
cent of the TOC in the solutions. Edax 
spectra for these amorphous organic par- 
ticles show minor amounts of Al, Fe, P, 
S, and Si. The presence of Al and Fe in 
the Edax spectra illustrates the active 
role of the organic components in trans- 
ferring these metals through the soil. 

To determine the effect of air-drying 
on the shape of the organic particles, 
freeze-dried filters from 02 and A2 were 
also examined. The freeze-dried, filtered 
material from 02 was much different 
from its air-dried equivalent. The freeze- 
dried organic material consists of fila- 
ments 5 to 12 ,tm long emanating from 
oblong bodies as compared to the dis- 
tinct, smooth air-dried particles (Fig. 1). 
Both air- and freeze-dried organic parti- 
cles from A2 appear to have the same 
shape and size. 

Figure 2 shows particular material col- 
lected below IIB2hir. The difference be- 
tween Figs. 1 and 2 is striking. Solutions 
percolating through 02 and A2 are main- 
ly charged with mobile organic particles. 
In passing through IIB2hir, these organic 
bodies are arrested, and the solutions be- 
come charged almost exclusively with 
mineral particles. These mineral parti- 
cles range in size from about 2.0 to 22 
/m, with 8-,m particles predominating. 
Edax spectra for a number of the in- 
organic particles show a prevalence of 
silicate minerals containing Si, Al, and 
minor quantities of Fe, Ca, and K. The 
high Fe content of other particles in- 
dicates the presence of pyroxene or am- 
phibole minerals. X-ray analysis of the 
Nuclepore filter retaining the inorganic 
particles reveals diffraction lines for 
chlorite, feldspars, and quartz. Chlorite, 
however, is the dominant mineral, and it 
is thought to be of pedogenic origin, the 
same as detected in IIIB31 (14). Solu- 
tions collected within the IVB32 have 
the same silicate load and the same ele- 
mental composition as those below 
IIB2hir. Clay minerals for the horizon 
below IIB2hir show the predominance of 
pedogenic chlorite and vermiculite. Fig- 
ure 2 suggests the illuvial origin of at 
least a portion of these phyllosilicates. 

This study indicates that the sus- 
pended material in the soil solution re- 
flects the same trend as the solution it- 
self. The reduction in the TOC and the 60 
to 70 percent reduction of the fulvic 
acids as the solution passes through 
IIB2hir are verified by the presence of 
organic particles in Fig. 1 and their ab- 
sence in Fig. 2. 

cent of the TOC in the solutions. Edax 
spectra for these amorphous organic par- 
ticles show minor amounts of Al, Fe, P, 
S, and Si. The presence of Al and Fe in 
the Edax spectra illustrates the active 
role of the organic components in trans- 
ferring these metals through the soil. 

To determine the effect of air-drying 
on the shape of the organic particles, 
freeze-dried filters from 02 and A2 were 
also examined. The freeze-dried, filtered 
material from 02 was much different 
from its air-dried equivalent. The freeze- 
dried organic material consists of fila- 
ments 5 to 12 ,tm long emanating from 
oblong bodies as compared to the dis- 
tinct, smooth air-dried particles (Fig. 1). 
Both air- and freeze-dried organic parti- 
cles from A2 appear to have the same 
shape and size. 

Figure 2 shows particular material col- 
lected below IIB2hir. The difference be- 
tween Figs. 1 and 2 is striking. Solutions 
percolating through 02 and A2 are main- 
ly charged with mobile organic particles. 
In passing through IIB2hir, these organic 
bodies are arrested, and the solutions be- 
come charged almost exclusively with 
mineral particles. These mineral parti- 
cles range in size from about 2.0 to 22 
/m, with 8-,m particles predominating. 
Edax spectra for a number of the in- 
organic particles show a prevalence of 
silicate minerals containing Si, Al, and 
minor quantities of Fe, Ca, and K. The 
high Fe content of other particles in- 
dicates the presence of pyroxene or am- 
phibole minerals. X-ray analysis of the 
Nuclepore filter retaining the inorganic 
particles reveals diffraction lines for 
chlorite, feldspars, and quartz. Chlorite, 
however, is the dominant mineral, and it 
is thought to be of pedogenic origin, the 
same as detected in IIIB31 (14). Solu- 
tions collected within the IVB32 have 
the same silicate load and the same ele- 
mental composition as those below 
IIB2hir. Clay minerals for the horizon 
below IIB2hir show the predominance of 
pedogenic chlorite and vermiculite. Fig- 
ure 2 suggests the illuvial origin of at 
least a portion of these phyllosilicates. 

