2=0, C=C,=18uM,
, dC/dz =0,

Z=oo
the solution to this equation is
C=C, - (C, — Gy) exp(—B2z2), 2)
where C, is the concentration at infinite depth. The boundary conditions require that
N =(C,. — Cy) B(DB + w). 3)

The total nitrification rate, R, is
R, - f“‘¢Nexp(—Bz) dz - ¢N/B (4)
0

where porosity is assumed to be a constant with depth and an average value used.
When w, the sediment accumulation rate, is insignificant, this solution is identical to
the nitrate flux equation derived by Goloway and Bender (1982, their Eq. 9) where
their factor, (KOM/DOM)'2, is equal to our B.

To determine the nitrification rate, Eq. 2 was fit to the nitrate data at station NN
using the NLIN procedure of the SAS statistical package (Anonymous, 1979) which
was run on the University of Maine’s IBM 370 computer. The method varies C, and B
to obtain the least value of chi-square between the model-predicted nitrate profile and
the measured data. Porosity was 0.7 (Christensen, 1983). The effective molecular
diffusivity for nitrate was 4.2 x 107° cm?/ s (Goloway and Bender, 1982). The
sedimentation rate was 5 cm/1000 yr (Ericson et al., 1961). The results are given in
Table 2 and plotted versus the measured nitrate profile in Figure 3. The results were
altered by less than 5% even when advective vertical velocities were varied by 3 orders
of magnitude (Sayles, 1981).

Nitrification coupled to denitrification. In sediments with a nitrifying zone overlying
the denitrification zone, the nitrate distribution is determined by the nitrification
equation (Eq. 1) in the nitrification zone of depth Z, (0 < z < Z,) and by the
steady-state equation for denitrification in the deeper sediments (Z, < z < o,
Vanderborght and Billen, 1975; Goloway and Bender, 1982).

8*C ac

where K is the first order rate constant (s™') for denitrification. The nitrification and
denitrification rates can be determined by solving the coupled Eqs. 1 and 5. Unlike
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Table 2. Model parameters and rates estimated from pore water nitrate profiles. The nitrifica-
tion zone thickness is Z,. The nitrification rate at the sediment surface is NV and B is the
coefficient of exponential decrease of this rate with depth in the core. Denitrification occurs
below Z, and the first-order denitrification rate constant is K. The difference in the
depth-integrated rates of nitrification (R,) and denitrification (R,) is the outward surface
flux of nitrate (F). In the stoichiometric model, Z,, B, and N are determined by best fit
procedures, while X is calculated from these parameters (see text). When Z, was indepen-
dently prescribed from the nitrite and manganese data, B, /V, and K were determined by best
fit procedures. The data from station NN were fit to the nitrification model without
denitrification to determine the parameters, B and C, (the asymptotic nitrate concentration,
31.31 uM). N was then calculated (see text). The chi square value of the best fits are given
(CHI). At several stations, nearly identical results were obtained from repeated fits starting
from different initial guesses of the unknowns which suggests convergence to a unique solution
at each station.

N R, R, F
Zn B nmole K 10~° nmole
Station (cm) (cm™!) mls ™) cm’s CHI
Stoichiometric nitrification-denitrification model
DOSI 2,63 0.661 1.57 x 10°* 290 x 10~% 137. 47.7 89.3 1.18

ADS 3.62 0824 592 x 107 284 x 1077 477 137 340 4,90
DOS2 415 0.582 425 %x107° 479x 1077 46.6 16.0 306 2.94
731 991 0.638 200107 191 x 107" 218 055 21.3 0.847
MM 388 00358 263 x1077 2.06x 107° 386 2.09 1.77 0.755

Nitrification-denitrification model with independently prescribed Z,

DOS1 35 141 303 x107*  5.75x10°° 150. 356 114, 0.568
ADS 8 1.61 123 x 107 183 x10™* 537 9.1 446 4.65
DOS2 8 1.84 1.83 x 107" 632 x107° 69.7 103 594 2.24

Nitrification model
NN — 0.347 6.73 x 10~¢ —_ 136 — 136 1.51

previous models that ignored advection (Vanderborght and Billen, 1975), we retained
this term. To constrain the possible solutions, parameters based on the oxygen
distributions have also been incorporated (Jahnke et al., 1982; Goloway and Bender,
1982), but since we wished to compare the model-estimated nitrification rates with
measured oxygen consumption rates, we attempted to solve these equations indepen-
dently of the oxygen distribution.

