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Nitrous oxide (N.0OJ is a constirtuent of the mit rogen cycle in the
o
marine environment. Investigaticns into the ccncentration and distri-

bution of dissolved nitrous oxide were carried cut in two diver:
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snvirvonments: 1) a relatively unpolluted estuary on the Oregon Coast

and 2} the interstitial waters of a deep-sea sediment located near the
Galapagcs Spreading Center in the eastern Pacific Ocean. These studies
were conducted with two basic objectives in mind. First, tn deternine

1f these environments serve as sources or sinks of dissoived K‘C to the

ocean and/or atmosphere in the case of the estuary and to the ccezn in

the deep-sea sediment, Second, to atte erpt, by mezsuring
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other constituents of the nitrogen cvcle concurrently, to elucidats
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the role of nitrous oxide in the various processes irvolved in mar
nitrogen cycles,

The results of surface water sampling in the estuary, Alses Bay,
Jrzgon, indicated that this envircnment served as a varisble sourcs of
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sunzer of 1979, Nitrous oxide saturations ranged from §0% te 239%.
undersaturation occurred in only +hree out of 3§ samples collected.
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Based oa this data, an vpper limit far the average annual flux of N.C



L . . . ., A0 -
across the air-water Interface was estimated to be 1.75 X 10 moles N,O

yr b (7.7 x 107 g N0 yr by,
4

The concentrations of nitrous oxide, nitrate and nitrite showed

significant changes over thz course of the summer. Large initial in-
eases of all three species are attributed to nutrient-rich upwelling

water being brought into the estuary with the tide. Later in the summer,
the data suggest the possibility of N20 participation in assimilatory
nitrate reduction, as all of the fixed nitrogen species measured de-
crease in concentration. Contributions to the overlying water from
processes taking place in the sediment may be significant, hut could
not be determined from this study.

Sampling of the Alsea River was also conducted on three cccasiors

in late summer and early autumn of 1979, Significant N, u variations in

river samples were found befcre and after the rainy season began, with

higher N,0 values occurring afrer flond conditions in the viver were
“
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established. This suggests that soil runoff contributez ts increased
V 0 concentrations in rivers. The river samples showed N.O scturations
ranging from 94% to 1656%,

In deep-sea sediments near the Gzlapagos Spreading Center, inter-

stitial water profiles of nitrate plus nitrite and molecular nitroge:

1A

5

t1
ct
By
[p]

suggest that denitrification is cccurring in the upper 0

v
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sediment. If this is the case, then the NEO profiles at the same loca-
tions indicate that denitrification in this marine envircnmznt results
in beth the production and consumption of N,O0. Consumption of nitrous
oxide cccurs deeper in the pere water within and below *he nitrate

reduction zone. However, N,0 maximz of nins o fortv times ambient

water column concentrations were cbserved in the upper pore water of



the sediment, resulting in a net diffusive flux of NZO out of the
sediments. Thus, the sediments sampled here serve as sources of nitrous
oxide to the open ocean water column,

An upper limit to the total diffusive flux of NZO out of deep-sea

sediments is estimated to te 7.0 X *Oil meles N.O yr_l (3.1 X 1(.7"3 g NZC

ok

yr_l), a number comparable to the estimated flux of NZO frox open ocean
surface waters to the atmosphere. The estimated flux of nitrate plus
nitrite into the sediment is sufficient to support the upper pore

water nitrous oxide maxima and consequent diffusive flux of N,0 our o¥

the sediment.
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PREFACE

This thesis has been written in manuscript form, as recommended by
the School of Oceanography in order to facilitate publication in a
scientific journal. The first chapter of this thesis will be submitted
to Deep-Sea Research with Marie de Angelis as first author and Louis I.
Gordon as second author. The second chapter will also be submitted to
a journal with Marie A. de Angelis as first author and Louis I. Gordon,

Ross 0. Barnes, Philip Froelich and Michael Bender as minor authors.



CHAPTER 1

DISSOLVED NITROUS OXIDE IN ALSEA BAY, OREGON
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ABSTRACT

Surface waters of Alsea 3Bay, an unpolluted estuary on the Oregon
. Py L]

Coast, were analy:zed for N.C on a weekly or biweekly basis during the

summer of 1979. The estuary was fcund to be a variable source of NEO
to the atmosphere with supersaturaticn values ranging from 104% to
239%. Systematic variations in the concentrations of N,0, NOE, and NOé
were observed during the course of the samnling period. Large and rapid
increases in the concentrations of these nitrogen species occurred at
the beginning of the sampling period and are attributed to the influx
of nutrient-rich upwelling water into the estuary with the tide. The
subsequent decline in concentrations of nitrate, nitrite and nitrcus
oxide over the remainder of the summer is attributed to assimilatory
nitrate reduction taking place in the estuary and/or surface cocastal
waters which are subsequentiy transported into the estuary.
Measurements of nitrous cxide at six staticns along the Alsea
River were also made on three dates in September and October of 1979
both before and after the beginning of the rainy season. Samples taken
after flood conditions were estabiished were found to be systematically
50% higher than pre-flood samples. The data suggest that soil runoff

results in elevated concentrations of N,O0 in rivers.



DISSOLVED NITROUS OXIDE IN ALSEA BAY, OREGON
INTRODUCTICN

Nitrogen is a micronutrient necessary for primary production in
the marine environment. Conseguently,., an understanding of the marine
nitrogen cycle is important. One of the constituents of this cycle is
the trace gas nitrous oxide (NZO), whose role in the aquatic nitrogen
cycle has only recently been examined in detail. With molecular nitro-

gen (N2), nitrous oxide represents a potential loss of fixed nitrogen

ot

from this environment.

Most studies of dissolved nitrous oxide in the aquatic environment
have taken place in the open ocean {Craig and Gordon, 1963; Yoshinari,
1976; Hahn, 1974,1975; Cohen and Gordon, 1978a; Elkins, Wofsy, McElrocy,
Kolb and Kaplan, 1978). In all cases where the water was well-oxygen-
ated it was found that NZO was negatively correlated with oxygen at ail
depths and positively correlated with nitrate. In addition N_O was
found to be present in concentrations in excess of expected saturation
values with respect to the atmosphere at the temperature and salinity
conditions observed. From these observations, Yoshinari (1976) and
Cohen and Gordon (1978b) concluded that nitrification, the process by
which ammonium (NHZ] is oxidized to nitrate (NO%), results in the pro-
duction of NZO in the ocean.

