
the economic feasibility of any such pro- 
posed system and should be kept in mind 
in the evaluation of all such processes. 
However, the mechanics of this one-step 
process are quite simple. These losses 
are not likely to be as great as they will 
be for multistep processes. It may be 
that clever design and arrangements of 
components will permit us to reduce re- 
radiation losses, making this portion of 
our analysis unduly pessimistic. The idea 
is worthy of further consideration and 
may even acquire economic and social 
value in the future. 

Summary 

The limitations of thermochemical 
energy storage devices are the limita- 
tions of Carnot devices. Entropy produc- 
tion entailed in product separation further 
limits the efficiency of thermochemical 
processes. Thus, high upper tempera- 
tures and few reaction steps are desirable. 
In this article, the one-step effusional 
separation of water into hydrogen and 
oxygen is considered. Membrane ma- 
terials, design, and fabrication techniques 
are suggested. A parametric analysis of 
the process suggests that the idea is a 
tantalizing possibility. 
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About one-third of the population of 
the United States lives or works close to 
estuarine and coastal waters (1). Under- 
standably, there is concern about dis- 
posal of municipal and industrial wastes 
in the waterways adjacent to the larger 
metropolitan coastal communities-con- 
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cern about how much and what types of 
waste can be assimilated by these waters 
and about what corrective actions should 
be taken to improve their quality. 

These are not easy problems to solve. 
They require appropriate contributions 
from the marine sciences of physical 
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oceanography, biology, chemistry, and 
geology as well as the related branches 
of civil engineering. The Environmental 
Protection Agency, under the terms of 
its enabling legislation, has taken the po- 
sition that the solution shall be in the 
construction of secondary sewage treat- 
ment facilities (2). However, environ- 
mental scientists and engineers alike 
have argued that secondary treatment of 
wastewater is unneeded and ineffective if 
discharges are made into open coastal wa- 
ters, where there is adequate mixing, di- 
lution, and advection to prevent oxygen 
depletion, eutrophication, and other ad- 
verse effects resulting from high concen- 
trations of organic wastes (3-6). 

Generally, there is agreement among 
environmentalists and the practitioners 
of waste disposal that untreated sewage 
should not be discharged into harbors, 
estuaries, or other confined coastal ma- 
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rine waters with restricted circulation 
and water exchange. A basic question is 
whether secondary treatment is the ap- 
propriate solution in such situations, or 
whether the high capital and operating 
costs of advanced treatment would be 
better spent on a comparable investment 
in ocean outfalls. 

The construction costs related to the 
solution of these pollution problems are 
immense. For the coastal metropolitan 
areas of the United States they are mea- 
sured in billions of dollars. For example, 
for one metropolitan area, Boston, the 
costs for secondary sewage treatment 
plants are estimated to be several hun- 
dred million dollars, and those for ocean 
outfalls are comparable (7). 

In brief, secondary sewage treatment 
biologically, through the action of micro- 
organisms, decomposes and oxidizes the 
dissolved and particulate organic matter 
in wastewater. This action, carried out 
under vigorous aeration followed by 
sedimentation of inorganic solids and the 
microorganisms themselves, results in 
the removal of 80 to 90 percent of the 
biochemical oxygen demand (BOD) and 
suspended solids, leaving a relatively 
clear, well-oxygenated effluent con- 
taining the inorganic compounds of ni- 
trogen, phosphorus, and other constitu- 
ents. Before discharge, the effluent is 
normally disinfected by chlorination. 

Secondary treatment has no direct ef- 
fect on eutrophication of the receiving 
waters, which may result from uptake of 
the mineralized nitrogen and phosphorus 
compounds by phytoplankton and the 
subsequent oxygen demand associated 
with respiration or decomposition of that 
secondary crop of organic matter. Fur- 
ther, it is applicable only to point sources 
of wastewater and has no potential im- 
pact on distributed sources. The ques- 
tions are, then, how much effect does 
BOD removal by secondary treatment 
have on the possible pollution, measured 
in terms of dissolved oxygen deficits, of 
a particular area, and relatively how im- 
portant is the eutrophication potential of 
the secondary effluent? 

In this article we make a scientific as- 
sessment of this problem, using order of 
magnitude estimates. Although we ap- 
preciate that numerical modeling is often 
a necessity for final engineering plan- 
ning, we feel that such approximate con- 
siderations are appropriate for the gener- 
al problem addressed here and that they 
facilitate the separation and examination 
of the important variables. 