Egs. 1 and 5 were solved simultaneously with the same boundary conditions as used
previously and by requiring that concentrations be equal and continuous at the
boundary depth, Z,, i.e.

z=2, CfromEq.1 = CfromEq.5,and,
z=2Z, (dC/dz)fromEq. 1 = (dC/dz) from Eq. 5.
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Figure 3. Nitrate data and model determined profiles for the stoichiometric model (solid line)
and the independently fixed Z, model (dashed line). Concentrations are in uM.

The solution is thus,

D, N D, N
C=C0—;CO+WB+W(CO—DB+w)cxp(wz/D)
N
R A
forO0 <z=<2Z,, and
C=Cnexp(’”P(Z—Zn)) (7)

for Z, < z < «. The constants C;, (the concentration gradient at the sediment surface),
p, C, (the concentration at Z,) are given by:

N N D 1 N 1
C + — _ Z - (= _Z
o ot o DB+W(W+p)exp(wZ,,/D) DB+ wi\B )exp( BZ,)
- 2 (24 Jexp wz,/m)
” w+pexpw,,
(®)

w? K w
P=(ﬁ>‘z+5)—53 )
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D, N D, N
C"=Co_;C0+;E+‘(C0—DB+w)exp(WZn/D)

N
- mexp (-BZ,) (10)

The depth integrated nitrification and denitrification rates are
N
R,=¢5(1 —exp (—-BZ,)) (11)

R;=¢ KC,/p. (12)

This series of equations included 4 unknowns (V, B, Z,, and K). In principle, these
four unknowns could be determined by NLIN by varying all four simultaneously. In
practice, results from these attempts were highly variable suggesting a unique solution
was difficuit to find perhaps because there were insufficient data within the denitrifica-
tion zone to accurately define the exponentially decreasing profile predicted by Eq. 7.
These equations were successfully fit to the measured data when one of the 4 unknowns
was independently prescribed. The first of two approaches to prescribe these unknowns
used a stoichiometric relationship of nitrification and denitrification rates at the
denitrification horizon. The second used the measured profiles of nitrite and manga-
nese to assess the anaerobic horizon.

The first approach assumed that the carbon oxidation rate was continuous across the
nitrification-denitrification boundary. If oxygen respiration of organic matter was the
dominant diagenetic reaction in the nitrification zone (Richards, 1965),

(CH,0)106(NH;),6 + 1380, = 106 CO, + 16 HNO, + 122 H,0  (13)

then nitrification is stoichiometrically linked to the carbon oxidation. Similarly,
denitrification is coupled to carbon oxidation by the equation,

(CH,0)106(NH,) ¢ + 94.4 HNO; = 55.2 N, + 106 CO, + 1772 H,0 (14)

At Z,, the carbon oxidation rate for both Egs. 13 and 14 must be equal so that the
nitrification rate may be related to the denitrification at this depth:

¢ Nexp (~BZ,) * 106/16 = ¢ KC, * 106/94.4 (15)

Although C, is a complex function of K (Eq. 10), it may be simplified by recognizing
that p in Eq. 9 may be approximated as,

p=(K/D)* (16)
Substituting this into Egs. 10 and 15 and solving for K results in:

94.4* x (DB + w)* * exp (—2BZ,)

k= 16 * D * (exp (wZ,/ D) — exp (—BZ,))

