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Measures of net oxidant concentration in seawater
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Abstract—Dissolved oxygen deficits in the ocean have been used as a measure of the organic
matter oxidized in a volume of water. Such organic matter is usually assumed to be predomi-
nantly settled particles. Using dissolved oxygen concentration in this way has two problems: first,
it does not differentiate between oxidant consumed by the pool of dissolved organic matter
present near the ocean surface and oxidant consumed by organic matter contained by falling
particles; second, it does not account for other oxidant sources, such as nitrate, which can be as
important to organic matter decay as oxygen in low-oxygen water, such as off Peru or in the
Southern California submarine basins.

New parameters provide better measures of the net oxidant concentration in a water parcel.
One such, NetOx, is changed only by gaseous exchange with the atmosphere, exchange with the
benthos, or the production or consumption of sinking particles. A simplified version of NetOx,

NetOx = [0,] + 1.25[NO;] - [TOC],

where TOC (total organic carbon), the dissolved organic carbon (DOC) plus the suspended
particulate organic carbon (POC), provides an index based on the usually dominant variables.

Calculation of NetOx and a second property, NetOC ([O,] - [TOC]), for data from GEO-
SECS and ourselves in the Atlantic and Pacific oceans using property—property graphs show
differences from those from oxygen deficits alone. Comparison of NetOx and NetOC concen-
trations at high and low latitudes of the Pacific Ocean shows the difference in surface water
oxidant concentration is even larger than the difference in oxygen concentration. Vertical particle
fluxes off Peru calculated from NetOx gradients are much greater than those calculated from
oxygen gradients. The potential value of NetOx and NetOC as parameters to understand particle
fluxcs implies that determination of TOC should be a routine part of hydrographic measure-
ments.

INTRODUCTION

CHANGE in oxygen concentration is a widely used indicator of biological activity in the
sea. At the ocean’s surface, its concentration is near saturation because of photosynthetic
production, atmospheric exchange and mixing processes; below the surface, its concen-
tration decreases as organic matter, both that carried from the surface and that which
arrives in falling particles, is oxidized. The continuous consumption of oxygen away from
the surface had made calculating its disappearance an attractive way to monitor
biological activity.

As recently as 15 years ago, the dominant source of subsurface oxygen consumption
was perceived to be the dissolved and particulate organic matter carried by a water parcel
after it left the surface. Typical concentrations of dissolved organic carbon (DOC) plus
suspended particulate organic carbon (POC)—the sum equal to total organic carbon
(TOC)—expressed as O, equivalents, are of the order of 100 pmol kg™ near the surface
and 40 pmo! kg™! in deeper waters (e.g. OGURA, 1970; MENZEL, 1974; WILLIAMS ef al.,
1980). Typical near-surface O, concentrations range from 200 to 350 pmol kg™'. OGura
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(1970) estimated that about a third of the apparent oxygen utilization (AOU) occurred
within a few hundred meters of the surface and was caused by oxidation of DOC, while
MenzeL and RyTHER (1970) argued from the DOC disappearance that most O, consump-
tion occurred in the upper 300 m of the surface. The idea that O, consumption is mostly
in the upper water column inspired passionate arguments to explain O, concentrations in
the deep sea (e.g. Craig, 1969, 1971a,b; Suess and GOLDBERG, 1971). Implicit in these
arguments was the premise that organic matter moved with water parcels.

The discovery that organic matter falls with vertical fluxes greater than the expected
Stokes fall velocities of phytoplankton-sized matter (e.g. McCave, 1975; Honio et al.,
1982; DEUSER ef al., 1981) has resulted in the frequent assumption that all O, consump-
tion results from the oxidation of falling particles (e.g. KAWASE and SARMIENTO, 1986).
More recently, JAHNKE and Jackson (1987) have suggested that significant O, utilization
occurs from falling particles at the seafloor, especially adjacent to continental margins.

There has even been a revival of the idea that high dissolved organic concentrations
dominate oceanic nutrient cycling, with a recent report of very high concentrations of
dissolved organic compounds (Suzuki et al., 1985; Sucimura and Suzuki, 1987). This
history emphasizes the need to account for O, consumption by entrained organic matter
as well as by falling organic particles when describing the fate of O, in the ocean.