Dr. Officer is an adjunct professor in the Earth 
Sciences Department, Dartmouth College, Hanover, 
New Hampshire 03755, and Dr. Ryther is a senior 
scientist at the Woods Hole Oceanographic Institu- 
tion, Woods Hole, Massachusetts 02543. 
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Marine Biological and Chemical 

Oxygen Demands 

In most of the discussion that follows 
we will be concerned with the direct oxy- 
gen demand of the waste materials and 
the indirect oxygen demand associated 
with any eutrophication effects. The life 
history and ultimate fate of possible 
trace contaminants such as hydro- 
carbons, chlorinated hydrocarbons, and 
heavy metals or of pathogens such as vi- 
ruses and bacteria will be considered on- 
ly briefly. We do appreciate that these 
are also important problems for waste 
treatment and disposal. 

The potential oxygen demands for the 
two processes-waste oxidation and 
eutrophication-are comparable. From 
Thomann (8), the total oxygen required 
for the ultimate biochemical oxidation of 
the organic wastes in an untreated mu- 
nicipal effluent-the waste biochemical 
oxygen demand (WBOD)-is about 400 
milligrams per liter. Ryther and Dunstan 
(9) argue that inorganic nitrogen, rather 
than inorganic phosphorus, is the limit- 
ing nutrient in marine phytoplankton 
growth. From Redfield et al. (10) we 
have that the combining atomic ratio of 
oxygen to nitrogen in the reversible 
equation for marine phytoplankton pho- 
tosynthesis, or respiration, is 276:15.5, 

or 20:1 by weight. Again from Tho- 
mann (8), the inorganic nitrogen 
(NH4+ + NO2- + NO3-) in a municipal 
effluent is characteristically in excess of 
20 mg/liter. Thus, the ultimate phyto- 
plankton photosynthetic oxygen produc- 
tion or eutrophication oxygen demand 
[phytoplankton biochemical oxygen de- 
mand (PBOD)] of untreated wastewater 
will be in excess of 400 mg/liter. 

In addition to the inorganic nitrogen 
referred to above, untreated effluents 
have an organic nitrogen content of 20 
mg/liter (8). In the secondary treatment 
process some nitrogen is usually lost, 
presumably to the atmosphere as NH3, 
and a typical secondary effluent has an 
inorganic nitrogen content of about 20 
mg/liter (11). The PBOD of a secondary 
effluent is thus at least as high as the 
WBOD of raw sewage and may, if nitro- 
gen is not lost in the treatment, be double 
that amount. 

Assimilation Characteristics of Rivers, 

Estuaries, and Coastal Waters 

We are interested in the average con- 
ditions within a definable volume of wa- 
ter, V, of a river, estuary, or coastal re- 
gion. The dilution and reaction rate phe- 
nomena are treated in terms of a steady 
state box model. The important physical 
oceanographic variable is the flushing or 
retention time, T, defined as the time nec- 
essary to replace any particular con- 
servative quantity in the volume at the 
rate at which that quantity is being in- 
jected into the volume (12). For rivers 
and lakes r expresses the effect of the ad- 
vective river flow, R, through the vol- 
ume and is given simply by V/R. For es- 
tuaries it also includes the important ef- 
fects of tidal mixing and density gradi- 
ent- and wind-induced circulation flows. 
For coastal waters it includes all three of 
these effects plus that due to the coastal 
current structure. 

The flushing time enters the calcula- 
tions in two ways-in terms of the ef- 
fective dilution and in connection with 
the reaction rates for oxidation, reaera- 
tion, or respiration. The volume-aver- 
aged concentration of a conservative 
quantity, c, is given in terms of r as C/(VI 
r), where C is the rate at which the quan- 
tity is being added. The flushing time 
here enters in terms of the quantity V/r, 
which we refer to as the assimilation, 
and it is a direct measure of the dilution 
characteristics of the volume. The flush- 
ing time also enters in the first-order ex- 
ponential reaction terms in the form kr, 
where k is the reaction constant. For 
small kr values little reaction takes place 
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Summary 

Simplified models have been de- 
veloped to obtain order of magni- 
tude estimates of the oxygen de- 
mand of municipal and industrial 
wastes and of their potential eutro- 
phication effects in the marine en- 
vironment. The models have been 
applied to assess two major cor- 
rective actions that might be con- 
sidered for such pollution prob- 
lems-secondary sewage treat- 
ment and ocean outfalls. It is con- 
cluded that the arguments for 
secondary sewage treatment as the 
proper corrective action are not 
compelling and that the problem 
should be reexamined with appro- 
priate scientific and engineering 
evaluations. One goal of such sci- 
entific evaluations should be a 
more thorough understanding of 
the life histories of possible trace 
contaminants and pathogens 
which may have long biological, 
chemical, or geological retention 
times in the marine environment. 