Evidence for the consumption of KEO in the marine environment has
been observed in the oxygen depleted waters of the Eastern Tropical
North Pacific {Cohen and Gordon, 1978b), off the coast of Peru (Elkins

et al.,l1978) and in the intermittently anoxic waters of Saanich Inlet

(Cohen,1978). In these regions, z nitrous oxide minimum in the water



column was observed to ccincide with Foth an oxygen minimum and a
nitrite maximum. The coinciding oxvgern minimum and nitrite maximum are
characteristic of a denitrification regime in which nitrate is reduced
to molecular nitrogen {Goering, 1968; Cline and Richards, 1572). From
these studies it was concluded (Cohen, 1978; Cohen and Gordon, 1578b)
that the net result of denitrification is the consumption of NZO'

The process of denitrification is beiieved to occur according to

~

the sequence NO?) - Noé + NO » X,0 = N, (Payne, 1973). Frem this
sequence it can be seen that although NZO is recuced to N2 and thus
consumed, at some time in the course of denitrification it is produced
as well, however transiently. The discovery that acetylene can btlock
this final reduction of NZO to N2 {Fedorova, Milekhina and I1'Yukhina,
1973) has resulted in a number of studies (Yoshinari, HHynes and Knowles,
1977; Balderston, Sherr and Pavme, 1976; Yoshinari and Knowles, 1976)
in which it is shown that N20 is an intermediate in denitrification.
Cne of the most compelling reasons for the recent interest shown
in dissolved NZO in the oceans has been the concern that NZO dissocia-
tion in the stratosphere could result in a reduction of the ozone layer
(Crutzen, 1970). Concern had arisen that increasing use of artificial

fertilizers (Johnston, 1977; Liu, Cicerone, Donahue and Chameides, 1977;

Crutzen, 1976) and combustion of fossil fuels (Weiss and Craig, 1976

-

Pierotti and Rasmussen, 1976) will result in the concurrent increase in
stratospneric NZO levels and a subsequent further depletion of the
ozone layer. Recent reevaluations of photochemical reaction rates in
the atmosphere (Turco, Whitten, Foppoff and Capone, 1978; Whitten,
Borucki, Capone, Riegal and Turco, 19£0) have lessened the importance

of NZO in this regard. Despite this, it remains of importance to
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determine the major sources and sinks of NZO for the atmosphere and
biosphere, as well as their rslative magnitudes, in order to evaluate
the relative importance of N,0 in various nitrogen cycles and

the effects of the increasing input of N:C from anthropogenic sources
on these cycles.

The only known sink for atmospheric NAO is in the stratosphere
through photodissociation and reaction with excited okygen atoms (Hahn
and Junge, 1977). The land is generally ccnsidered to be a major source
of N20 through bacterial denitrification and nitrification in the soil

(Hahn and Junge, 1977; Bremner, 1978). Measurements of N,0 throughcut

L—

the surface waters of the North Atlantic (Hahn, 1975; Yoshinari, 1976),
the Northeast Pacific (Cohen and Gordon, 1978a), the Central Pacific
(Elkins et al., 1978) and the Eastern Tropical North Pacific (Cohen and
Gordon, 1978b; Rasmussen, Krasnec and Pierotti, 1976) indicate that the
oceans are a source of NZO to the atmosphere. An average supersaturation
of 1C09% was estimated from these studies (Cohen and Gordon, 1978a).

Some studies of NzO in aguatic systems other than the open ocean
have been made recently. Elkins et al. (1978} reported undersaturation
of N20 in the surface waters of Chesapeake Bay during the summer, as
well as in nearby tidal salit marshes, thus suggesting that estuaries
and salt marshes might serve as sinks for atmospheric NzO. McElroy,
Elkins, Wofsy, Kolb, Duran and Kaplan (1373) and Kaplan, Elkins, Kolb,
McElroy, Wofsy and Duran (1978) reported NZO producticn and super-
saturation in the Potomac River and Estuary and attributed this excess
N20 to the effects of pollution and sewage treatment plants. Kaplan et

al. (1978) also examined two freshwater ponds and observed that one

pond was a strong source of N,O to the atmosphere, while the other was



a sink for N20. Cicerone, Shetter and Liu (1978) measured dissolved
NZO in two Michigan rivers and one lake and found that all of these
systems contained excess Nzo. They aiso attributed these supersatura-
tions to pollution sources. No detailed study of an unpolluted fresh-
water or estuarine system has been reported.

This paper presents the results of a three month study of NzO in
the surface waters of an unpolluted Oregon estuary, Alsea Bay, in the
summer of 1979. The purpose of the study was twofold: the first ob-
jective was to determine if this relatively natural estuary and its
associated river system serve as sources or sinks cf NZO to the
atmosphere. The second object of the study was to attempt to elucidate
the role of N O in the estuarine nitrogen cycle and determine if the

2

processes controlling the concentration of NZO in this environment are

the same as in other marine environments, such as the open ocean.
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METHODS

Experimental site

Alsea Bay (Figure 1} is a drowned river valiey on the Oregon coast

located at 44° 26' N latitude and 1247

0S' W longitude, approximately
130 miles south of the mouth of the Columbia River. The bay is supplied
chiefly by the Alsea River which rises on the western side of the Coast
Range. River runoff is low during the summer months. The tides are
semi-diurnal and the mean tidal range is 1.8 meters (Matson, 1972). The
tidal prism is 1.4 X 107 ms. Tidal influence is felt to about 16 miles
from the mouth. The surface area of the bay is reported as 8.78 X 108
m2 at mean high water and 4.73 X 108 m2 at mean low water (Percy, Bella,
Sutterlin and Klingeman, 1974). The bay is shallow, not exceeding 2 m

in most sections. During the summer the bay is well-mixed and no

stratification takes place (Burt and McAlister, 1959).

Sampling

Sampling was conducted on six occasions during July, August and
September of 197S. On the first two sampling dates, July 13 and July
25, both surface samples and samples at one meter depth intervals were
taken. Salinity and other parameters showed the estuary to be well
mixed and on subsequent occasions only surface samples were taken.
Water samples were collected at 1 to 5 stations (Figure 1) at various
stages of the tidal cycle on each date. Sampling was ccnducted from a
14 foot open boat by means of either an all-plastic, battery driven
centrifugal pump or a hand operated peristaltic pump. In either

sampling method, samples were not drawn until air bubbles had been
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Figure 1. Alsea Bay, Orepon and station locations for summer, 1979 sampling. Dashed lines
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excluded from the pump. Nitrous oxide samples were collected in either
195 2 R i lask i 3 1 1
125 cc or 25 ci Pyrex gas sampling flasks with ungreased Teflon plug
stopcocks, and poisoned with 100 ppm HgCl.,. Poiscning tests indicated
that HgCl2 preserved N,0 concentrations for at least 16 days. Samples
were run within a week of sampling. Air samples for N,O analysis were
collected in 50 cc flasks similar to those used for N7O water samples

by means of a hand operated vacuum pump. Nutrient samples were frozen

in dry ice and remained frozen in a freezer until thawed for analysis.

Analytical methods

Nitrous oxide was analyzed by means of the electron capture gas
chromatographic method described by Cohen (1977). The precisicn of the
method is #2% and estimated accuracy is %3%. Nutrients were measured
by autoanalyzer technigques {(Gordon, Dahm, Dickinson, Fark and Standley,
1975), The precisions for the nitrate and nitrite analyses are 5% and
estimated accuracies are #2% and #5% respectively. Dissolved oxvgen was

measured by the Carpenter (1965) modification of the Winkler method.

ol

N

This method has 2 precision of 0.5% and an accuracy of #0.3%. Salinity
was measured on a EBissett-Berman inductive salinometer with an accuracy
of #0.003 ppt. Temperature was measured with a general laboratory
thermometer with one division per degree Celcius.