The increasing interest in sediment traps [e.g. Vertical Transport and Exchange
experiment (VERTEX) and Global Ocean Flux Studies (GOFS) programs] and of large-
scale programs using their results to interpret the vertical distribution of biological
processes and fates of organic matter implies the need for a measure of O, consumption
that differentiates between oxidation of organic matter formed near the surface and
oxidation of matter derived from sinking particulate matter. Such an index should be
related to the biological concept of new production (DuGpaLE, 1967; EppLEY and
PeTERSON, 1979) and be useful for large-scale mass balances.

Within the eastern Pacific there are extensive areas where limited circulation and/or
high downward or lateral fluxes of particulate organic matter overwhelm the supply of
O,. Nitrate and, to some extent, sulfate are reduced in the consumption of organic
matter in the resulting anoxic areas. As a result, change in O, concentration is not always
a complete indicator of organic matter oxidation. Areas where nitrate reduction is
extensive include anoxic waters off Peru and the Southern California Basins (e.g.
SHoLkoviTZ, 1972; DEUSER, 1975). Similarly, in sediments where organic sedimentation
rates are too great to be balanced by O, diffusion, nitrate and sulfate drawn from the
water column are the dominant oxidants (e.g. BERNER, 1972). TAkAHASKI ef al. (1985)
observed numerous samples with anomalously low nitrate concentrations in analysis of
property—property distributions in the Indian Ocean. They ascribed these to denitrifica-
tion processes. Similar effects can be seen in samples from the Pacific Ocean taken by
GEOSECS, with nitrate—phosphate scatter plots showing a curvature at high phosphate
concentrations that indicates nitrate reduction despite the lack of samples from the area
where nitrate reduction should be the most intense, the upwelling regions on the eastern
boundaries (e.g. CRAIG ef al., 1981). Such widespread effects argue that nitrate is a
significant oxidant source for the degradation of organic matter in the deep ocean.

We propose several new measures of net oxidant concentration which explicitly link
the concentrations of the important oxidants and reductants in seawater. The goal is a set
of water properties which is unchanged by chemical transformations in a water parcel,
such as oxidation of internal DOC, but is changed by the net vertical flux of organic
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particles in or out, exchange with the atmosphere, or exchange with the sediments. The
net vertical flux could involve the breakup of a falling fecal pellet or other organic
aggregates in a volume of water and their subsequent oxidation. A semi-conservative
water property, such as NetOx, is a better measure than O, utilization alone for
comparison with deep ocean particle fluxes.

METHODS

We have used data from the GEOSECS program and our own measurements. The
GEOSECS program included measurement of TOC at 13 of 116 stations in the Atlantic
and 31 of 147 stations in the Pacific. TOC was not measured as part of the Transient
Tracers in the Ocean (TTO) program. Although the GEOSECS data set is the most
comprehensive available, including hydrographic information as well as TOC (courtesy
of Lou Gordon, Oregon State University), it has large spatial gaps (Fig. 1). Methods
used for analysis of GEOSECS samples have been described in BANBRIDGE (1981) and
by Gorpon (personal communication). GEOSECS date are available from the Physical
and Chemical Oceanographic Data Facility at the Scripps Institution of Oceanography.
Our methods have been described in WiLLIAMS et al. (1980) and JacksoN and WILLIAMS
(1985).

MEASURES

During the oxidation of organic matter, the two O, atoms in an O, molecule typically
gain two electrons each, thereby changing from a valence state of 0 to —2. Oceanic
organic matter traditionally has been considered to have carbon in a valence state of 0
(REDFIELD et al., 1963). The transfer of four electrons from carbon to the O, molecule
changes the carbon valence to +4 and forms CO,. The formation of organic matter by
photosynthesis is the opposite, reducing carbon from +4 to 0 and each of two O, atoms
from -2 to 0 (from CO, + O, to CH,O+0,). Such organic matter can be either dissolved
or particulate. Because the movement of a water parcel from the oceanic surface takes
any dissolved or suspended organic matter with it, O, is consumed by the TOC in the
parcel and, thus, the concentration of O, is not an accurate measure of the net capacity
of a water parcel to oxidize organic matter.