This study indicates that the sus- 
pended material in the soil solution re- 
flects the same trend as the solution it- 
self. The reduction in the TOC and the 60 
to 70 percent reduction of the fulvic 
acids as the solution passes through 
IIB2hir are verified by the presence of 
organic particles in Fig. 1 and their ab- 
sence in Fig. 2. 

This study provides direct evidence 
for the mechanism of podzolization. It 
shows that mineral particles, mostly 
phyllosilicates and feldspars from 2 to 22 
Atm, are mobilized in IIB2hir and trans- 
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ported at depth. The B2hir horizon of 
this Podzol is primarily an illuvial hori- 
zon for the suspended organics and com- 
plexed metals and an eluvial horizon for 
the silicates. The scanning electron mi- 
crograph and Edax proved to be excel- 
lent tools for studying suspended parti- 
cles in the soil solution and for clarifying 
one of the theories of soil-forming pro- 
cesses. 
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taxonomy of a Spodosol (Handbook No. 436, 
U.S. Department of Agriculture, Washington, 
D.C., 1975). Similar soils are called Ferro-Hum- 
ic Podzols in the Canadian soil classification sys- 
tem. Because the original field description for 
the Podzol profile makes use of specific termi- 
nology, an abridged and less technical version is 
given in Table 1. 
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denitrification. 

Inorganic carbon, nitrogen, and phos- 
phorus are fixed into organic matter at 
the sea surface during photosynthesis. A 
small portion of the particulate organic 
matter is delivered to the deep sea and 
incorporated into marine sediments. The 
organic matter thus buried is partly oxi- 
dized and regenerated within the sedi- 
ment by oxidants (02, NO3- plus NO2-, 
and SO42-) which are either derived from 
pore waters, provided by diffusion from 
the overlying water, or produced by 
diagenetic reactions within the sediment 
column (NO3- plus NO2- only). Metabo- 
lites, oxidants, and reductants are all 
present in pore waters. Concentrations 
of these products are controlled by 
C : N : P ratios in the organic matter un- 
dergoing diagenesis, by relative rates of 
diffusion, and by rates of reaction, sedi- 
mentation, and bioturbation (1). 

The purpose of this report is to discuss 
the fate of nitrate produced by diagenetic 
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reactions in a suite of cores from the 
Guinea Basin in the eastern equatorial 
Atlantic, to show that pore-water nitrate 
profiles can provide much information 
about the early diagenesis of deep-sea 
sediments, and to make preliminary as- 
sessments of the global significance of 
the pelagic benthic flux of nitrate and pe- 
lagic denitrification. 

Before discussing the pore-water data, 
it is worthwhile to review a simple model 
of organic diagenesis (2-4). In doing so 
we will make the following simplifying 
assumptions: (i) all the organic matter 
undergoing oxidation has C : N : P atom 
ratios of 106 16 : 1 (the Redfield ra- 
tios); (ii) there are no solid-phase reac- 
tions (other than the breakdown of or- 
ganic matter itself) releasing metabolities 
to or consuming them from pore waters; 
(iii) ammonia released by deamination 
during oxidation of organic matter by 
dissolved oxygen is immediately con- 
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Interstitial Nitrate Profiles and Oxidation of 