Nitrous oxide values are reported in terms of % saturation
throughout the text for three reasons. Primarily, there is a systematic
disagreement between various laboratories measuring NZO in air samples
(Pierotti and Rasmussen, 1978). Reporting N,0 concentrations in terms

of % saturation with respect to measured atwospheric values eliminates

any systematic error in this variable provided both the water and air



10
samples are analyzed by the same methoed. Secondly, we were mainly
interested in the source/sink potential c¢f the estuary with respect to
N,O. This is directly dependent on whether the surface waters are
undersaturated or supersaturated with NZG with respect to tne atmosphere.
Hence, % saturation is the mcst natural form of reporting NQO values
in this regard. Thirdly, the use of % saturation takes into account
the widely varying salinity and temperature conditions enccuntered in

an estuarine environment.
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RESULTS

Although up to five stations were occupied throughout the estuary
on any one date, only the results from station 2 will be prssented and
discussed in detail, although the data from all stations are used in
calculations. Station 2 was the only station occupied on all six
sampling occasions. The other stations, when occupied, showed similar
results to those from staticn 2. No obvious spatial variations in NZO
concentrations throughout the estuary were observed. (See Appendix for
a complete data listing).

On July 13, NZO saturation values ranging from 104% to 143% over
a five hour sampling period were observed (Figure 2, Table 1),

-9
O oM {1 nM = 10 7 moles

[o]

corresponding to NZO concentrations of 6.7 te
1—1). All but one (143%) were in the range 104% to 115%, similar to the
saturation values observed in open ocean surface waters (Cohen and
Gordon, 1978a). Twelve days later cn July 25, radically different
dissolved nitrous oxide values were observed over the same tidal stage
interval (Figure 2). Nitrous oxide saturations on this occasion ranged
from 153% to 239% (10.1 to 18.6 nM) with maximal N,O vaiues occurring
around high water,

We returned four more times in the next one and a half months and
observed a systematic variation in N20 concentrations over this time
interval (Figure 2). Two observations can be made from the N,0 data
presented in this figure. First, NZO saturation values reached maxima
at or pear high water. Secondly, at all of the tidal stages examined,

N,O concentrations started out at near saturation levels at the

beginning of July, increased sharply within the next two weeks and then
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Figure 2, Nitrous oxide % saturation values vs. time (hrs) for all sampling dates
at station 2 for all tidal stages sampled, summer of 1979,



decreased gradually but steadily as the summer progressed, reaching
near saturation values again bv early 3Scptember.

This cyclic variaticn in NZO over a three month period described
in the second point above can most readily be seen by examining the NQO
data from each sampling date at one particular point in the tidal cycle.
This has been done in Figure 3 in which the NZO saturation values at
high water for each of the sik sampling dates have been plotted over
the entire three month period. High water was chosen because station 2
was occupied at this tidal stage on every sampling date. Similar figures
for tidal stages corresponding to two hours after high water and to
one and a half, three and four hours after high water show comparable
variations.

Nitrate and nitrite samples were taken at the same times and these
species go through a cyclic variation similar to that undergcne by N20.
Nitrate concentrations of (.06 M (1 M = 107% moles 1-1) were observed
at the beginning of July and increased sharply to a maximum of 21.7 uM
in the same interval that NZO undergoes its increase. Nitrate then
decreases steadily, reaching a concentration of 0.015uM on the Septem-
ber sampling date. Nitrite followed a similar pattern with initial
concentratidns of 0.045 uM on July 13 and a maximum concentration of
0.22 uM on July 25. Nitrite values subsequently decreased to 0.035 uM
by September 7.

Oxygen values for the same time period underwent a different
pattern (Figure 3). Between July 235 and August 7, while all of the
nitrogen species measured decreased slightly, O, also underwent a

decrease from 221 uM O, to 191 uM G,. However, as N0, NG,, and N,0
= - 9 -

decreased sharply by August 16, dissolved oxygen increased sharply to a



400k 220%-

350}~ 200} s
300+ 1801 1.8 420
0, | N,O
(pvi)} osat'a

250" lSO}“ = QG - !s

(fd) i {ubd)
zool. w1o}_ i D
1501 izol- | PR ‘
2 i £ 1 o
JULY . AUG

0 =0

SEPT
Figure 3, Nitrous oxide, nitrate, nitrite and dissolved oxygen concentration variations
for summer, 1979 samples for station 2 at high water only.

¥l



15
maximum of 221 uM O,. The apparsnt oxygen utilization (AQU), defined
) )

as U7 v

) - , went from positive values of 61
2 saturation (T,S) E

2 measursd’
pM on July 25 and 93 uM on August 7 ¢ a negative value of -110 ¢M on
August 16. Thereafter, dissclved O2 decreased steadily, reaching a near
saturation value of 252 pM on Septemcer 7, corresponding to an AQU
value of -8.9 puM. The data for the nitrogen species as well as for

dissolved oxygen for station 2 at four different tidal stages are

given in Table 1.
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Table 1. Dissolved nitrous oxide, nitrate, nitrite, dissolved oxygen
and apparent oxygen utilization (AOU) for station 2 at selected tidal

stages. See Appendix for a2 full data listing.

THREE HOURS BEFORE HIGH WATER

N,0 N,O NC, NO, 0, AQU
4 e B r4 =

Date {nM) % sat'n) (M) (M) fuM) {(uM)
13 July 6.7 104 - .18 - ——-
25 July 15.9 205 24,7 .33 269 16.5
7 Aug 10.5 137 6.1 .24 215 45.0
21 Aug 8.9 127 0.22 .080 290 - 25.7
7 Sept 7.3 113 -—- -— 255 - 14.8
CNE AND A HALF HOURS BEFORE HIGH WATER

13 July 6.9 109 0.10 .067 - ---
25 July i8.6 238 20.9 20 219 66

7 Aug 20.7 225 24.0 2 153 132
21 Aug 10.4 172 0.15 .080 334 - 75

7 Sept 6.8 107 0.37 .079 256 - 16.8
HIGH WATER

13 July 7.6 115 0.06 045 -—- ---
25 July 18.2 239 21.7 .22 221 1

7 Aug 20.6 225 20.5 .21 191 93
16 Aug 14.0 191 0.74 .067 77 -110
21 Aug 9.4 156 -—-- --- 322 - 74

7 Sept 6.9 104 0.015 .035 252 - 8.9
ONE AND A HALF HOURS AFTER HIGH WATER

25 July 15.9 212 20.9 .19 243 2

16 Aug 12.8 174 3.0 .13 342 - 75
21 Aug 10.1 167 0.27 .020 335 - 86

7 Sept 6.7 101 0.69 .14 255 - 12,1



DISCURSIGN

Temporal Estuarine Nitrogen Variations

During the three month sampling period, apparent systematic
variations in the concentrations of the measured nitrogen species were
observed {Figure 3). The dramatic increases in all three species, NOé,
NO,

o B4

“

and N,0, between the first two sampiing dates might be attributed
to either of two processes. The first iIs that a biological process is
responsible, i.e., the nitrogen species are being produced in the es-
tuary in situ by a process such as bacterial nitrification. The
sediments are the most likely site for processes of this type to be
occurring. The elevated concentrations of the nitrogen species could be
attributad to their production in the sediment and subsequent diffusion
into the overlying water. If this were the case, maximum concentrations
of these compounds would be expected to occur at periods of either
slack water or low currents, such as is associated with high and low
water.,

A second possibility is that these elevated nutrient and nitrous
oxide concentrations are being physically transported into the estuary
with the tide. Coastal upwelling of cold, nutrient-rich water to the
surface is well known to occur during the summer months on the Oregon

coast (Huyer, 1977). This upwelled water is characterized by NO, (plus

3
NOé) concentrations in axcess of & uM as well as undersaturated
dissolved oxygen values {Atlas, Gordon and Tomlinson, 1978). The nut-

rient and N20 values observed on July 25 probably result primarily from

the influx of upwelled seawater with the tide. In Table 2, the nutrient

data from this study of Alsea Bay is compared to average nutrient levels
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Table 2. Average nutrient levels in Pacific Northwest coastal waters
from Atlas, Gordon and Temlinson (13978) compared to observed Alsea

Bay, summer of 1979 nutrient levels at station Z at high water.