From a chemical perspective, the important part of these processes is that there are
electrons being transfered from donor compounds to recipients. Other compounds can
also provide the electrons for the oxidation of organic matter, although O, is a preferred
compound for energetic reasons. In low O, environments, such as the sediments, NO3
can be reduced to NO3, N,O, N,, or NH; in transfers of 2, 4, 5, and 8 electrons per
nitrogen atom. Similar reactions exist and are important for sulfate. An adequate
measure of the net oxidation capacity of a water parcel should include a consideration of
the redox forms of these two elements as well.

A simple measure of O, concentration which compensates for O, consumption of
organic carbon carried by a water parcel is

NetOx, = [0,] - [TOC]. (1)

NetOx; can be modified further to include oxidation of total organic nitrogen (TON)—
composed of both dissolved (DON) and particulate (PON) organic nitrogen—a fraction
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which is normally 10-20% of TOC. Most TON is present as DON, with DON
concentrations ranging from 2-3 pmol kg™ in deep waters to 5-12 pmol kg™ in surface
waters (e.g. Jackson and WiLLiams, 1985). If the oxidation of N takes it from a valence
state of =3 to +5, equivalent to taking it from NHj; to NOg3, then the relevant measure is

NetOx; = [0,] - [TOC] - 2[TON]. ()

A third measure, NetOx,, responds to consumption of nitrate as well as O, and includes
a more complete accounting of nitrogen forms:

NetOx; = [O;,] + 1.25[NO3] + 0.75[NO3] + 0.5[N,O] — [TOC]
—0.75(|TON] + [NH;)). 3)
NetOx; is a more rigorous measure of the net oxidant state of a water sample than O,.
Note that the nitrogen reference state for NetOx, is NO3 while that for NetOx; is Ns.

Of the six terms used to calculate NetOx,, three terms dominate and NetOx; can be
simplified to

NetOx = [O,] + 1.25[NO3] - [TOC]. ©)
Similarly, NetOx; can be simplified to
NetOC = [O,] - [TOC]. (5)

The low concentrations of PON, DON, NO3, N,O, and NH; relative to DOC and NO3
in most of the ocean mean that NetOx and NetOC can be substituted for the more
complete measures, NetOx, and NetOx;. We will emphasize NetOx and NetOC as
useful approximations in the data discussion.

Lastly, a complete accounting of the net oxidation state of a water sample should
include the redox forms of sulfur:

NetOx, = [O,] + 1.25[NO3] + 0.75[NO3] + 0.5[N,O] + 1.5[SO7]
— [TOC] - 0.75([DON] + [PON] + [NH3]) - 0.5[S>] + Co,  (6)

where Cy is a constant used to offset the high background concentration of SO3™. In
equations (1)-(6), all NetOx measures are in O, equivalents and chemical species of
nitrogen and sulfur are included. Concentrations of TOC, DOC, and POC are those of C
atoms; concentrations of TON, DON, and PON are those of N atoms.

To understand what NetOx, and NetOx; measure, consider some examples. Start with
a volume of near-surface water initially containing 250 pmol kg™ O,, 4 pmol kg™! NOs,
80 umol kg™' DOC, and no DON or particulate matter. Assume that photosynthesis
forms organic matter with a stoichiometry given by

6CO,; + NO3; + H + TH,O — C¢H,0¢NH; + 80,. 7

Initial NetOx; and NetOx, concentrations are 175 and 170 pmol kg™, respectively.
Production of phytoplankton matter using the 4 umol kg™ NOj in the proportions of
equation (7) increases O, to 282 umol kg™, TOC to 104 pmol kg™!, and TON to
4 umol kg™, and decreases NOj3 to 0. NetOx; and NetOx, are unchanged. If this new
particulate organic matter sinks from the surface, taking 24 pmol kg™! TOC and
4 ymol kg™! TON from the water parcel, O, concentration remains the same, and
NetOX; and NetOx, increase to 202. The net changes in O,, NetOX;, and NetOx,
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concentrations from the combined photosynthesis-sinking particle process are 32, 27 and
32, respectively.

The relationship between organic matter consumption and NetOx; change varies with
the composition of the organic matter but not with the reactions involved. The addition
of organic matter and its oxidation by nitrate using the reaction

SC4H;0¢NH; + 27NO3 + 27H* — 30CO, + 16N, + 51H,0, (8)

changes NetOx; by 1.13 umol kg™! for every 1 umol kg™* of organic carbon added, the
same as if O, were the oxidant. If the organic matter had half as much nitrogen, the
change in NetOx; would be 1.06 pmol kg™ and NetOx, would not be constant during this
process. Oxidation of 1 pmol kg™! would, in fact, increase NetOx, because of the
decrease in carbon uncompensated by a decrease in O,.