Sedimentary Organic Matter in the Eastern Equatorial Atlantic 

Abstract. Pore-water nitrate concentrations in six pelagic eastern equatorial At- 
lantic cores increase from bottom water values (22 micromolar) to 40 micromolar at 
a depth of about 5 centimeters, then decrease to undetectable levels at depths as 
shallow as 40 centimeters. These nitrate concentrations and concentration gradients 
reflect zones of oxygen reduction, nitrate reduction, and sulfate reduction in the 
sediments. The estimated benthic flux of nitrate to the ocean from our data is much 
less than the total globalflux of nitrate to deep waters, even though these equatorial 
sediments underlie a productive upwelling zone. The estimated denitrification rate in 
our study area suggests that pelagic sediments may be important sites of marine 
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Table 1. Gravity core locations. 

Water 
Identification Location depth 

(m) 

G76-5-7GC1 4059.5'N, 5?09.2'W 55 
G76-5-10GC1 1005. 'N, 8?11.6'W 4956 
G76-5-11TW1* 0?01.8'N, 9003.9'W 4980 
G76-5-12GC1, G76-5-12GC2 0?04.1'N, 10?33.8'W 3880 
G76-5-14GC1 0?00.1'S, 12?19.3'W 4170 
G76-5-16GC1, G76-5-16GC2 0?02.5'S, 16?07.1'W 3310 
G76-5-23GC 1 106.0'N, 8?12.5'W 4901 
G76-5-27GC 1 4059.1'N, 5006.0'W 80 
G76-5-28GC1 4055.9'N, 5?05.4'W 229 

*Trigger weight core. 

verted to nitrate; and (iv) the initial pore 
fluids (before any reactions commence) 
contained the same metabolite concen- 
trations as local bottom water (ECO2, 
2185 /aM; 02, 250 /uM; NO3-, 22 /uM; 
P043-, 1.45 aM; and S042-, 28.81 mM; 
see Fig. 1, point A). 

In oxygenated sediments, the degrada- 
tion of organic matter can be described 
by the relation 

5 (CH2O)106(NH3)6(H3PO4) + 690 02 -> 

530 CO2 + 80 HNO3 + 5 H3PO4 + 

610 H20 (1) 

This reaction proceeds until virtually 
all the 02 has been consumed (Fig. 1, 
point B). At this point, if there were no 
diffusion, NO3- would rise to 51 /AM, 
P043- to 3.26 JaM, and SCO2 to 2380 ,/M. 

After oxygen has been depleted, oxi- 
dation by NO3- commences according to 
the general relation 

5 (CH20)106 (NH3)16(H3PO4) + 

472 HNO3 -> 530 CO2 + 

276 N2 + 886 H20 + 5 H3PO4 (2) 

A mole of NO3- oxidizes 46 percent 
more organic matter than does a mole of 
O2, and by the completion of reaction 2 
nitrate reduction is responsible for 25 
percent of the metabolites produced. Re- 
action 2 proceeds until all 51 uM of N03- 
are consumed, producing 57 LM of CO2 
and 0.54 aM of P043-. By point C (Fig. 
1), 250 /IM of 02 and a net of 22 AM of 
NO3- have been consumed, whereas 249 
/aM of CO2 and 2.35 pM of P043- have 
been produced. 

Following NO3- exhaustion, oxidation 
continues by SO42- reduction, according 
to the general relation 

(CH20)106(NHI3)16(H3PO4) + 53 S042 -> 

106 HC03- + 16 NH3 + H3PO4 + 

53 H2S (3) 

In sediments where SO42- reduction is 
significant, this process is responsible for 
most of the oxidation of organic matter, 
because the SO42- available can oxidize 
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56,000 auM of CH2O-rougl 
as much as oxygen and 
bined. 