No; + NOé(uM) 904'{uM) $10, (uM)
NE Pacific surface water 3 0.7 10
Columbia River water 1¢ 0.5 150
Upwelling water 35 2.4 45
Alsea Bay water
13 July .11 c.12 6.0
25 July 21.9 1.31 39.6
7 Aug 20.7 2.12 42.9
16 Aug 0.81 0.46 4.9

7 Sept 0.05 0.53 4.0



in Pacific Northwest coastal waters taksn from Atlas et al.(1978). Cn
July 25 and August 7 the levels of nutrient concentrations cbserved in
Alsea Bay are similar to those which are characteristic of upwelling
water in this area. In addition, the winds on July 25 and August 7 were
northerly, i.e. favorable for upwelling o occur. With respect to N20’
Elkins et al. (1978) observed "largest surface concentrations [of NzO]
in the zone of high productivity associated with the equatorial up-
welling.' Under this hypothesis the maximum effect on Nzo levels of
the influx of upwelled water into the bay would be seen at high water,
when the maximum seawater invasion of the estuary occurs. In Alsea Eay,
particularly on July 25 and August 7, maximum concentrations of NG;, NO;
and NZO were observed to occur at or near high water.

Regardless of the cause, extremely high supersaturations of NZO
are observed, resulting in a release of NEO from the surface waters of
the estuary to the atmosphere. If the cause 1s biological, the estuary
provides a chemical and/or biological environment in which N20 is prc-
duced. If the cause is the influx of upwelled water, then the shallow-
ness of the estuary provides a physically large surface area for a
consequently large diffusive flux of NQO across the air-water interface.

The chemical observations for the remainder of the summer are also
subject to the same considerations. There is a systematic decrease in
all of the nitrogen species after the maximum concentrations of July 25
and August 7. A plot of NZO versus salinity (Figure 4) for the entire
sampling period shows marked nonlinearity, particularly at high salin-
ities. If the observed concentrations of N2O in Alsea Bay reflect simple
two point mixing between seawater and river water, Figure 4 would indi-

cate that between July 13 and September 7, dissolved N,0 being brought
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into the estuary with incoming seawater is being lost or consumed. An
alternate explanation is that the NZO«S curves in Figure 4 raflect

three point mixing between near NZO saturated river water, high salinity
coastal surface water that is slightly supersaturated with respect to
NEO, and high salinity upwelling water that is highly supersaturated
with N?O.

However, biological processes must be responsible for the decline
in nitrate, nitrite and nitrous oxide concentrations throughout the
latter part of the summer, whether they take place in the estuary or
in coastal waters that are subsequently transported into the estuary.
With regard to these biological processes, either denitrification or
assimilatory nitrate reduction {Painter, 1970) may be taking place,
either of which could result in the consumption of nitrate and nitrite.
However, the observed dissolved oxyvgen values are higher than the
threshold 1limit of approximately 5 uM above which denitrification in
marine svstems is not believed to occur (Geering, 1968).

Assimilatory nitrate reduction, or nitrate uptake, in which NO%
is used as a nitrogen source rather than as an energy source, is
carried out by phytoplankton and blue-green algae in the euphotic zomne
as well as by some bacteria (Painter, 1970). This nitrate consuming
process results in the concurrent release of oxygen, consistent with
both the dissolved oxygen and nitrogen nutrient data after August 7.
Between August 7 and August 16, NO; and NO; concentrations decrease
sharply while dissolved oxygen concentraticns undergo a sharp increase
from undersaturated O2 values (positive AQU) to supersaturated values
(negative ACU). Nitrogen is generally considered to be the iimiting

micronutrient in Pacific Nerthwest coastal waters. Phyvtoplandton bloems
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with resultant nitrate depletion are common occurrences after upwelling
events supply high levels of nitrate tc the euphotic zome in this region
(Atlas, Gordon and Tomlinscr, 1678). The role of NZO in assimilatory
nitrate reduction is not known. Although the relative concentrations
of nitrous oxide in the estuary decrease from July 25 onward, the
observed levels of this gas are still well above saturation until early

September when they approach saturation values. As a result, the estu-

ary continues to be a source of N,O0 to the atmosphere throughout the
7 2 P g

3

production of N,O in aquatic systems. After August 21, when nitrate and

summer. This suggests that assimilatory NO, reduction may result in the

nitrite have been depleted to low levels, the N,C supersaturations may
-

result from a process such as denitrificaticn taking place in the

sediments of the estuary. No conclusive evidence for this was found in

this particular study due to the fact that sampling was limited to

surface waters during the latter part of the summer.



Nitrous Oxide Exchange Across the Air-Water Interface

The dissolved nitrous oxide surface saturation values measured in
the estuary varied widely cver the course of the summer. Nitrous oxide
per cent saturations ranged from a minimum of 90 % at station 5 on
September 7 to a maximum of 239% at station Z on July 25. Undersatura-
tion of dissolved N20 with respect to the atmosphere was observed on
only three occasions on September 7, while supersaturations were ob-
served with the remaining 85 samples. It can be concluded then that
during the summer of 1973, Alsea Bay was a variable source of NZO to
the atmosphere.

The magnitude of the diffusive flux of NZO across the air-water
interface can be estimated using 2 simple stagnant film model (Bolin,
1960). This model assumes that the rate determining step for gas ex-
change is molecular diffusion through a liquid laminar layer at the

air-water interface. The gas flux, F, of N,0 across the interface is
L

given as:
F=-I21ANO (1

where Z 1s the thickness of the laminar layer, D is the diffusion co-
efficient for NZO and ANZO is the difference between the measured near
surface NZO concentration and the NZO equilibrium solubility with
respect to the atmosphere at the temperature and salinity conditions

of the water. The diffusion coefficient is a function of temperature
and values for D were ektrapolated from those given for N20 by Broecker
and Peng (1974). The laminar layver thickness is a function of wind

speed. Values for Z for each of the sampling dates were estimated from
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the relationship between Z and wind speed given by Emerson (1975).
Laminar laver thicknesses ranged from 1Zum to 480um corresponding to

-1 .
to 1.8 m sec respectively,

ey

wind speeds of 11 m sec

Using equation 1, average N,0 fluxes across the interface were

]
-

calculated for each sampling date in terms of both moles NZO sec—lcm
and moles N,0 yr—l, using the surface area of the estuary at mean high
2

tide (8.78 X lO8 m~, Percy et al., 1974). The results are given in
Table 3. An overall average flux for all of the samples was calculated

. -11 -1 -2 .4 -9 -1 -2
to be 6.3 X 10 moles N,0 sec “cm (2.8 X 10" g N,0 sec "cm 7).
This is an estimated annual flux of N,O into the atmosphere of

-

1 (7.7 X 10 g N,0 yr_l). Due to the vari-

1.75 X 10° moles N,0 yT
ability of the NZO values observed during the summer months and the
lack of data from other seasons, this probably is an upper limit to
the source term for this estuary.