Table 1. Flushing time (r), volume (V), and dilution potential (I/f) for various rivers, estuaries, 
and coastal regions. 

Region r, V, I/f Refer- 
(days) (106 m3) ence 

Raritan River 8 36 2 (13) 
Houston Ship Channel 56 67 1 (15) 
Delaware River 28 1,330 2 (24) 
Boston Harbor 2 67 24 (25) 
Mersey Estuary 4 147 7 (26) 
Raritan Bay 14 860 12 (13) 
Passamaquoddy Bay 16 4,700 41 (27) 
New York Bight 8 23,000 63 (22) 
Bay of Fundy 76 880,000 52 (27) 

within the defined volume; for large kr 
the reaction is essentially complete. 

Ketchum (13) showed that the fresh- 
water flow or river discharge, R, into a 
tidal river, estuary, or coastal region can 
be used as a natural tracer to determine 
the flushing time. The flushing time is 
given by fV/R, wheref is the volume-av- 
eraged freshwater fraction, and the as- 
similation is given by R/f. The quantity 1/ 

f is then a measure of the dilution poten- 
tial over that due to river advection only. 

Values that have been determined for 
T, V, and I/f for various selected rivers, 
estuaries, and coastal regions are given 
in Table 1. The substantial increase in 
the dilution potential from rivers to es- 
tuaries and from estuaries to coastal re- 
gions should be noted. 

Waste Oxidation Model 

The waste biochemical oxidation can 
be considered, in a first-order approxi- 
mation, to decrease in proportion to the 
amount of pollutant present, so that the 
WBOD will be proportional to 
exp(-k,t), where k, is the WBOD decay 
coefficient and t is the time from dis- 
charge. We take as an estimate of the to- 
tal demand within the volume the aver- 
age value of the exponential over the 
flushing time r, or [1 - exp(k,Tr)]/kr, 
multiplied by the initial demand aver- 
aged over the volume, or W/(V/r), where 
W is the combined waste discharge oxy- 
gen demand. This method of estimation 
is subject to question but is in keeping 
with the flow-through box model and 
order of magnitude considerations that 
are of interest here. The dissolved oxy- 
gen utilization within V, or the waste 
dissolved oxygen deficit (WDOD) with 
respect to a saturated condition, will 
then be 

( 
- e 

-k 
) 

I 
klT ) 

(1) 

where W is in units of grams per day, V 
in cubic meters, r in days, k, in 1/days, 
and WDOD in milligrams of oxygen per 
liter. The oxygen will be replenished 
within V through reaeration; the rate of 
oxygen replenishment will, again in a 
first-order approximation, be proportion- 
al to the dissolved oxygen deficit. Then 
following the same procedures as before, 
we have for WDOD including reaeration, 

W W 1 
- e -k~ 

WDOD= - -k - 

T (2) 
1 - e-k A _ 

kl,r kl - k2 
where k2 is the reaeration coefficient in 1/ 
days. For large kjr and k2r, Eq. 2 ap- 
proaches (W/V)(1/k2), independent of r. 

To apply this simplified model, we 
take as our reference condition a saturat- 
ed dissolved oxygen content, at a tem- 
perate latitude in summer, of 9 to 11 mg/ 
liter. Thus, for values of WDOD > 10 mg/ 
liter calculated from Eq. 2, we would an- 
ticipate that all or a substantial portion of 
V was anoxic. For values < 1 mg/liter, 
we would anticipate that there was no 
appreciable oxygen demand related to 
waste oxidation. And for values between 
1 and 10 mg/liter, we would anticipate 
that there was a measurable oxygen de- 
mand, which for engineering planning 
should be further examined through nu- 
merical modeling techniques. Figure 1 is 
a graph of Eq. 2 with W/V plotted against 
r for WDOD = 1 and 10 mg/liter. In this 
graph we used the characteristic values 
k, = 0.4 day-1 and k2 = 0.2 day-' ob- 
tained by numerical model simulation of 
field data (14). 