There are several ways in 
system may deviate from th 
tions 1, 2, and 3 (5). First, ] 
removed in ways other than 
organic matter (reaction 
ample, it is possible that niti 
bacteria will only oxidize 
monia produced in the sulfi 
zone or organic nitrogen acc 
following idealized reactic 
NH3 can represent either an 
ganic nitrogen) 

3 HNO3 + 5 NH3 -> 4 Ns - 

Although there is no kno 
species which mediates this 
cannot rule out the possibili 
species exists. Note that re 
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Fig. 1. Concentrations of metal 
NO3-) and oxidants (0,, SO42 

closed system as a function of r 
production. The curves were c; 
assumptions in the text. (Point 
lantic deep water; (point B) c 
end of 02 consumption; and (I 
position at end of NO3- consun 

duces 2.28 times as much N2 per mole of 
NO3- consumed as reaction 2. Second, 

Length NH3 produced in the sulfate reduction 
(cm) zone may diffuse upward into the oxidiz- 

60 ing zone and react with O2 to produce ni- 

65 trate. The nitrate maxima observed by 
89 Vanderborght and Billen (6) may be due 

63, 90 to this effect. On the other hand, some 

48,63 ammonia produced as an intermediate in 

55 reaction 1 may not be oxidized to nitrate, 
64 resulting in the production of less nitrate 
43 than predicted. Third, intermediate steps 

in reaction 2 may produce NO2-, NO, 
N20, and so on, which may not be fur- 
ther reduced. Fourth, organic nitrogen 

ily 225 times liberated in reaction 2 may be released as 
nitrate com- ammonia rather than N2. Fifth, the C/P 

and C/N ratios of organic matter in pe- 
which a real lagic sediments may, as a result of selec- 

le ideal reac- tive fractionation during oxidation, differ 
NO3- may be from the Redfield ratios. In this case the 
by oxidizing reaction stoichiometry will differ from 
2). For ex- that in reactions 1 to 3, but the sense of 
rate-reducing the covariations will remain the same. In 

either am- particular, the nitrate concentration, 
ate reduction [NO3-], will increase during O2 reduction 
:ording to the and decrease to zero during NO3- reduc- 
)n (in which tion. Thus, although our arguments as- 
nmonia or or- sume that the thermodynamically stable 

products are produced in each case, and 
that the C/N and C/P ratios of the organic 

+ 9 H20 (4) matter are equal to the Redfield ratios, 

wn bacterial we acknowledge that the situation in the 
reaction, we real world may be more complex (4, 7). 

ty that such a The preceding discussion emphasizes 
action 4 pro- the role of NO3- in the diagenesis of or- 

ganic matter. Measurements of NO3- in 
pore waters of marine sediments provide 
information on the oxidation of organic 

2.4 2.5 
I24 T- matter above the SO42- reduction zone 

oduction C(M) and yield qualitative estimates of 02 con- 
0o 300 centrations in pore waters. Of course, 

L-""C estimating [02] from [N03-] in real pore- 
water systems is more complicated than 

..l .. in our simple model because of dif- 
B ferences in 02 and NO3- diffusion co- 

efficients and uncertainties in the C/N 
ratio of oxidized organic matter. Nitrate 
data also identify the onset of SO42- re- 

t __ , duction, which can begin only below the 
~B ~ depth at which nitrate is exhausted. Fi- 

nally, pore-water nitrate data can con- 
tribute to a better understanding of fixed- 
nitrogen regeneration from various sedi- 
ment types, and of rates of denitrifica- 
tion during nitrate reduction. 

Results. We have determined NO3- 
plus NO,- in pore waters from sediments 

- - underlying relatively productive shelf, 

bolites (P0O3- slope, and equatorial waters in the 
-, NO3-) in a Guinea Basin (Fig. 2). All cores (except 
metabolic CO2 piston cores, discussed later) were ob- 
alculated from tained with a Benthos gravity corer, 
A) North At- 

opoonatwhich was used without the core cutter, ;omposition at 
point C) com- catcher, or barrel to prevent distortion of 
nption. the sediment surface. Cores were ex- 
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truded at in situ temperatures under a he- 
lium atmosphere. Pore waters were ex- 
pressed at in situ temperatures with 
modified Reeburgh squeezers (8). The 
NO3- plus NO2- concentrations were de- 
termined in undiluted 1-ml samples by an 
AutoAnalyzer (Technicon method 158- 
71W), 1 hour to 1 day after squeezing. 
Details of procedures and concentrations 
of other dissolved species will be report- 
ed elsewhere (9). 