Using an average open ocean NzO supersaturation of 109%, Cohen
and Gordon (1978b) estimated an NZO flux into the atmosphere from the
ocean of 3.6 X 101! moles N0 vt 2 x 1082 g N0 yr™'). Thus the N,0
flux into the atmosphere acrcss the air-water interface from Alsea Bay
is much smaller than that from the open ocean surface waters, as would
be expected from the large difference in surface area between the two
environments. On a per square centimeter basis, the estimated annual

- - -2
flux for Alsea Bay is 2.0 X 10 7 moles N,O0 yr 1 cm ~, as compared to

-7 -1 -2
1.1 X 10 " moles N,0 yr "cm =~ for open ocean surface waters. Therefore,
on a per unit area basis, Alsea Bay is comparable to the surface waters

of the open ocean with respect to the diffusive flux of N,0 to the

atmosphere.



Table 3. Average calculated fiuxes of nitrous oxide for all stations

on each sampling date. The surface area of the bay at mean high tide

. - -1
was used to calculate the flux in terms of moles N,O yr .
I

Average flux Average flux
Date (10_11) moles N,0 sec lem™? (106) moles N,0 yr'l
13 July 4.0 1.1
25 July 8.3 2.3
7 Aug 20 5.6
16 Aug 2.1 .58
21 Aug 1.3 35

7 Sept 7.0 1.

[ 93]



Riverine Nitrous Oxide Observations

On two occasions in October, 1979, surface water samples from
seven stations along the Alsea River were analyzed for NZO’ A single
river station was also occupied on a single date in September. Figure
5 shows the locations of these stations. River station A, 73 miles from
the mouth of the estuary, is a spring fed pool which is one of the
sources of the South Fork of the Alsea River. River station G corre-
sponds to estuary station one with respect to distance from the mouth
of the bay. The results of the nitrous oxide river measurements are
given in Table 4 in terms of both molar concentration units and per
cent saturation with respect to the atmosphere. All samples were
collected at fast moving parts of the river.

The first observation that can be made from the data presented
in Table 4 is the difference between the nitrous oxide values obtained
on the first two sampling dates and those observed on the last date.
The NZO river values for September 12 and October 10 are close to
saturation with respect to the atmosphere. The values for October 27
are svstematically about 50% higher at all of the river stations. The
major difference between these dates is that the first two occurred
before the rainy season began or before flood conditions in the river
prevailed, while the last date occurred after the rainy season had
begun and river flooding had occurred. On October 27 the river was
visibly swollen.

The higher N,O values on the post flood sampling date might be

2

attributed to increased soil runoff, which at the beginning of the

rainy season would result in an increased supply of nitrogen compounds
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Table 4. Dissolved nitrous oxide concentrations from the Alsea River
during September and October of 18785. Numbers in the parentheses are

per cent saturation with respect to the atmosphere.

N,C nM (% saturation)

River

Station 12 Sept 75 10 Oct 79 27 Oct 79
A 8.5 ( 99) 12.4 (125)
B 9.3 ( 94) 11.5 (120)
C 9.1 (106) 13.5 (146)
D 8.9 (117) 9.0 (105) 14.1 (147)
E 8.7 (104; 15.6 (156)
F 8.8 (104) 15.0 (163)
G 8.6 (119) 8.2 (115)
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to the wiver. Dowdell, Burford and Cxees (1379) reported elevated N20
values in drainage water from cultivated iand. An additional piece of
evidence that tends to support this hypothesis is the differences in
NZO concentrations on October 27 at stations A and B on one hand and
stations C through F on the other. Staticns A and B are located in
the hills and the surrcunding land is forested and not cultivated at
all. The NZO values at these two river stations are lower than at the
other stations that are ali located in the river valley. This valley
is less forested and both cultivation and grazing take place in it.
There are no sources of pollution to this river that could be respon-

sible for the high levels of N,0.
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CONCLUSIONS

In Alsea Bay, during the summer of 1979, rapid changes took place
with respect to the aquatic nitrogen chemistry. The temporal variations
in nitrate, nitrite and nitrous oxide concentrations in the sstuary
appear to reflect three point mixing between river water, coastal sur-
face seawater and upwelling water. Processes taking piace in the sed-
iment could be important but their contributions to the effects seen
in the overlying water could not bte deduced from this study. The influx
of upwelled water at the beginning of the sampling period resulted in
high nutrient concentrations and supersaturated NZO values. During the
latter part of the sampling period, assimilatory nitrate reduction is
the most probable cause of the eventual near depletion of NOQ and NOE
and the gradual decline of NZO values to near saturation.

It was found that during the summer cf 1979, the estuary served
as a source of NZO to the atmosphere. The N20 diffusive flux to the
atmosphere from Alsea Bay appears to be comparable to that from the
surface waters of the open ocean on a per unit areal basis. This estuary
and probably its associated surface coastal waters serve as sites for
the loss of fixed nitrogen from the aquatic environment during the
summer.

The river studies presented showed interesting variations. The
increased concentration of N20 after a period of heavy rainfall and
subsequent runoff from land may indicate that large amounts of nitrogen
from soil may be lost by this process. It appears that at least during
some parts of the year, large supersaturations and consequent diffusive

fluxes of NZO to the atmosphere occur in this river system. There is no
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obvious scurce of polluticn to which these supersaturaticns can be
attributed. This suggests that natural freshwater systems can serve as
sources of nitrous oxide to the atmosphere and receiving estuaries on
at least a seasonal basis. Nitrous cxide may prove to be a quantita-
tively important medium for the loss of fixed nitrogen from this and
other aquatic ecosystems.

Future studies should include concurrent sampling of coastal
seawater and entering river water as well as estuary sampling embracing
a wider range of salinity conditions than that encountered in this
study. Sampling should extend to a year round basis and should include
near bottom and sediment sampling as well as surface water sampling.

In addition, microbiological studies investigating such processes as
denitrification and nitrification should be carried out. Estuaries are
extremely complex systems with which to work but may prove to be
extremely important with regard to understanding the aquatic nitrogen

cycle.
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CHAPTER 1I

NITROUS OXIDE PRODUCTION AND CONSUMPTION

IN INTERSTITIAL WATER OF A DEEP-SEA SEDIMENT
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Nitrous Oxide Production and Consumption in the Interstitial

Water of a Deep-Sea Sediment
ABSTRACT

Measurements of nitrate (plus nitrite), nitrous oiide and
molecular nitrogen in deep-sea interstitial waters indicate that
denitrification is taking place in the upper 25 cm. Quantitative
measurements of nitrous oxide in these waters show NZO maxima of nine
to forty times ambient water column concentraticns. Denitrification in
the pore water results in both the production and consumption of NZO.
Although the sediments observed are an eventual sink for dissolved
nitrous oxide deeper in the pcre water, they are shown to serve as a
source of NZO to the overlying ocean waters. An upper limit to the
possible flux of nitrous oxide out of such sediments is calculated to

13

- 1 -
be 3.1 X 10" g N,O yr 1 (7.1 ¥ 10"l moles N,0 yr 1), a number

2

comparable to the estimated flux of N,0 from the surface ocean waters

to the atmosphere,
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INTRODUCTION

Dissolved nitrous oxide is a constituent of the nitrogen cycle
that has only recently been examined quantitatively in the ocean. All
of the detailed investigations of the distribution and chemistry of
this gas in the marine enviromment have been confined to surface
waters and the water column. The role of N20 ir marine sediments has
not yet been examined thoroughly.