It is of interest to compare these 
simplified results with observations. 
O'Connor et al. (15) give waste-loading 
values of 207 x 106 grams of oxygen per 
day for the Houston Ship Channel and 
624 x 106 g/day for the Delaware River. 
As shown in Fig. 1, the Houston Ship 
Channel plots above the 10-mg/liter 
curve and the Delaware River between 

the 1- and 10-mg/liter curves. The Hous- 
ton Ship Channel is anoxic and the Dela- 
ware River has dissolved oxygen deficit 
values ranging from 2 to 8 mg/liter along 
its length from Trenton to Delaware Bay 
(15). For Boston inner harbor the waste 
loading is only from storm-sewer over- 
flows along the Charles River (15). We 
have taken an excess loading of 100 x 
106 g/day for this source. The determined 
value, as shown in Fig. 1, plots below the 
1-mg/liter oxygen curve. The observed 
dissolved oxygen in Boston Harbor ap- 
proaches saturation. 

Figure 1 provides us with a convenient 
index for estimating the effects of altera- 
tions in the waste loading, outfall loca- 
tion, or other environmental factors 
within the system. We see that, in gener- 
al, small changes will have little effect. If 
conditions are becoming anoxic, major 
changes will be necessary to attempt to 
return the receiving waters to a measur- 
ably uncontaminated condition. 

One such major change would be sec- 
ondary sewage treatment. For example, 
suppose we initially have an anoxic con- 
dition in an urban estuary with a substan- 
tial waste loading of W = 400 x 106 g/ 
day, a volume V = 40 x 106 m3, and a 
flushing time r = 10 days. This original 
condition would then be as shown in Fig. 
1. If secondary sewage treatment facili- 
ties were installed at all point sources, it 
might optimistically be hoped to reduce 
the loading by 90 percent (4, p. 9; 16). In 
the resulting condition, as shown in Fig. 
1, there would still be appreciable waste 
biochemical oxygen utilization. 

Another major change would be the 
use of ocean outfalls. Here we take a 
coastal volume V = 4000 x 106 m3 and a 
flushing time T = 5 days. In the resulting 
condition, as shown in Fig. 1, the wastes 
now have a negligible effect on the natu- 
ral dissolved oxygen content of the re- 
ceiving environment. In essence, the 
ocean outfall, in this example, permits an 
improvement of two orders of magnitude 
whereas the secondary treatment, at 
best, permits an improvement of only 
one order of magnitude. 

Eutrophication Oxidation Potential 

We are interested here in developing a 
nutrient-limited model for the eutrophi- 
cation potential. As discussed above, we 
can consider this limitation in terms of 
the inorganic nitrogen waste loading (N, 
in grams of nitrogen per day) or, more 
conveniently for our purposes, in terms 
of the potential utilization of the oxygen 
in these waste nutrients by phytoplank- 
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ton in their respiration or decay (P, in 

grams of oxygen per day). For this con- 
dition P is approximately 20N. This ap- 
proach to eutrophication is similar to 
that used by Garside et al. (17) and oth- 
ers. 

The eutrophication phenomenon is not 
one of a miscible material, involving 
simple flow-through considerations and 
decay, as is the case for waste oxidation 
of a clear effluent. Here we have biologi- 
cal retention effects as the phytoplank- 
ton material sinks to deep water and to 
the bottom and, subsequently, decays. 
The addition of a sink to the problem 
greatly increases the potential pollution 
hazard. 

Considering the time constants of the 
system and system components, we treat 
the problem as one of a quasi steady 
state. We do appreciate that for longer 
time periods, measured in terms of sea- 
sons of the year, phytoplankton blooms 
are not steady state phenomena. 

For nutrients, particularly in our case 
inorganic nitrogen, to be the limiting 
constituents in phytoplankton blooms, a 
number of other conditions have to be 
met. For marine photosynthesis to occur 
at an optimum rate, it is necessary to 
have sufficient daytime solar insolation 
and sufficiently warm receiving waters; 
both of these conditions are generally 
met in temperate latitudes in the summer 
(18). In addition, the natural turbidity of 
the water must be low (18). This is a 
more serious limitation for urban es- 
tuaries, where the suspended sediment 
and detrital loads are often high, and pre- 
cludes nutrients being the limiting factor 
in photosynthesis in these situations 
(17). When light, temperature, and tur- 
bidity conditions are favorable, phyto- 
plankton growth rates can be rapid; opti- 
mum values are characteristically 
around a doubling per day, or a corre- 
sponding value for the phytoplankton 
production coefficient of kp = 1 day-' 
(18). 