Different properties of NetOx, and NetOx; can be seen in this example. The change in
NetOx, differs from that of NetOx; by the nitrate change. If there were significant
denitrification, NetOx, would be a poor measure of changes in the oxidant concentration
caused by degradation of sedimenting organic matter. During the photosynthetic pro-
cess, prior to particles sinking from the euphotic zone, both NetOx; and NetOx; are
constant. The inclusion of NO3 as an oxidizer makes NetOx; a less intuitive quantity.

Particles originating in a water parcel add to the vertical flux when they leave it. This
sedimenting organic matter can be considered in terms of its ability to change O,,
NetOx,, and NetOx; in a volume of water. Expressed as the amount of O; which would
be required to convert the reduced carbon and nitrogen to CO, and NO3, O; g, and
NetOx, g,y are given by

Oz’ﬂux = NetOXZ,ﬂux = _(POCﬂux + 2PONﬂux). (9)
The equivalent calculation for NetOx; g,y is
NetOx; gux = ~(POCgyx + 0.75PONg,y). (10)

The difference between equations (9) and (10) results from the fact that the reference
state for NetOx; is N, rather than NOj3. For material with a C:N ratio of 6:1 (that of
living plankton), assuming the oxidation states of organic matter stated earlier,
NetOx; guy and Oy, will be 12.5 and 33.3% greater than —-POCq,,, respectively, with a
ratio of NetOx; gy t0 Ooqyy of 0.84.

Changes in fluxes through the water column can be related to the rate of disappearance
of oxidant-containing material, M,,. If Ox signifies an oxidant concentration, which
could be O,, NetOx;, or NetOx,, then conservation of mass implies that

o} Oxﬂux

I = M. (11)

That is, losses of oxidant-consuming organic matter from a water parcel are balanced by
increased vertical particle fluxes. Note that appearance and subsequent degradation of a
particle in a water parcel is shown by negative M,,,.

NetOx; is decreased not by oxidation of particulate or dissolved organic matter present
in the water parcel but by input of organic matter into it. Exchange of O, with the
atmosphere changes both NetOx; and O, equally, as does O, consumption by organic
matter in the sediments. The ratio of relative changes of NetOx; and O, (Fig. 2)
illustrates the relative magnitudes of these processes.
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Fig. 2. Relative changes in NetOx; and O, caused by different processes. Loss (a) or gain (a’) of

O, to atmosphere (A O,/ ANetOx; = 1); formation and loss (b) or capture and degradation (b")

of organic particle (AO,/ANetOx; = 1.19); production (c) or oxidation (¢') of contained

organic matter (AO/ANetOx; = =); oxidation (d) of sedimentary organic matter by NO; in
anoxic cnvironment (AOy ANetOx; = 0).

Because NetOx; is defined to be constant with regard to internal chemical redox
transformations, the equation relating its distribution and physical processes is that for a
substance with a simple source/sink term,

O 1 v - INetOx; - V - (KINetOx:) = ~Mycron (12)
_ _ O(NetOx; guy)
- AR (13

where v indicates the water velocity and K the eddy diffusivity. That is, the only redox
changes within a packet of water come from differences in organic matter entering and
leaving it.

EXAMPLES

A comparison of O, and NetOx concentrations reveals the differences between the
two (Fig. 3). The greatest differences occur for O, concentrations between 200 and
300 umol kg '. NetOx concentrations for such samples are frequently 50 pmol kg™ less
than those of O, because of the high TOC concentrations in this depth interval. In
samples with lower but non-negligible O, concentrations, the NetOx and O, are nearly
the same because the contributions from TOC and NO3 almost cancel. At the lowest O,
concentrations, the O, and NetOx again diverge as denitrification causes further
decreases in NetOx. The patterns in the Atlantic and the Pacific are similar, although
there is no denitrification effect visible in the more oxygenated waters of the Atlantic.