Craig and Gordon (1963) made the first measurements of dissolved
N20 in the open ocean waters of the South Pacific. While their data
gave quantitative values for NZO in seawater, the grouping of samples
from a number of locations and depths was such that no conclusions
as to the processes involved in its production and consumption could
be made. Yoshinari (1976) in the Northwest Atlantic, Hahn (1974, 1975)
in the Northeast Atlantic, Elkins, Wofsy, McElroy, Kolb and Kaplan
(1978) in the Central Pacific and Cohen and Gordon (1978a) in the
Northeast Pacific measured dissolved nitrous oxide throughout the water
column of weli-oxygenated ocean waters. In all cases it was found that
NZO was negatively correlated with oxvgen at all depths and positively
correlated with nitrate. In addition, N20 was found to be supersaturated
with respect to the atmosphere throughout the water column. From these
observed correlations of NZO with dissolved oxygen and nitrate, Cohen
and Gordon {1978b) concluded that nitrification, the process by which
ammonium is oxidized to nitrate, results in the production of N20 in
the oceanic environment. They estimated the total marine production of
12

NZO by this mechanism to range from 6 to 16 X 10

X 1011 moles NZO yr_l). The observed supersaturations of NZO in the

g N,0 yr-l (1 to 4
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water column are attributed to this process.

In the eastern tropical North Pacific, Cohen and Gorden (1978b)
found evidence for consumption of NZC in the water column. Nitrous
oxide minima were found at depths where the dissolved oxygen concentra-
tions were near zero and Secondary nitrite maxima were observed. This
oxygen depletion and occurrence of a nitrite maximum are characteristic
features of a denitrification regime which is commonly observed in this
region (Goering, 1968; Cline and Richards, 1972; Cline, 1973). Denitri-
fication occurs as dissolved oxygen is used up in the oxidative decom-
position of organic matter and nitrate is used as an alternative oxygen
source. Elkins et al. (1978) also observed depletion of NZO in low
oxygen waters of the Southeast Pacific.

In his investigations of Saanich Inlet, an intermittently anoxic
basin, Cohen (1978) observed dissolved nitrous oxide concentrations
decreasing markedly in the interface between the upper oxic waters and
the deeper anoxic zone. Chemiczl and microbiological evidence for
denitrification occurring in this interface layer was also observed.
Below the interface, in the anoxic waters, the NZO values decreased to
zero. From these studies it was concluded that denitrification in
marine waters results in the net consumption of nitrous oxide.

We present here quantitative measurements of nitrous oxide in the
interstitial waters of deep sea sediments. Nissenbaum, Presley and
Kaplan (1572) reported the presence of NZO in two cores from the sedi-
ments of Saanich Inlet. However, these values are described as ''only
approximate and ... qualitative', Sorenson (1978) reported NZO maxima
of up to 5 uM (1 uM = 10-6m01es 1_1) in the denitrification zones of

coastal marine sediments. In this report, we use vertical pore water



profiles of dissolved nitrous oxide at two stations in the eastern

equatorial Pacific to help elucidate the role of N20 in the denitri-
fication process and the mechenisms that control the production and
consumption of N20 in marine sediments. We then discuss the sediment

as a source or sink of nitrous oxide to the ocean.



Sediment interstitial waters were sampled at two sites near the

Galapagos Spreading Center. Station 126 was located at 0° 36.2' N,

0 ! . - o ! o !
86 8.8 W and station 130 was at 0 34.6 N, 8 7.8 W. Pore waters
at both stations were collected to a depth of 205 cm in the sediment
with the in situ interstitial water sampler described by Barnes (1973).
By using an in situ pore water sampler losses of gases from the inter-
stitial water are minimized.

The dissoived N2 was analyzed by z gas chromatographic method
{Barnes, Bertine and Goldberg, 1975). The precision of this method is
about 1%. Dissolved nitrous oxide was measured in 5 cc samples by the
method described by Cohen (1977). The precision of the NZO measurements
is about 2% and accuracy is approximately 3%. Nitrate plus nitrite were
determined by Philip Froelich of the University of Rhode Island by
autoanalyzer techniques based on the method of Wood, Arms:trong and
Richards (1967). The precision for this method is 0.5% and the estimated

accuracy 2%. All precisions given are for deep water levels of the

various measured species.
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RESULTS AND DISCUSSION

The results of the analyses for dissolved molecular nitrogen,
nitrous oxide and nitrate plus nitrite for the sediment interstitial
water of stations 126 and 130 are presented in Table 1 and Table 2.
Vertical profiles for these nitrogemous species in the upper 205 cm
of the sediment are shown in Figure 1 for station 126 and in Figure 2
for staticn 130.

From these two figures, it can readily be seen that the greatest
changes in concentration of all of the species measured occur in the
uppermost 25 cm of the sediment. We designate this as the nitrate
reduction zone since it is characterized by a drastic decrease of
nitrate {(plus nitrite) concentrations. In the pore waters sampled here,
nitrate (plus nitrite) decreased from near ambient bottom water con-
centrations at both stations cf approximately 37 uM (NO; + NO%) at the
water-sediment interface to minimum concentrations of 0.2 uM at station
726 and 1.1 M at station 130 at depths of 23.0 and 19.5 cm respectively.

In the same depth interval, dissolved nitrous oxide increased in
concentration above bottom water values before decreasing rapidly to
minimum values near the base of the nitrate reduction zZone. A strong
maximum immediately below the water-sediment interface 1is the most
striking feature at both stations for this gas. At station 126, a
maximum value of 1060 nM (1 nM = 10-9 moles 1-1) at 0.25 cm depth in
the pore water is observed compared to an ambient water concentration
of 24.9 nM at 22 cm above the sediment. This represents an increased
N0 concentration of greater than 40 times ambient water column values.

2
At station 130, the NZO maximum reaches 418 nM N,0 at a depth of 2.0
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Table 1. Nitrate plus nitrite, molecular nitrogen and nitrous oxide

concentrations in interstitial water, Station 126, cast 6.

Depth with respect to " " \
water-sediment interface 1\'03 * I\'02 Y3 NZO
(em) (M) (uM) (nM)
+ 22,0 37.6 601 24.9
+ 4.25 38.9 601 205
+ 2,75 38.0 629 137
+ 1.25 37.5 629 97
- 0.25 35.6 627 1060
- 2.0 25.4 608 124
- 4.5 21.3 657 63
- 5.25 20.8 633 56
- 10.5 14.0 660 22.5
- 13.5 4.8 325 15.9
- 15.25 3.7 647 7.9
- 16.5 0.8 684 16.8
- 19.5 0.6 639 7.2
- 23.0 0.2 685 7.9
- 25.25 0.8 661 1.28
- 45.25 1.4 650 15.8
- 85.25 1.9 649 17.7
-145.25 1.6 949 18.8
-205.25 1.1 665 10.5



Table 2. Nitrate plus nitrite, molecular nitrogen and nitrous oxide

concentrations in interstitial water, Station 130, cast

Depth with respect to

. . -
water-sediment interface NO3‘+ 1\02 NZ Ngo
(cm) (uM) (uM) (nM)
+ 22.0 39.2 - 45
+ 4.25 39.4 600 248
+ 2,75 38.4 606 336
+ 1,25 38.4 €03 230
- 0.25 - 37.6 601 331
- 2.0 35,7 615 418
- 4.5 18.2 644 393
- 5.25 16.4 677 308
- 10.3 5.8 610 330
- 15.25 7.5 713 93
- 16.5 1.1 791 17.
- 19.5 1.1 704 18.
- 23.0 1.4 -—- 20.
- 25.25 2.2 697 106,
- 45,25 -—- 673 17.
- 85.25 2.7 627 8.
-145.25 1.9 1420 27.
-205.25 1.1 655 144

NN W

-y

i
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Nq for station 126, cast 6.
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cm in the sediment compared to an ambient bottom water value of 45
nM, a ninefold increase in concentration in the interstitial water. At
both staticns this nitrous cxide maximum decreases sharply to below
ambient water column values at the base of the nitrate reduction zone,
reaching 1.28 nM NZO at 25 cm at station 126 and 10.4 nM at the same
depth at station 130.