For eutrophication, or excess oxygen 
utilization in the phytoplankton respira- 
tion or decay, to then occur, it is neces- 
sary that the phytoplankton be physi- 
cally separated from the waters in which 
they are produced. For example, if the 
phytoplankton characteristic of a partic- 
ular bloom are small and essentially mis- 
cible with the water, they will utilize for 
respiration the photosynthetically pro- 
duced oxygen and that reaerated in the 
surface waters as conditions become un- 
dersaturated. On the other hand, if there 
is nearly complete zooplankton grazing 
of the bloom, which is usually not the 
case, the ultimate oxygen utilization will 
9 SEPTEMBER 1977 

Fig. 1. Waste oxidation 
potential (WDOD) and S 
eutrophication oxida- 
tion potential (PDOD) 
plotted in terms of 
waste loading (W/V and 
P/V) against flushing 
time (r). The results for I 0 
waste oxidation are E \ \ 
compared with obser- 7> \ \. 
vations (o) for the \ 
Houston Ship Channel, \ \ 
the Delaware River, > Hudson\ 
and Boston Harbor. _ River 

o Boston\ \ plume 
Eutrophication oxida- ' Harbor o\ 
tion results are com- > 1-... 
pared with observation 
(.) for the Hudson Riv- 
er plume off New Jer- 
sey. (*) Possible effects 
of secondary sewage - PDOD = 1"' 
treatment (WDOD on- mg/liter 

ly) and ocean outfall 
(WDOD and PDOD) on Ocean outfall 
an original pollution 01 

condition (see text). 

be transferred to higher members in the 
aquatic food chain and their wastes. We 
are interested in the case where the 
plants or animals of the plankton or their 
solid wastes sink out of the photosyn- 
thetic upper waters and accumulate in 
the deeper subeuphotic waters and on 
the bottom. This corresponds to the situ- 
ation that occurred in two examples of 
marine eutrophication that have been 
well studied. In one case the phytoplank- 
ton accumulated on the bottom (19), and 
in the other the phytodetritus from zoo- 
plankton grazing accumulated on the 
bottom (20). 

The decay rates for phytoplankton res- 
piration are generally low in comparison 
with the optimum production rates. A 
characteristic value for the respiration 
coefficient is kd = 0.05 day-' (21). Thus, 
if all of the available inorganic nitrogen, 
N, is continuously converted to phyto- 
plankton and all of this material sinks out 
of the euphotic zone and is retained with- 
in the reference volume, the steady state 
accumulation will be N/kd in terms of ni- 
trogen content. The accumulation can be 
substantial; for kd = 0.05 the accumu- 
lated material will be 20 times the daily 
production. This material decays at the 
rate kd so that the oxygen utilization will 
be at the rate P. 

To take the most adverse condition, 
we assume that there is no oxygen re- 
plenishment to the bottom waters from 
the supersaturated, or reaerated, water 
near the surface. This implies that there 
is a substantial thermocline or halocline 
with a consequent lowering of the verti- 
cal mixing coefficient in this zone, such 
that the hydrodynamic exchange is small 

10 100 1000 

t (days) 

in comparison with the normal flushing 
of the bottom waters. Then, including 
the rate of phytoplankton production in 
terms of the flushing time of the defined 
volume, the phytoplankton dissolved ox- 
ygen deficit (PDOD) for the bottom wa- 
ters will be 

PDOD = (-- 1- 
__ ~ kv 

(3) 

T 

where /3 is the fraction of the phyto- 
plankton bloom that is retained and 
decays within the system out of the eu- 
photic zone and a is the ratio of the vol- 
ume of the bottom waters to the total 
volume, V. For large values of kpr, Eq. 3 
approaches (PIV)r(/3/a) and is propor- 
tional to r. 

Equation 3 is graphed in Fig. 1 for 
PDOD =1 and 10 mg/liter. Values of 
a =3 = 1/2 have been assumed for 
these calculations. The choice of the val- 
ue of 3 is certainly subject to question. 
Not all of the plankton or plankton 
wastes will sink out of the euphotic zone 
and be retained within the reference sys- 
tem for decay. Considering that for a 
characteristic sewage effluent W and P 
have approximately the same numerical 
value, we see that the BOD potential 
from eutrophication is greater than that 
from direct waste oxidation, particularly 
at large values of r. This conclusion, 
however, should be tempered: eutrophi- 
cation is only a potential, and for many 
marine areas the determining criteria of 
solar insolation, water temperature, tur- 
bidity, and reduced vertical mixing will 
not be met. 