(17)
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Using Eq. 17 to calculate K, the profile that best fit the nitrate data was determined for
the 5 stations (DOS1, ADS, DOS2, 731, and MM). The valuesof NV, B, Z,, K, R, and
R, are listed in Table 2 and plotted in Figure 3. It could be argued that possible
variations in the C/N ratio of the metabolized organic material, anaerobic respiration
within the aerobic zone, or oxidation of upward diffusing ammonium produced at
depth could alter the exact stoichiometry in Eqs. 13 and 14 and thereby effect the
model-estimated rates. To test the sensitivity of the rates to possible variations in the
above stoichiometry, the ratio of 94.4/16 was doubled using data from station DOS2
which resulted in about a 5% increase in R, and a 5% decrease in R,. The insensitivity
of R, and R, to variations in K can be conceptually viewed as a result of the
determination of the best fit. Although the parameters required to obtain the best fit
may vary, similar best-fit profiles should yield similar nitrate gradients which define
the fluxes and depth-integrated rates.

An alternative to evaluating K by this stoichiometric relationship was to indepen-
dently evaluate Z, based on the nitrite and manganese data. The chosen values for Z,
were intermediate between the nitrite maximum and the inflection point of the
manganese profiles (Table 1, Fig. 2). The best fit profiles for the nitrate data at
stations DOS1, ADS, and DOS2 were determined by varying N, B, and K (Table 2,
Fig. 3). Stations 731 and MM could not be fit with this procedure because the cores
were not long enough to penetrate the denitrifying regions as evidenced by the nitrite
subsurface maximum and the increasing manganese concentrations. To test for the
sensitivity of the integrated rates on the selected values of Z,, Z, was varied by 2 cm
(from 8 to 6 cm) at station DOS2. The nitrification and denitrification rates were
increased by about 6% and 8% respectively, indicating that reasonable uncertainty in
Z, would not affect our results much.

Values of the individual parameters N, B, Z,, and K differed between the two
models. Most noticeable was the shallow Z, calculated from the stoichiometric model
(Table 2). It averaged 60% of that estimated directly from the nitrite and manganese
profiles at stations DOS1, ADS, and DOS2. Also, at station MM, this model yielded a
very shallow Z, of 38.8 cm, yet no other indication of anaerobiosis were observed at this
depth. Thus, of the two models, the nitrite and manganese defined Z, appear more
reasonable. One consequence of the nitrite-manganese fit is that rate coefficients, N, B,
and K, are much greater than in the stoichiometric model. For nitrification, a larger B
means that a greater proportion of the total nitrification rate occurs near the
sediment-water interface. The stoichiometric model resulted in only slightly lower
nitrification rates (82% average for the three stations), but moderately higher
denitrification rates (147% average) than the results when Z, was fixed by the
porewater profiles. The nitrate fluxes into the water column estimated by the
stoichiometric model averaged 69% of the results of the other model for these three
stations.

However, because the integrated nitrification rates calculated by the two models
were not greatly dissimilar, either can be used to compare the importance of
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Table 3. Comparison of oxygen consumption by nitrification with total oxygen consumption
rate measured by Smith (1978) at the same stations. The total nitrification rate, R,, is
converted to an oxygen demand using a molar stoichiometry of 20,/NH,* (Gundersen and
Mountain, 1973, see text).

Stoichiometric model Independently fixed Z,,
Total
0, 0, 0,
Consumption R, equiv. R, equiv.

pmole O, 10 °nmole umole O, G of 10 °nmole umoleO, ¢ of
Station m? hr cm’s m? hr Total cm’s m* hr Total
DOSI1 22. 137. 9.9 45 150. 10.8 49
ADS 16. 47.7 3.4 21 53.7 39 24
DOS2 10. 46.6 34 34 69.7 5.0 50
MM 1. 3.86 .28 28 — — —
NN 3. 13.6 .98 33 — — —

nitrification in consuming oxygen. Oxygen consumption rates due to nitrification were
estimated based on the stoichiometry (Gundersen and Mountain, 1973),

NH3 + 202 = HNO3 + Hzo. (18)