Using NetOx rather than O, in property—property plots shows slightly different
properties for NetOx in the ocean. The largest difference between a NetOx-potential
temperature (0) graph and one for O, is in the oxidant values in warmer, near-surface
waters (for those with 8 > 15°; Fig. 4). In the Atlantic, both NetOx and O, range from
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Fig. 3. Relationship between O, and NetOx. (A) Atlantic Ocean (GEOSECS). (B) Pacific
Ocean: +, north of the equator (GEOSECS); X, south of the equator (GEOSECS); [, Santa
Monica Basin off Southern California; A, off Peru.

about 50 to 350 pmol kg™!; O, at 25° is about 200 umol kg™' while NetOx is about
120 pmol kg™'. In the Pacific, O, ranges from 10 to 350 umol kg™ while NetOx ranges
from 25 to 350 pmol kg™'; at 25° O, is about 200 pmol kg™' while NetOx is about
120 pmol kg‘l. Thus, the warm near-surface waters from the low latitudes are seen as
deficient in NetOx. The reason for this is the high TOC and low NOj3 concentrations in
those waters. The NetOC pattern is almost the same.

A north-south vertical section across the Pacific confirms this (Fig. 5). Lower latitude
near-surface waters are low in nitrate and high in TOC relative to those in the higher
~ latitudes. When added to the lower saturation concentrations of O, in the warmer water,
this results in much lower net oxidant concentrations. Between 65 and 20°S there is a
decrease of about 120 umol kg™ O,, 16 umol kg™ NetOC, and 180 pmol kg™ NetOx.
Despite the smaller total range of NetOx and NetOC in the Pacific, there is a greater
difference in the net oxidant concentrations between lower and higher latitude waters
than there is O,. Furthermore, the smaller surface values of NetOx and NetOC result in
almost no vertical stratification between 20 and 30°S. The high subsurface O, maxima at
around 100 m depth are much reduced in NetOC and NetOx. North of the equator, all
the oxidants show strong vertical stratification. The high NetOx and NetOC of polar
surface waters is due to the high O, and low TOC content of these cold waters coupled,
in the case of NetOx, with high nitrate concentrations. NetOx and NetOC emphasize the
differences in net oxidant concentrations between temperate and polar surface waters.
For water translated from the higher latitude to the lower, this loss of NetOx and NetOC
would occur by escape of O, to the atmosphere. The best estimate of this loss is the
difference between NetOx concentrations at the two locations. Thus, NetOx differences
imply that about 50% more O, would be lost to the atmosphere than would comparisons
of O, concentration differences.
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Fig. 4. Relationship between potential temperature (6) and O, (A,B), 8 and NetOx (C,D), and
0 and NetOC (E,F) in the Atlantic (A,C,E) and Pacific (B,D,F) oceans. Data from the
GEOSECS program.

A vertical profile into the low O, environment of the Santa Monica Basin off Southern
California shows the expected near-disappearance of O, in the deeper part of the water
column (Fig. 6). NetOx also shows a decrease through the water column but shows a
greater decrease below 600 m because of the additional utilization of NOj there. The
value of NetOx is virtually identical to NetOx; (equation 3). Near the surface, the
decrease in DOC with depth partially balances the large decrease in O;, resulting in
smaller decreases in NetOx than in O,. Thus, the total oxidant concentration of a parcel
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Fig. 5. North-south vertical sections across the Pacific Ocean. (A) T; (B) O,; (C) TOC; (D)

NO;; (E) NetOx; (F) NetOC. Note that the 8 umol kg~' contour interval of NO3 is equivalent to

the 10 pmol kg™! contour interval of O,, TOC, NetOx and NetOC. Data from GEOSECS Stas
213, 214, 215, 217, 218, 219, 231, 234, 288, 289, 291, 292, 294, 301, 305, 308, and 314.

of water shows changes smaller than O, near the surface and larger than O, in deeper
water.