As with the waste oxidation model, it 
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is of interest to compare these simplified 
calculations with observations. There is 
one example of cultural eutrophication in 
the marine environment for which there 
are sufficient data to make such a com- 
parison. This is the anoxic condition that 
occurred off the coast of New Jersey 
during the summer of 1976 (19). The 
mixed Hudson River water exits from 
the lower bay into the apex of the New 
York Bight and moves as a definable 
plume southward along the shore of New 
Jersey for some considerable distance. 
Ketchum et al. (22) define a volume 
V = 750 x 106 m3 with a flushing time 
r = 2.0 days, or alternatively a volume 
V = 1760 x 106 m3 with a flushing time 
r = 2.8 days, for the mixed Hudson Riv- 
er plume along the New Jersey shore. 
From Garside et al. (17), we have that 
160 x 106 g of inorganic nitrogen is re- 
leased each day into the New York wa- 
terways from the sewage effluents, and 
during the summer 117 x 106 g/day exits 
through lower bay. 

The points for these two defined vol- 
umes are shown in Fig. 1. We see that 
the mixed Hudson River water falls in 
the critical region between the 1- and 10- 
mg/liter eutrophication curves. For this 
case the flushing time for the bottom wa- 
ters beneath the Hudson River plume 
will not, in general, be the same as that 
for the plume itself but will depend more 
on the prevailing coastal current condi- 
tions. In the summer of 1976 the wind 
and current conditions were abnormal 
and may well have led to an extended 
residence time over the 2 to 3 days as- 
sumed in these calculations, as has been 
speculated (19). It is pertinent to note 
that the anoxic conditions which oc- 
curred in 1976 were anticipated by Segar 
and Berberian (23) from measurements 
taken in 1974. 

Let us now consider the possible ef- 
fects of secondary sewage treatment or 
ocean outfalls on the eutrophication po- 
tential. Secondary sewage treatment will 
have no direct beneficial effect on the 
eutrophication potential; if anything, the 
eutrophication potential may be en- 
hanced and accelerated because in- 
organic nutrients will be more rapidly 

and more completely available to the 
phytoplankton than they are when pro- 
vided by the natural decomposition of 
wastewater in the sea. As shown in Fig. 
1, the original condition will be un- 
changed by secondary sewage treat- 
ment. The installation of ocean outfalls, 
however, can virtually eliminate the 
eutrophication potential; in addition, the 
sewage nutrients can have the beneficial 
effect of serving as fertilizers for the 
aquatic food chain. 

Trace Contaminants and Pathogens 

The life history and ultimate fate of 
trace contaminants and pathogens in- 
troduced into the marine environment 
from municipal wastewaters comprise an 
important, albeit complex, subject. Ini- 
tial source control, particularly for con- 
taminants of industrial origin, may well 
be the most effective corrective action 
when it is possible (3-5). In this section 
we consider the effects of secondary 
sewage treatment and ocean outfalls 
when such control is not possible. 

Part of the concern about such trace 
toxic materials is due to their stability 
and their biological, chemical, or geolog- 
ical transformations which lead to longer 
retention times within the marine envi- 
ronment. If a toxic material is miscible 
with the receiving waters but has a decay 
time long compared with the time con- 
stants of the marine system, it may be 
considered to be conservative and its 
average concentration will be given by 
the simple relation c = C/(V/r). Accord- 
ing to Bascom (4, p. 9), secondary treat- 
ment may reduce C by 45 percent. Tak- 
ing the example we considered in the 
section on waste oxidation for com- 
parison, the quantity V/r will be in- 
creased by a factor of 200 for an ocean 
outfall. The reduction in c for an ocean 
outfall is clearly superior to that for sec- 
ondary treatment. If the toxic material is 
not miscible but has a longer retention 
time, T, in the system, T will replace r in 
the defining equation. Although the val- 
ues of T for an urban estuary and an 
ocean outfall may be considerably dif- 

ferent, the advantage in the reduction of 
c would still appear to lie with the ocean 
outfall, considering the hundredfold in- 
crease in the dilution volume. 
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