The NO3- profiles shown in Fig. 3 can 
be divided into two types. The first type 
includes cores 7, 27, and 28, which dis- 
play nitrate concentrations of less than 3 
,uM throughout. These cores are from 
hemipelagic muds on the Ivory Coast 
shelf. Surface biological productivity is 
high and a permanent boundary layer of 
nutrient-rich, oxygen-poor water covers 
the shelf below a depth of about 30 to 40 
m (10). Both oxygen and nitrate must be 
consumed in the upper centimeter, as 
sulfate reduction begins at this depth. 
Such a thin oxidizing layer is typical of 
nearshore, organic-rich sediments over- 
lain by oxygen-depleted waters (11). 

The second type of profile (cores 10, 
11, 12, 14, and 16 in Fig. 3) resembles 
that generated by our simple model (Fig. 
1) with the SCO2 axis replaced by the 
depth axis. However, the subbottom 
NO3- maximum is 35 to 40 /xM, rather 
than the predicted value of 51 .tM. In 
part, this difference reflects both upward 
and downward diffusion of NO3- in the 
sediment column. The difference may al- 
so reflect a high C/N ratio in the oxidized 
organic matter, incomplete ammonia 
oxidation in the 02 reduction zone, or 
one of several other possible deviations 
from our ideal model. 

The NO3- profile for core 14 provides 

Table 2. Comparison of nitrate and ammonia gradients in adjacent gravity cores and piston 
cores. The nitrate gradient is for the zone of linear decrease of concentration with depth. 

Water 8[NO3-]/8z 6[NH4+]/8z [NH4+]/5z 
Core Location depth (10-3 /mole (10-3 mole 

(m) cm-4) cm-4) [NO3-]/8z 

24SC1 2050.9'N, 6041.0'W 4572 -0.93 
8PC1 2?55.1'N, 6?41.4'W 4535 0.23-0.25 
12GC2 0?04.1'N, 10?33.8'W 3880 -0.43 
20PC1 0?02.4'N, 10?35.9'W 3870 0.16 37 
11TW1 0?01.8'N, 9003.9'W 4980 -0.97 - 21PC1 0002.4'N, 9006.7'W 5029 0.33 4 

an example of the use, suggested earlier, 
of NO3- as an indicator of the diagenetic 
status of sediments. This core consisted 
of tan carbonate ooze (85 percent 
CaCO3) down to a depth of about 40 cm, 
with dark gray, carbonate-poor terri- 
genous sediment below 40 cm. We can 
write the following equation (12) for the 
rate of change of the NO3- concentration 
of pore water at a depth z below the sedi- 
ment-water interface 

do[NO3-] = 
I(NO3-) d(jDa d[N O-] 

dt dz 

d(OW[NO3-]) + I(NO3-)6J (5) 
dz 

where t is time, z is depth relative to the 
sediment-water interface, ? is porosity, 
I(NO3-) is a term to account for adsorp- 
tion of nitrate onto sediment, Da is the 
apparent diffusion coefficient (13) of ni- 
trate, W is the upward flux of water due 
to compaction, and J is the production 
rate (J > 0) or consumption rate (J < 0) 
of nitrate. We assume that there is no ab- 
sorption of NO3- [hence I(NO3-) = 1]; 
that the pore-water nitrate profile is a 
steady state feature (d[NO3-]/dt) = 0, 
and that the advective flux term 
d(OW[NO3-])/dz is negligible; and we 

note that in the critical depth range of 2 
to 31 cm the porosity (and hence the dif- 
fusion coefficient) is constant (the mean 
and total range of nine porosity measure- 
ments in this depth range is 0.74 + 0.02 
by volume). With these assumptions and 
observations, Eq. 5 simplifies to 

d 2[NO3-] J = -Da 
dz2 

(6) 