The differences between O, and NetOx are even greater off Peru (Fig. 7). Between a

depth of 100 and 500 m there is no measurable change in O, concentration because it is
undetectable. Inclusion of NOj in a measure of oxidant concentration shows a slight
increase of oxidant concentration with depth below about 125 m, while NetOx reveals a
narrow band of very low oxidant concentration between 125 and 300 m caused not only
by consumption of NO3 and O, but also by the accumulation of POC and DOC derived
from falling particles. This is in the same depth zone where Warp (personal communica-
tion) had found extensive denitrification. Cobisrort et al. (1986) recently observed high
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Oxidants in Santa Monica Basin
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Fig. 6. Concentrations of different oxidant measures in Santa Monica Basin, off Southern
California (33°45'N  118°47'W), 10 May 1981. Shown are concentrations of O, (0O),

0, + 1.25NOj3 (A), NetOx; (X)), and NetOx (O).

Oxidants off Peru
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Fig. 7. Concentrations of diffcrent oxidant measures off Peru (9°04’S, 83°37'W), 1966. Shown
are concentrations of O, (O), O, + 1.25NOj3 (A), NetOx; (x), and NetOx (O).

nitrite concentration up to 15 pM in this region. Calculation of NetOx under such
conditions will thus include the contribution of nitrite (equation 3).
A simple model of the Peru situation shows the differences that can result from

considering NetOx rather than O,. A simplified form of equation (13), assuming a steady
state, 1-dimensional system, yields

wOx, = (KOx,), — My, (14)
where the z subscript indicates a derivative, w is the vertical velocity, and Ox is the
oxidant of choice. If TOC and NOj3 are unimportant, then the same equation applies for
O, as for NetOx. This equation can be solved for Mg, and My.i0x given w and K and the
various derivatives of NetOx and O,. The eddy diffusion, K, for Peru can be estimated
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from data on the density gradient and GARGETT’s (1984) relationship; w can be estimated
by assuming that the potential temperature, 8, is also at steady state and is determined by
vertical advection and eddy diffusion:

wh, = (K0,),. (15)

Fitting data for density, potential temperature, O,, and NetOx with polynomials and
then solving for the values of My, and Mn..ox yields two different conclusions (Fig. 8).
Negative values of Mg, and Myetoy indicate a sink for falling particles. The values of
—Myei0x are much larger and more localized than those of -Mq,, where the largest value
of ~Mne10x 18 14 nmol kg ' d™* at 50 m, dropping to half this value by 210 m. The largest
value of ~Mq_, 9.4 nmol kg™ d™! at 50 m, drops to half this value by 230 m. Thus, using
NetOx rather than O, leads to an estimate of more localized particle degradation rates
that are as much as 49% greater, even though the NetOx consuming value of particulate
organic matter is 16% less, assuming Redfield composition.

Although this 1-dimensional analysis of the data indicates the different results possible
using NetOx, the situation off Peru is certainly complicated by advective movement of
water off the shelf. The very low NetOx water between 100 and 300 m could result from
TOC which enters the near-bottom water and which subsequently is advected or mixed
offshore. A scatter plot of the NetOx value of this water vs a conservative property such
as potential temperature would yield a straight line, whereas a similar scatter plot of
TOC with O, would reflect O, consumed by TOC and would not be linear.

Peru fluxes

Cepth{r)
P
©
/

M (ol kg™ d7h)

Fig. 8. Vertical distribution of sources and sinks of O, and NetOx for the Peru system (Fig. 7).
Note that influx of organic matter decreases the NetOx in a water sample, resulting in a negative
valuc of M. Vertical eddy diffusivity, K, was calculated using the relationship between density
gradient and K of GARGETT (1984). Vertical velocity w, was calculated by assuming that 0
distribution is a 1-dimensional steady state: w = K, + KT,./T,, where subscripts denote deriva-
tives. Sink strength, M, was calculated assuming that O, and NetOx were in steady state:
M = -wC, + K,C, + KC,,, where C is the concentration of NetOx or O,. For the calculations,
the density gradient was fit to an exponential curve, while 6, NetOx, and O, were fit to power

series of 4th, 5th and 5th orders, respectively.
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DISCUSSION

NetOx values represent a series of semi-conservative measures of the net oxidation
status of a water parcel. A similar measure has been proposed for atmospheric water
droplets (MorGan, 1982). The definition of these net oxidant measures includes an
increasingly greater number of terms necessitated by the reduction of nitrate and then
sulfate after available O, is reduced despite the decreasing energy yield involved in each
succeeding reaction (StumMm and Morcan, 1981). The equivalence of NO3 and O, as
reductants in NetOx means that O, consumed to produce NOj does not affect NetOx.
Release of dissolved or particulate organic matter by a falling particle with subsequent
oxidation will, however, affect NetOx.