Five of our stations were located where Smith (1978) measured total oxygen
consumption rates by implanting belljars on the sediments (Table 3). When our
estimates of oxygen consumption by nitrification were compared with Smith’s rates,
nitrification accounted for 35% (range 21-50%) of the total oxygen demand. This was
greater than the 23% predicted from Eq. 13. This high percentage was an unexpected
result and indicated (1) that nitrification may be more significant in deep-sea oxygen
consumption than previously believed and (2) that less of the oxygen consumption may
be due to typical respiratory pathways, Nitrification also accounted for about 35% of
the oxygen consumption in organic rich sediments in Narragansett Bay (Seitzinger et
al., 1984), which agreed well with our estimate even though it was a very dissimilar
environment. In both environments, however, organic matter was prevalent enough
that ammonium accumulated and was not limiting. In contrast, in the central Pacific,
nitrate and oxygen profiles indicated that nitrification followed the stoichiometry of
Eq. 13 (Grundmanis and Murray, 1982). Those sediments were highly aerobic with
oxygen concentrations greater than 25% of the bottom water concentrations even at 50
cm in the sediments, suggesting that metabolism was limited by the paucity of
utilizable organic material and that nitrification was limited by ammonium production
via Eq. 13. Thus, the enhanced role of nitrification would not be expected in much of
the deep sea where organic matter limits respiratory ammonium regeneration but
would be possible in areas with sufficient organic material.

We calculated the amount of oxygen consumption that might be due to manganese
oxidation based on the reaction,

Mn*? + 140, + 2OH™ = MnO, + H,0. (19)
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This reaction accounted for no more than 3% of the total oxygen consumption (Table
4), indicating that possible autotrophy associated with this reaction may be unimpor-
tant in our study.

The importance of different sources of ammonium used in nitrification may be
calculated from stoichiometric considerations. With 35% of the oxygen consumption
due to ammonium oxidation and 65% due to aerobic respiration of organic matter, 17.5
moles of ammonium were nitrified for every 100 moles of oxygen consumed (.35 x
100 x 1 NH,*/20,). Aerobic respiration produced 9.8 moles of ammonium (.65 x
100 x 16 NH,* /106 O,) or 56% of the total. The upward flux of ammonium from the
deeper anaerobic strata represented about 6% of the total nitrification rate at our
shallower stations (Table 4) so that this source supplied 1.0 mole of the above total.
The remaining 6.7 moles or 38% were unaccounted for but were necessary to maintain
the observed nitrate profiles. Anaerobic metabolism within microenvironments in the
aerobic zone probably produced this additional ammonium (Jorgensen, 1977; Wilson,
1978, Jenkins and Kemp, 1984).

If anaerobic microzonal respiration were important within the aerobic zone, then
denitrification was probably occurring within the aerobic strata. Microzonal denitrifi-
cation within the aerobic sediments has not been considered in previous studies of the
nitrate distribution in deep-sea sediments, yet much of the literature data may be
interpreted in light of this hypothesis. Jahnke ef al. (1982) presented 8 total inorganic
nitrogen profiles from the equatorial Atlantic and Pacific which contained subsurface
maxima of between 40 and 50 uM; 6 of these maxima were less than model-predicted
maxima by between 5 and 10 uM. Although those authors suggested several
contributing factors to this difference, the primary factor in their view was the possible
increase in the C/N ratio of the metabolizable organic material with depth in the
cores. Goloway and Bender (1982) expected nitrate concentrations to follow the
16:138 NO,;:0, stoichiometry of our Eq. 13 but found that the ratio, d(NO,):d(0,),
was generally between 25 and 69% of that expected for both their model 2 and 3
results. They suggested that this lack in nitrate relative to oxygen could be due either to
incomplete conversion of ammonium to nitrate as evidenced by measurable porewater
ammonium concentrations within the aerobic zone or to C/N ratios of the metabolized
organic material being greater than 106:16. In this case, higher C/N ratios would have
resulted in less ammonium released during respiration and possibly would have limited
the nitrification rate. We agree that this was a probable factor especially in regions
with large inputs of terrigenous organics with characteristically high C/N ratios or at
depth in cores where metabolism has removed the easily metabolized organic matter of
low C/N ratios. However, it was equally plausible that the low total inorganic nitrogen
content of Jahnke et al. (1982) and the low d(NO,):d(0,) ratio of Goloway and
Bender could have been due to microzonal denitrification converting some of the
nitrate to N, which was not measured. If this microzonal denitrification was linked
both to nitrate produced via nitrification and to the availability of organic material for