Near the top of the core, where 
d 2[NO3-/dz2 < 0 (0 to 5 cm), J > 0 and 
nitrate is being produced; oxygen is pre- 
sumably present. Where d 2[NO3-]/ 
dz2 = 0 and [NO3-] > 0 (5 to 34 cm), 
J = 0 and we infer that no detectable 
oxidation of organic matter is occurring. 
Where d2[NO3-]/dz2 > 0 (somewhere 
between 34 and 41 cm), J < 0 and nitrate 
reduction is occurring. The oxidation 
zone at 0 to 5 cm presumably reflects the 
presence of 02 and labile organic matter 
in the young sediments; the relatively 
rapid rate of nitrate reduction at 34 to 41 
cm probably reflects an increase in the 
reactive organic carbon content below 
the 40-cm lithologic break. Finally, 
where [NO3-] = 0 (depths > 41 cm), 
diagenesis of organic matter is occurring 
(if at all) by SO42- reduction. 
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In the introductory discussion, we 
suggested that significant NO3- could be 
consumed in oxidizing ammonia. We can 
check this possibility by comparing the 
downward flux of NO3- in our gravity 
cores with the upward flux of NH3 in 
nearby piston cores, and calculating 
whether ammonia is diffusing to the 
NO3- reduction zone sufficiently rapidly 
to consume all the NO3-. Ammonia in- 
creases linearly with depth in the piston 
cores, so there is little uncertainty in the 
gradient or flux estimates. 

Estimated NO3- and NH4+ gradients 
are compared in Table 2. According to 
reaction 4, if diffusion alone transports 
NO3- and NH3 to the reaction sites, and 
if all NO3- is consumed by NH3 oxida- 
tion, then it must hold that 

NH4+ flux -5 
NO3- flux 3 

Since flux = Da dC/dz, then 

(dC/dz)NH4+ -5 Da(nitrate) 

(dC/dz)No3 3 Da(ammonia) 

where dC/dz is the observed interstitial 
gradient and Da is the apparent inter- 
stitial diffusion coefficient. Since the 
aqueous diffusion coefficients of nitrate 
and ammonia at infinite dilution are near- 
ly equal (13), we assume that the ratio of 
Da(nitrate) to Da(ammonia) is one. From 
Table 2, it is clear that the observed NH3 
flux below the nitrate reduction zone is 
insufficient to consume more than 15 to 
25 percent of the NO3- sink. Our NH3 
data for the 02 reduction and NO3- re- 
duction zones are too uncertain to reveal 
NH3 behavior in these portions of the 
sediment column. 

We may estimate both the benthic flux 
of NO3- and the consumption rates of 
fixed nitrogen (denitrification) at the pe- 
lagic sediment sites (cores 10 to 16) from 
the data of Fig. 3 and Table 2. The aver- 
age NO3- gradient at the sediment-water 
interface is taken as 20 x 10-3 /M cm-4 
(this gradient is calculated assuming that 
the [NO3-] in the top centimeter of the 
sediment is 32 /M, compared with 22 
,uM in the bottom water, and that the 

gradient increases linearly in the top cen- 
timeter: it is the minimum gradient nec- 
essary to account for the observation 
that the nitrate concentration of the top 
centimeter of the sediment is approxi- 
mately 10 JtM higher than the bottom 
water value). Note that, if we consistent- 
ly lost material at the sediment-water in- 
terface during coring, the real gradient 
must be less than our assumed value. 
The gradient in the zone of linear de- 
crease of nitrate with depth is taken as 
-0.9 x 10-3 ,M cm-4. 
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Apparent diffusion coefficients of 
NO3-- and NH4+ were estimated by 
multiplying the value at 0?C and infinite 
dilution (13) by the product of the tor- 
tuosity factor of 0.55 (14) and a porosity 
of 0.75 (porosities measured in dupli- 
cates of cores 12 and 16 averaged 
0.76 + 0.05 and 0.74 ? 0.02, respective- 
ly). This gives a value of Da for both 
NO3- and NH4+ of 4.0 x 10-6 cm2 sec-1. 