At or near the base of the nitrate reduction zone, a maximum for
molecular nitrogen occurs at both stations. At station 126 a maximum
value of 825 uM N2 is observed at 13.5 cm depth in the sediment. At
station 130 the N2 maximum of 791  uM occurs at 16.5 cm depth. At both
stations the ambient water values for N2 are around 600 uM.

These upper pore water profiles of nitrogenous compounds of
varying oxygen content are consistent with the process of denitrifi-
cation, which is frequently observed to occur in marine sediments
(Grundmanis and Murray, 1977; Vanderborght and Billen, 1975; Barnes,
Bertine and Goldberg, 1975, Bender, Fanning, Froelich, Heath and
Maynard, 1977; Sorenson, 1978). Denitrification is a microbiological
process in which nitrate is reduced to nitrite which in turn is

reduced to N,0. As NO3 and N02 are depleted or reach low levels, N,O

is further reduced to molecular nitrogen (Goering, 1978). This process

is represented below in which the numbers in parentheses are the

oxidation numbers for the nitrogen atom of each respective species

- -

(Payne, 1973).

No; - Noé > NO » NZO > NZ

(+5) (#3) (+2) (+1) (@

Doubt has been expressed in the past as to whether or not nitrous



oxide is an obligatory intermediats in this process (Delwiche, 1956;
Fewson and Nicholas, 1961). However, recent studies by Yoshinari and
Knowles (1976) and Balderston, Sherr and Payne (1976) using the ace-
tylene inhibition method and St. John and Hollocher (1977) using
nitrogen 15 tracer techniques have demonstrated that NZO is an inter-
mediate between nitrite and molecular nitrogen during denitrification
for a number of denitrifying species.

According to the denitrificaticn scheme given above, nitrous oxid
is both produced and consumed in the course of this process. In the
parts of the open ocean water column where denitrification is going on
only an N20 minimum is observed (Cohen and Gordon, 1978a; Elkins et al
1978), i.e., only the net consumption of Nzo is evident. In the inter-
stitial water profiles presented here, both the NZO production and
consumption steps are seen. The strong nitrous oxide maximum in the
upper portion of the nitrate reduction zone is evidence of its pro-
ducticn while the sharp decrease of N,0 to sub water column values
that immediately underlies this maximum is consistent with N,0 ;educ-
tion to Nz. This strong maximum is probably supported by a continual
diffusion of nitrate (plus nitrite) across the water-sediment inter-
face into the sediment caused by the strong NO% (plus NOE) gradient
observed in the upper 25 cm.

Although it has been shown above that the reducing sediments of
both stations are sinks for nitrous oxide deeper (25 cm) in the sedi-
ment, the shallow sediment layers are a source of N.O to the water
column. As a result of nitrous oxide production taking place in the

pore water, there is a net diffusive flux cof nitrous oxide out of the

sediments into the overlying water due to the steep concentration

S0

e

b



gradient of NZO in the uprer sediment profile. The influence of N,O

-

production in the interstitial water can be seen to at least four cm
above the sediment. Nitrous oxide concentrations of 248 nM and 208 nM
at stations 130 and 126 respectively are seen at this depth. These
values represent factors of five and ten times increase over ambient

0 values. The highest open ocean water column N,0 con-

water column N )

2

centration reported previously is 47.5 nM NZO (Cohen and Gordon, 1978a)
in the eastern tropical North Pacific.

The flux, F, of N20 acrcss the interface can be calculated from:
F=D+ (1)

where D is the diffusion coefficient and AC is the difference in N,0

concentration over the depth interval AZ. A diffusion coefficient for

N,0 of 1.2 X 1072 cn? sec™! is obtained by extrapolating from D values

given in Broecker and Peng (1974) for N,O. Using this value of D and
the N,0 data from Tables ! and 2, an upper limit for the injection of
N,O into the deep water from the sediment can be calculated. For sta-

tion 126, taking AZ = 1.5 cm and AC = 563 nM, we calculate a flux of

7.7 X 10°° nmoles N,0 sec™! em . For station 130, a flux of

-7 - -2,
6.9 X 10 nmolies NZO sec 1 cm 2 is calculated from a AZ of 3.25 cn

and a AC = 188 nM. Taking an average flux from these two stations of

8.4 X 10_6 nmoles N,0 sec”t cm_z, we calculate an annual flux of

3.1 X 1003 g N,0 yr-l (7.1 X 10%! moles N,0 yr—l) from the world's

deep sea sediments. This is a number comparable to the estimated flux

of 1.3 X 1043

g NEO yr_l (Cohen and Gordom, 1978a) from the ocean to
the atmosphere. This calculated flux from the sediments is an order

of magnitude estimate. Not all deep sea sediments are reducing



52
sediments in their upper portions and in those that are, the strength
of the NZO maximum will vary. In spite of this, NZO flux from denitri-
fication in the sediments is substantial and should not be neglected
in computing oceanic NZO budgets or global oceanic models of NEO cycling.

5 en® sec™ (Vanderborght and

5

Using a diffusion coefficient of 10~

Billen, 1975) for No; (plus NO%) we calculate a flux of 1.5 X 10

mmoles sec™! em™ into the sediment for station 126 and 1.8 X 107°
nmoles sec.1 cm"2 for station 130. If we assume steady state conditions
prevail in the interstitial water with respect to the nitrogen species,
then the flux of NO% plus NOi into the sediment should be equal to
twice the NZO flux out of the sediment since it takes two moles of

NO; to produce one mole of NZO' For station 126, twice the N20 flux

- -1 .
out equals 1.5 X 10 > nmoles sec cm 2, the identical number ob-

tained for the NO3 plus NOE flux into the sediment. At station 130

twice the calculated flux of NZO is 1.4 X 10—6 nmoles s.ec-1 cm as

compared to 1.8 X 10°° nmoles sec”t cm"2 for No;

culations show that the NZO values observed in the sediment can be

supported by the amount of NO

+ NO.. These cal-
o

3

sediment interface. From these calculations it also appears that

and NO, diffusing across the water-

surprisingly little N20 is being reduced to NZ’ especially at station
126. The NZO flux out of the sediments may represent a large fraction
of the nitrogen budget in these sediments. In order to determine this,
concurrent measurements of all the major nitrogen species, including

ammonium and organic nitrogen need to be made.
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CONCLUSIONS

(1) The sediment interstitial water profiles measured at two sites
near the Galapagos Spreading Center indicate that a denitrification
regime is operating in the upper 25 cm of the sediment. The prefiles

of (NO% + NOZ), NZO and N, at these twe stations are consistent with

2
such a regime.

(2) Denitrification in interstitial water results in the pro-
duction of nitrous oxide followed by its eventual consumption.