1111

Christensen & Rowe: Nitrification in deep-sea sediments

1984]

8T 8T Lsl 0zl 9T 9T 19°¢ 134 soa
Al 144 vel (41! 61 Ie 122 4 86T sav
0 SO’ 97 0'c vy L6 Sel $0'8 1S0d
puewd] Jyw § WO wo [w puewag Iy w s, Wo wo [
‘0 0 sjowrr sjowu ;o[ a[owu ‘0 2o oo sjowu g Q[ sjowiu
0% ‘amba xng juaipeIsd 3% ‘alnba xng JusIpeld
‘0 oUW +UN ‘0 +HN +HN

‘puBWAP USZAXO0 [2101 Y3 JO uonoElj [[ews € A[judsedde ase soxng premdn 9soy | "pIZIPIXO ., UIN YO©A AQ paWINSUOD SBM °() §°() Surwnsse
puewIdp U9ZAX0 UB 0] P2JIFAUCS SEM XN 3} PUE PAIIPISUOD 10U SBM UOTIIOSPE 255URSUEBN ~950UBBUEW PUE WNIUOWWE JOf §/ WD, (] X 6'[
PUE ,_Q[ X $'T 2Jam santasnyip oy [, "uondwnsuod usfAxo Funsoddns ui sjuaipead ssoueduews pue wniuourwe dosp Y3 Jo 93[0I Y], "¢ 9[qeL



1112 Journal of Marine Research [42,4

respiration, then it should have been more important in cores with plentiful metaboliz-
able organic material since this would have supplied both the required organics for the
heterotrophic denitrifiers and the nitrate via ammonium oxidation by the nitrifiers
(Sorensen et al., 1984). Conversely, in highly aerobic sediments as in the mid-Pacific
where the availability of organic material limits both oxygen consumption and
ammonium availability, the lack of utilizable organics probably would have diminished
the role of microzonal denitrification. There nitrification followed the 16:138 ratio
(Grundmanis and Murray, 1982) as would have been expected when microzonal
denitrification was insignificant.

Nitrification rates estimated by any of the diagenetic models may have been
minimum estimates if denitrification was occurring in these anaerobic microenviron-
ments. In this case, rates required for maintenance of the nitrate profile would have
been supplemented by the nitrification that was directly coupled to denitrification
(Jenkins and Kemp, 1984), and this latter rate would have been invisible to our model
calculations. However, the stoichiometric influence of this coupling may be examined
since the nitrate produced by this additional nitrification (Eq. 20) must balance the
nitrate consumed by denitrification (Eq. 21).

84.8 NH, + 169.6 O, = 84.8 HNO, + 848 H, (20)

(CH,0),06(NH;),¢ + 84.8 HNO;
— 42.4N, + 106 CO, + 16 NH, + 148.4 H,0 (21)