From these diffusion coefficients and 
the concentration gradients given above, 
we estimate that the benthic flux of NO3- 
across the sediment-water interface is 
about 2.5 jUM cm-2 year-l. This flux in- 
tegrates the total nitrate production be- 
tween the sediment-water interface and 
the depth of the nitrate maximum. The 
downward flux of NO3- in the zone of 
linear decrease is about 0.11 aLM cm-2 
year-'; this flux integrates the nitrate 
production below the depth of the nitrate 
maximum. Thus, of the NO3- produced 
by oxidative regeneration in these cores, 
about 96 percent is returned to the over- 
lying ocean and 4 percent is consumed 
by denitrification. 

These calculated fluxes can be com- 
pared to the global rate of input of N03- 
to the deep ocean, which can be esti- 
mated from the nitrate content of a 1-cm2 
column of North Pacific deep water. As- 
suming an "age" of 1600 years (15), an 
average depth of 3500 m (and therefore a 
volume of 350 liter cm-2), and an NO3- 
concentration of 40 /M, the rate of input 
of nitrate is 

(40 ,tM liter-')(350 liter cm-2) 
1600 years 

8.8 /M cm-2 year-' 

This is more than three times the benthic 
flux of nitrate at our eastern equatorial 
Atlantic stations. Inasmuch as our sta- 
tions underlie a productive upwelling 
area, the benthic flux we have calculated 
is likely to be much higher than the glob- 
al average value. These results are con- 
sistent with the view that most phos- 
phorus and fixed nitrogen input to deep 
waters occurs in the upper part of the 
deep-water column rather than at the 
deep-sea floor (16). 

According to reaction 2, 1.17 moles of 
N are freed for every mole of NO3- re- 
duced. If this reaction accurately de- 
scribes the mode and stoichiometry of 
NO3- consumption, the rate of denitrifi- 
cation is 1.17 times the downward NO3- 
flux, or about 0.13 /tM of N per square 
centimeter per year. Alternately, if reac- 
tion 4 is responsible for NO3- reduction, 
then 2.67 moles of N are freed for every 
mole of NO3- reduced, and the calcu- 
lated denitrification rate is 0.29 uiM of N 
per square centimeter per year. 

On the basis of published estimates of 
marine denitrification and considerations 
of the global nitrogen balance, it has 
been concluded (17) that oceanic denitri- 
fication is of the order of 10 to 70 mega- 
tons of N per year. If NO3- reduction is 
occurring in all marine pelagic sediments 
at the same rate as in our Guinea Basin 
cores (and assuming the stoichiometry is 
as indicated in reaction 2), it could ac- 
count for a total denitrification of about 5 
megatons of N per year. In the eastern 
tropical North Pacific, the most impor- 
tant site of marine denitrification yet 
identified, denitrification is occurring at 
the rate of about 20 megatons of N per 
year (18). While denitrification is un- 
doubtedly occurring less rapidly over the 
deep ocean as a whole than at our study 
site underlying a tropical upwelling area, 
our results suggest that pelagic sedi- 
ments cannot be dismissed as possible 
significant sites of marine denitrification. 
In other words, while pelagic denitrifica- 
tion has not been proved to be a major 
global sink of fixed nitrogen, it cannot be 
neglected in light of existing uncer- 
tainties in the nitrogen balance. 
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Ocean Wave Patterns Under Hurricane Gloria: Observation 

with an Airborne Synthetic-Aperture Radar 

Abstract. Surface imagery of ocean waves under Hurricane Gloria (September 
1976) has been obtained with an airborne synthetic-aperture imaging radar. Obser- 
vations were obtained over most of the area within a radius of 150 kilometers around 
the center of the eye. These direct observations made it possible to derive the wave 
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patterns in the region around a hurricane 