The difference between O, and NetOx is 1.25[NO3] — [TOC]. Like concentrations of
most biologically determined chemical substances, it has its largest change in the upper
1000 m (Fig. 9), ranging from about —80 to +20 umol kg™. In deeper waters its range is
20 umol kg™!, having an average of about 0 pmol kg™! in the Atlantic and 10 pmol kg™' in
the Pacific. Lower values in the deep Atlantic are caused by lower deep-water nitrate
concentrations there. There is a near equivalence of NO3 and TOC concentrations in
deep waters resulting in almost equal value of O, and NetOx there.

TakaHasHI ef al. (1985) examined the changes in O,, NO3, PO3, and CO, on constant
density surfaces in the Atlantic and Indian oceans, correcting total CO, concentration
changes to separate out changes caused by carbonate dissolution. They concluded that
the nutrient distributions could be best explained by oxidation/dissolution of particulate
matter having a constant chemical composition (organic P, N and C) different than
that of the Redfield ratio. Their suggested ratio for P:N:C:-O, of organic debris is
1:16:103:172. If the O, consumption of the organic nitrogen in this debris is subtracted,
assuming two O, atoms per N atom, then the C: —O; ratio is 103:140. This implies that it
takes 1.36 O, to convert 1 Catom from its organic form to CO,. However, TaAkaHAsHI ef al.
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Fig. 9. Difference between NetOx and O, (1.25[NOj3] - [TOC])) as a function of depth for the
Atlantic (A) and Pacific (B) oceans. Data from the GEOSECS program.
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(1985) were unable to prove that the new C: —O, ratio was not the result of ZCO,
variation in the ocean caused by increases in atmospheric CO, during the last century.
They noted that the CO,:0; ratio could be decreased by 30% this way, resulting in a
need for only 1 O, to oxidize each C. They suggested that the best estimate for the
composition of organic matter is one which requires 1.36 O, molecules to fully oxidize
each C atom. For this composition the average C oxidation state would not be 0 as
assumed earlier but would be —1.44. Comparison of net oxidant concentration calculated
for C having the traditional redox state with one having this state,

NetOx’ = [0,] - 1.36[TOC] + 1.25[NO;], (16)

shows that the differences between NetOx and NetOx' are small and that the two values
are easily interconverted (Fig. 10). Thus, if the redox state of organic carbon implied by
the relationships of TakanasHl et al. (1985) is accurate, the effect on the NetOx
relationships discussed here will be small and easily convertible to the new ratios.

Suzuki et al. (1985) have recently reported results (not validated as yet) from a new
technique for the measurement of total dissolved nitrogen with results significantly
higher than those determined by the traditional methods of WiLLiaMms ef al. (1980) and
others. Suzuki et al. reported that the sum of NO3 and DON was almost constant in the
water column, having a value of 32-50 umol kg™'. This was predominantly in the form of
DON near the surface and nitrate in deep waters. If the oxidation of DON to nitrate
involves two O, molecules, the production of nitrate in the deep ocean involves a
consumption of 70-100 umol kg™! O, more than just for the 30-80 umol kg”! TOC
calculated here. The role of O, consumption by reduced organic matter advected from
the surface could be still greater if TOC analyses are correspondingly low (SuGiIMURA and
Suzuki, 1987). Such a large O, consumption potential would result in vastly higher net
oxidant budgets for the world’s oceans.

The use of NetOx, (equation 6) for oceanic modeling rather than NetOx is limited by
the reference states for sulfur. There is, unfortunately, no convenient reference state for

Y = —14.405 + 100174 ¢ X

rZ = 9969 *

G . 100 20C 300
NetOx {(umol kg™')

Fig. 10. Effect of change in carbon redox state on NetOx. NetOx is the value calculated using