If the sum of these two reactions consumes 10 moles of oxygen, then,

4.057 NH, + 10.00 O, + 0.05897((CH,0),06(NH,),)
—2.500 N, + 6.250 CO, + 13.750 H,0. (22)

This equation indicates that for every 10 moles of oxygen consumed by directly coupled
nitrification and denitrification, 5 moles of ammonium are oxidized. Of this, 19% was
supplied from the organic matter consumed by denitrification and 81% was supplied
from other anaerobic organic matter oxidations. Our earlier model results indicated
that 35% of the oxygen consumption was due to nitrification, i.e. that 17.5 moles of
ammonium were oxidized per 100 moles of O, consumed. For every additional 10% of
the oxygen consumption which may have supported the direct coupling of the two
processes, the additional oxidation of 5 moles of ammonium per 100 moles of oxygen
consumed would have increased our base rate by about 30%. This process would have
been more important in enhancing denitrification. For the 8 model results from the 5
stations with denitrification, denitrification consumed about 26% of the nitrified
ammonium (Table 2) or 4.6 moles of nitrate for every 100 moles of oxygen consumed
(17.5 x .26). For each additional 10% of the O, consumption supporting the direct
coupling, denitrification would have been enhanced by 5 moles of NO, per 100 moles of
oxygen consumed. The above equations assumed that the coupling was through nitrate.
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Figure 4. Flow diagrams of three deep-sea nitrogen budgets (fluxes in gm N m~? yr~"). Names
of both the sediment trap stations and our stations (in parentheses) are listed. Rates of
nitrification (Nit) and denitrification (Den) and nitrate fluxes (NO, Flux) were results of the
fixed Z, model (Table 2). Sedimenting organic nitrogen fluxes (N flux) and burial rates of left
2 stations were from Rowe and Gardner (1979). Stations KN58-2 and ADS were at the same
depth but were 160 km apart. The right station represents a more pelagic (Sargasso Sea)
system. Nitrogen fluxes were from Deuser et al. (1981) and the burial rate was calculated
using an organic nitrogen content of 0.09% (Rowe and Clifford, 1978) and a sedimentation
rate of 4 cm/1000 yr (Ericson et al., 1961). The stations NN and that of Deuser et al. (1981)
were 330 km apart.

If less oxidized intermediates such as nitrite or nitrous oxide were involved, then more
nitrification and denitrification could have occurred per mole of oxygen consumed.
We presented Eq. 22 to examine how much the nitrification-denitrification coupling
could have enhanced rates over our calculations. If this couple were important, then
significant quantities of the denitrified nitrogen would have appeared to be “missing”
in a typical nitrogen budget. To check this, we constructed three budgets by comparing
sediment trap measurements of the organic nitrogen fluxes and nitrogen burial rates
from nearby stations with our data from stations ADS, DOS2, and NN (Fig. 4).
Because ammonium concentrations were low in the aerobic strata, we considered that
the nitrification rates approximated ammonium regeneration rates. At station ADS,
the nitrification rate exceeded the nitrogen input (nitrification was 171% of the N flux)
while nitrification averaged 61% of the nitrogen input for the other two budgets. For
the three budgets, the nitrification rate averaged 98% of the organic nitrogen input,
and burial averaged 23% of the organic nitrogen input. Deuser et al. (1981) noted that
short term deep-sea sediment trap fluxes may vary by several fold over the annual
cycle. However, if the values were used represented true averages then the budgets
were not far out of balance and the total amount of ammonium lost as N, was probably
not extremely large. Interestingly, the nitrate flux into the water column accounted for
about 70% of the sum of the nitrification and burial rates for each budget, indicating
that of the sedimentary rates that we measured 30% of the nitrogen was lost by
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conversion to N, or organic matter burial. Previous measurements of the outward
ammonium flux of 0.075 gm N m~? yr™! at station ADS (Smith et al., 1978) would
have added to our budget and could have been associated with our measurable
ammonium concentration at or near the sediment water interface (Fig. 2).

One consequence of autotrophic nitrification is that CQO, is fixed into organic
material. If fixation were significant, this potentially could be a source of “new”
carbon for the deep-sea benthos. We estimated the importance of CO, fixation by
assuming a stoichiometry of CQ, fixed to ammonium oxidized of 1/10 (Billen, 1976).
If 35% of the oxygen consumption is due to nitrification, then 1.75 moles of CO, would
be fixed per 100 moles of O, consumed (.35 x 100 x 1 NH,/2 O, x 1 CO,/10 NH,).
Carbon dioxide production would be the sum of aerobic and anaerobic respiration and
can be calculated using the C/N stoichiometry of 106/16 and the ammonium
production for aerobic and anaerobic respiration which was estimated earlier. Aerobic
respiration produced 9.8 moles of ammonium/100 moles of oxygen consumed while
anaerobic respiration produced 6.7 moles of ammonium/100 moles of oxygen
consumed. The CQO, production would then be 109 moles of CO,/100 moles of O,
consumed. Autotrophic production by the nitrifiers then represents 1.6% of the CO,
produced by both aerobic and anaerobic metabolism. Consequently, the “new” carbon
would be of little significance in the overall carbon budget of deep-sea sediments
although it may be a good source of utilizable organic matter for heterotrophic
consumers.
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