Observations of ocean wave patterns 
near a hurricane center are practically 
nonexistent. High-altitude aircraft obser- 
vations with cameras are not generally 
possible because of extensive cloud cov- 
er. Flights at very low altitude with laser 
profilometer observations have been 
conducted on some occasions (1, 2); 
however, they are limited to a very small 
coverage along the aircraft track and 
contain no directional information. Di- 
rect surface measurements by ships near 
the eye are few because of the sea condi- 
tions, and they are limited in coverage. 
Pore (3) has collected a large number of 
visual ship reports in a variety of hurri- 
canes and studied the spatial distribution 
of wave properties. However, most of 
the reported observations were at a dis- 
tance greater than 130 km from the hurri- 
cane's center. There also have been a 
few surface point measurements of hurri- 
cane waves from offshore platforms (4) 
and from instrumented buoys (5). 

Recently, high-resolution imagery of 
ocean waves and surface patterns ob- 
tained with airborne radar systems has 
been reported (1, 6). The direction and 
wavelength of the ocean waves can be 
directly determined from the radar im- 
age. However, the relationship between 
the radar signature and the wave charac- 
teristics, such as the directional energy 
spectrum, is not well understood and is 
an area of active research. One major ad- 
vantage of the imaging radar is that, with 
the proper selection of frequency, it is in- 
sensitive to cloud cover. Another is that 
it does not require sun illumination. A 
further key factor is that, if operated in a 
coherent synthetic-aperture mode, it can 
obtain high-resolution imagery from 
high-altitude airborne or spaceborne 
platforms. 

These considerations led us to conduct 
an experiment to observe the ocean sur- 
face under hurricanes Emmy, Frances, 
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and Gloria in the summer of 1976. The 
aircraft used was the National Aero- 
nautics and Space Administration Ames 
CV-990 jet, which flew over these hurri- 
canes at altitudes ranging from 8,000 to 
13,000 m. The aircraft was equipped with 
the Jet Propulsion Laboratory synthetic- 
aperture, multifrequency-imaging radar, 
which was operated at 1.2 and 9.6 Ghz. 
The inherent resolution of the system is 
between 25 and 50 m, depending on the 
"look" angle. Thus, only waves of wave- 
lengths equal to or larger than about 75 m 
can be clearly imaged with this sensor. 
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Continuous imagery, with a 10-km swath, 
was obtained on two perpendicular legs 
centered at the eye and extending radially 
to approximately 150 km to each side of 
the eye. Imagery was also obtained along 
two octagonal flight lines centered at the 
eye with average radii of about 50 and 
140 km. 

The data discussed in this report were 
obtained on 30 September 1976, during 
Hurricane Gloria. At the start of the ob- 
servations (at 1600 G.M.T.), the hurri- 
cane center was located 650 km north- 
east of Bermuda at 58?00'W, 32?40'N and 
was moving with a speed of 28 km/hour 
in a northeasterly direction. The maxi- 
mum surface wind, reported by a low- 
flying National Oceanic and Atmospher- 
ic Administration (NOAA) aircraft, was 
60 m/sec, and the radius to maximum 
wind was approximately 60 km. The ob- 
servation period lasted about 4 hours. 

The wind field was counterclockwise 
with a slight inward spiral, as is typical 
for hurricanes in the Northern Hemi- 
sphere. The wind field was stronger on 
the right side of the storm, as seen facing 
the direction of storm movement. This is 
also typical; for, if a hurricane is to re- 
main an organized unit, the winds must 
blow faster in the direction of storm trav- 
el than against it. This leads to a substan- 
tial asymmetry in the wave field under a 

Fig. 1. Wave patterns un- 
der Hurricane Gloria on 30 
September 1976. The wave 

o00 fronts are shown as pairs of 
parallel lines. The separa- 
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B, and C are examples of 
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the corresponding loca- 

~100/ tions. The dimensions of 
each image are 7 km by 7 
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