Redfield ratio; NetOx' is the value assuming a carbon oxidation state of —1.44. A linear

regression gives the relationship between the two as NetOx’ = aNetOx + b, where a = 1.0017
and b = -14.405. The value of 7 = 0.9969.
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the sulfur system such as CO, provides for the carbon system and N, for the nitrogen.
Measurable concentrations of reduced sulfur compounds are found in small enclosed
basins (DEuser, 1975). Sulfur reduction in the sediments generates, among other
compounds, $*, most of which precipitates from solution as the mineral FeS(s). Because
S* is precipitated, there is no way to quantify the process without monitoring the
disappearance of soluble sulfate. WiLson (1975) has noted that the sulfate to chlorinity
ratio is essentially constant in all oceanic waters. The measured range in this ratio is less
than 0.4%, although sulfate depletion in isolated areas such as the Black Sea can be as
great as 4% (WiLson, 1975). In such areas, NetOx, is the important measure of the net
oxidant status of the water. In most of the ocean, the constancy of the sulfate to
chlorinity ratio and the inertness of chloride imply that sulfate depletion is relatively
small. If sulfate reduction is equal in importance to nitrate reduction, there could be
decreases in sulfate concentration comparavle to that of nitrate, namely, on the order of
10 pumol kg™'. Given that the background concentration of sulfate in seawater is 28 mmol
(e.g. GoLpHABER and KaprLaN, 1974), this would cause a change in sulfate concentration
of about 0.04% . To measure these changes, a precision of £0.01% might be necessary.
Classical gravimetric techniques have precisions of about +0.16% (RiLEY, 1975). Thus,
the inclusion of SO%~ concentration in calculation of the net oxidant concentration of a
sample would present severe analytical problems.

However, simple calculations suggest that decreases in sulfate concentrations caused
by sulfate reduction in the sediments are generally small relative to nitrate reduction.
BERNER (1972) has noted that iron pyrite, FeS, is the dominant form in which reduced
sulfide is lost to the sediments. He estimated that 7 X 10'? g of sulfur are formed into
pyrite annually and lost to the oceanic system. The reduction of each sulfide from SO3 to
$* involves 8 electrons and is equivalent to the reduction of two O, molecules. The
oceanic sulfur reduction rate is thus 3.3 x 10'! mol O,-equiv. y™'. In comparison, about
40 x 10'? g of nitrogen are reduced to N, annually in the ocean (DELwicHE, 1970). This
is 3.6 X 10" mol O,-equiv. y'. To the extent that nitrate and sulfate reduction take
place in the same anoxic sediments, changes in NetOxS from sulfate reduction will be
much smaller than those caused by nitrate reduction.

The complicated sulfur cycle in the hydrothermal circulation systems at mid-oceanic
ridges is another potential sink for NetOx,. Low sulfate and high sulfide concentrations
in hydrothermal vent waters are expressions of a sulfur cycle that includes transport of
oceanic sulfate into the mid-oceanic ridges, dissolution of srlfate present in the rocks,
precipitation of anhydrite (CaSQO,(s)), oxidation of ferrous to ferric iron by reduction of
sulfate to sulfide, precipitation of iron pyrite, and ejection back into the water column of
water low in sulfate and high in sulfides (EpmonD et al., 1979; McDurr and EpMonp,
1982; Von Damwm et al., 1985). Sulfate fluxes into the oceanic ridges have been estimated
at  3.84.0 x 10" mol y™!; sulfide fluxes out have been estimated at
9.4-12 x 10> mol y ' (EbMOND et al., 1979; Von DamM et al., 1985). Oxidation of the
sulfide to sulfate in the water column consumes ~2 x 10'? mol y™* of oxygen. NetOx,
flux associated with sulfate removal is ~—6 X 10'? mol y™'; that associated with sulfide
addition is ~-0.6 X 10 mol y!. The total NetOx, flux would then be
—6.6 x 10" mol y. NetOx and NetOx, are not directly affected by this sulfur flux but
they are reduced by the re-oxidation of sulfide to sulfate, 2.4 x 10'> mol y'. These
changes in the different NetOx quantities are the result of inorganic precipitation and
oxidation processes and are the benthic equivalent of O, exchange with the atmosphere
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occurring at the ocean’s surface. In size, they are comparable to NetOx changes caused
by nitrate reduction,

CONCLUSION

New measures of the net oxidant concentration in seawater promise to be useful new
water properties which reflect vertical fluxes of organic matter in the ocean and estimate
the oxidation-reduction (redox) processes of various basins having different origins and
histories. To exploit this potential and calculate NetOx over the world’s oceans, the
determination of TOC and TON will have to become standard hydrographic measure-
ments.
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