(3) Although reducing sediments are sinks for nitrous oxide at
depth, they serve as scurces of nitrous oxide to the overlying ocean
waters where the NZO maximum caused by denitrification is close to the
water-sediment interface.

(4) The steep concentration gradient of nitrate plus nitrite
results in a continuous diffusive flux of these nitrogen species into
the sediment across the water-sediment interface. This flux into thse
sediment maintains the upper pore water NZQ maximum which results in a
diffusive flux of NZO out of the sediment. The estimated annual flux
of NZO from the world's deep sea sadiments to the water column, based

on the two stations observed in this study,is comparable to the N,O

flux from the ocean surface waters to the atmosphere.
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DATA FROM ALSEA BAY, OREGON, SURFACE SAMPLING, SUMMER OF 1679

The following notations are used in the data listing:

Stn #

T

Station number. See Figure ! for station locatiens.
Temperature in degrees (Celcius.

Salinity in parts per thousand.

Dissolved oxygen in micromoles per liter.

Apparent okygen utilization in micromoles 02 per liter.
Dissolved nitrous oxide in nanncmoles per liter.
Dissolved nitrous oxide saturation in per cent.
(NZOObServed - NZOsaturation (T,S)) in nannomcles per liter
Nitrate in micromoles per liter.

Nitrite in micromoles per liter.

For analytical methods employed, see methods section of Chapter I.

Missing data points in the cases of 0, and AOU represent samples not
taken. In the case of other quantitie§, missing data points represent
samples lost during analysis.

All high water times are corrected for Waldport, Alsea Bay (station 2)
and are taken from predictions from National Ocean Survey, NOAA.



Alsea Bay, Oregon 13 July 1979  High water at 1655

Stn T S 0, AOU N,0 N,0 sat AN,0 NO:—,) NO,,
Time # °) (ppt) M) M) (M) (%) (nM) (uM) (M)
1205 2 20.3 16.428 8.6 143 2.6 0.18 .21
1325 2 18.0 28.822 6.7 104 0.2 .18
1505 2 18.0 31.817 6.8 109 0.5 0.090 .067
1615 2 17.0 31.958 7.4 113 0.8 0.10 .062
1700 2 17.0 31.982 7.6 115 1.0 0.060 .045

69



Alsea Bay, Orecgon

Stn T

. 0,
Time # Y
1040 2 17.0
1230 2 10.0
1350 2 9.8
1545 2 10.5
1630 2 11.0

25 July 1979

S
(ppt)
19.040

33.400
33.660
33.653

33.519

High water at 1506

9%

(M)

292

269

219

221

243

AOU
LuM)

21

15

56

61

32.

.0

1

N0
(M)

10.1

18.6
18.2

15.9

N,O sat
153
205
238
239

212

AN_O NO.,
2 3
(nM) (uM)
3.5 0.48
8.1 24.7
10.8 20.9
10.6 21.7
8.4 20.9

09



Alsea Bay, Oregon

Time

0930
0950
1010
1040
1100

1140
1200
1215
1235
1250

1320
1340
1350
1430
1450

Stn T

# °c)
1 16.0
2 16.5
3 16.0
4 17.5
5 17.0
1 10.0
2 10.0
3 10.0
4 10.0
5 10.2
1 10.5
2 10.0
3 10.0
4 11.0
5 12,0

{ppt)

27.
26,
27.
28,
25,

33.
33.
33,
33.
33.

33

33.
33,
33,
33.

7 Aug 1979

S

240
050
515
261
105

729
709
733
706
656

.739

740
747
656
231

9,

(uM)

212
215
213
234
220

157
153
179
155
151

170
191
167
175
214

High water at 1327

20.
LU
19.
20.
20.

20.
20,
19,
16.
17.

NZO sat
(%)

157
137
134
159
136

222
225
208
221

225

223
225
207
187
201

O U N N Ao

PR .
NN O S e

19,
24,
27.
20.
19.

17.
20.
16.
20,
19.

(@l oS ]

O O

(SN SR 3 B e

.23
.20

Yy
v &5

.26
.30
.24
.30

23
21

.22
.27

19



Alsea Bay, Oregon

Time
0900
0920
0935
0950

1030
1045
1100
1115

1200
1215
1230
1240

1330
1345
1400
1415

1500
1515
1530
1545

1605
1620

Stn

N = Ul & N (P2 B NS [S2 IS I ] U N e (P2 RN S ) ,#

SO OCO

ST o

16 Aug 1979

oo o

T oo Lo oo

|72 Rew]

26.

31.
29.
25.
20,

30.
26.
24,
21.

32,
31.

0

410
377
320
210

391
342
278
233

263

286

235
253

253
234
285
361

254
265

2
(uM)

———

High water at 0915

AOU

(M)

143
110
52
53

124
75
15,
28.

SO0

SO h

[y
=

[S5IRVa Rl o)

N R

OO OSSN

~N N

N20 sat
(%)

203
191
180
171

221
174
203
180

176
180
196
181

196
158
161
199

158
182
138
144

177
172

AN,
(nM)

(V2 IRVa BN e NN |
(= JRtoRE Mo

[ #2]
.

[« 200N I3, o'
L1 o

NN

BN (N

[SA I PA RS e

NN T W
. A e e

0

%]

RN
[AS IR I 75 B o]

i
.

[ (SRR SN,

SRS
(O3]

HLE )

O =0 o

]

2
.045
. 067
.11
.22

.063
.13
.18
.25

.058
.11

21

.16
.22
.10
.13

.26
.18
.14

3
« L 4

.15



Alsea Bay, Oregon 21 Aug 1979 Migh water at 1327

Stn T S 0, AOU N,0
Time # (°C) (ppt). (M) (M) (nM)
0910 1 17.5 27.591 247 5.8 7.4
0930 2 18.0 25,547 242 11.0 7.3
0940 4 18.0 25.504 178 76 7.5
0955 5 18.5 21.782 265 - 7.9 7.7
1030 1 14.5 33.139 254 5.2 10.2
1045 2 14.5 32.849 290 - 29.7 8.9
1055 4 15.0 32,292 278 - 19.6 8.9
1105 5 17.0 29.894 261 - 9.3 7.4
1200 1 14.5 33,253 326 - 67 10.3
1215 2 14.5 33.282 334 - 75 10.4
1225 4 16.0 33.146 316 - 64 9.4
1235 5 19.0 29.258 319 - 76 8.3
1330 1 15.2 33.206 321 - 65 8.8
1345 2 16.8 33.129 322 - 74 9.4
1355 4 15.0 33.176 322 - 65 9.9
1410 5 16.0 32.295 303 - 50 8.6
1500 1 15.5 33.171 278 - 23.4 10.1
1515 2 15.8 33.179 339 - 86 10.1
1530 4 16.0 32,742 293 - 41 9.4
1545 5 17.0 32.101 9.2
1605 1 16.3 32.764 9.7
1620 2 16.5 32,925 9.9
1630 4 17.0 31,932 8.9
1645 5 17.5 30.577 8.0

N20 sat

&),

113
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2.0 0.23
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4.4 0.15
3.4 0.38
2.1 0.66
2.8
3.4
3.8 0.31
2.6 0.40
4.1 0.31
4.1 0.27
3.4
3.1 0.60
3.6 0.71
3.4 0.56
2.9 0.63
1.9 0.24
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Z
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.15
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.12
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.13

.049
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. 095
.015

.046

.016
.015

.13
.020

.15

.10

.050
.094
.048



Alsea Bay, Oregon
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