
4 April 1975, Volume 188, Number 4183 SCIE NCE 

Phosphorus and Nitrogen in Seawater 

In recent years considerable effort 
has been devoted to determining if 
phosphorites are forming in the oceans 
today. Known phosphorite deposits on 
the ocean floor are of limited areal 
extent and have yielded little evidence 
to support present-day formation (1). 
Exceptions are deposits on the conti- 
nental shelves of southwestern Africa 
(2) and Peru (3), associated with muds 
having exceptionally high concentra- 
tions of organic matter, and phosphorite 
on a log dredged from the Gulf of 
Tehuantepec (4). Most marine phos- 
phorite deposits occur in areas of in- 
tensive coastal upwelling and at depths 
roughly corresponding to the depth at 
which the oxygen (02) minimum layer 
in the-ocean comes in contact with the 
ocean floor. (The O2 minimum layer in 
the ocean is the stratum usually ob- 
served between 200 and 1500 meters 
in which vertical profiles of dissolved 
02 exhibit a minimum.) 

Berner (5) has also noted an appar- 
ently high rate of accumulation of 
phosphorus in metalliferous sediments 
from the East Pacific Rise. Although 
others have proposed a volcanogenic 
source for several of the heavy metals 
in these deposits, Berner suggests that 
normal seawater may be the source for 
phosphorus. His estimate of the rate 

of accumulation of phosphorus in rise 
crest sediments between 10?S and 
30?S suggests that as much as 15 per- 
cent of the total world influx to the 
oceans of dissolved phosphorus from 
rivers may accumulate over this lim- 
ited area of the ocean floor. 

Kramer (6) and Roberson (7) have 
suggested that seawater is saturated or 
even supersaturated with respect to 
hydroxyapatite and carbonate fluorapa- 
tite. Arrhenius (8) has concluded that 
seawater is undersaturated with respect 
to phosphatic minerals at depth but 
is saturated in some shallow waters, 
and that carbonate fluorapatite precipi- 
tates where aided by the flux of organic 
material to shallow-water sediments, 
particularly in areas of coastal upwell- 
ing. 

The high concentration of mag- 
nesium in seawater, however, may in- 
hibit the precipitation of phosphorites, 
according to Martens and Harriss (9). 
Until more reliable data are available 
on such inhibitory effects and complex 
formation of phosphorus, it may not 
be possible to determine precisely the 
degree to which seawater is saturated 
(10). The results of the work of Ko- 
lodny and Kaplan (1), however, strong- 
ly suggest that, even though seawater 
may be near, or even in excess of, 
saturation values with respect to car- 
bonate fluorapatite, the precipitation of 
this mineral in today's ocean is of 
minor quantitative importance. 

The distribution of phosphorus in the 
oceans and its relationship to the dis- 
tribution of nitrogen indicate that bio- 
logical removal of these two essential 
nutrients in the surface layer may limit 
phosphorus precipitation. The ratio of 
nitrogen [we are here considering only 
combined nitrogen, not dissolved mo- 
lecular nitrogen (N2)] to phosphorus 
throughout the deep ocean approximate- 
ly equals the 16: 1 atomic ratio of 
nitrogen to phosphorus in living marine 
organisms (11). Both nutrients usually 
exhibit extremely low concentrations in 
the photic zone of the ocean, primarily 
because of phytoplankton uptake. Al- 
though nitrogen more commonly ap- 
pears to be the limiting nutrient, the 
concentration of phosphorus in the sur- 
face layer of the ocean is often only 
slightly in excess of the biological de- 
mand. 

Under what conditions might the 
phosphorus content of the surface 
layer be increased such that the 
precipitation of carbonate fluorapatite 
is enhanced? Because phosphorus is 
closely linked to nitrogen in the bio- 
logical cycle, it is often useful to in- 
clude the one element in any discussion 
of the other. The problem we plan to 
examine is the following: might a re- 
duction in the availability of combined 
nitrogen, that is, a reduction of the 
nitrogen/phosphorus ratio below its 
current value of 16 : 1, allow for an in- 
crease in the concentration of phospho- 
rus in the surface layer of the oceans 
to the point where carbonate fluorapa- 
tite would precipitate? 

Before considering the mechanism 
whereby combined nitrogen concentra- 
tions in the ocean may be lowered, let 
us consider briefly its present cycle. The 
major input of nitrogen to the ocean 
appears to be via the atmosphere (Table 
1). Much of this nitrogen may be com- 
bined nitrogen that is produced on land 
by nitrogen-fixing bacteria and the de- 
cay of organic matter. At the present 
time a significant amount may also be 
introduced by man's activity (12). 
Emery et al. (13) have suggested that 
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the fraction of the input in excess of 
that lost to the sediments, the amount 
necessary to maintain a steady state, 
may be balanced by the reduction of 
NO3- to N2 by the activity of denitri- 
fying bacteria. Marine denitrification 
occurs largely in environments where 
02 concentrations are less than 0.1 
milliliter per liter of seawater (14), and 
denitrification appears to proceed to, 
or almost to, completion before sulfate 
reduction begins (15). Generalized equa- 
tions foir these three types of respiration 
are as follows: 

Oxygen respiration: 

5CHaO + 50a -> 5CO2 + 5H20 (1) 

Denitrification: 

5CH2O + 4HNO -- 5C02 + 2Na + 7H20 
(2) 

Sulfate reduction: 

2CH20 + H2SO -> 2C02 + 2H20 + H2S 
(3) 

Codispoti (14) and Cline (16) have 

recently shown that denitrification rates 
within the 02 minimum layer of the 
eastern tropical North Pacific, where 
the 02 concentrations are often less 
than 0.05 ml/liter, are of the order of 
magnitude needed to maintain nitrogen 
at a steady state. Thus, the cycle of 
combined nitrogen may be controlled 

largely by a series of biological pro- 
cesses, its input from the continents and 

atmosphere and from a possibly lesser 
amount of marine nitrogen fixation 

being balanced largely by marine deni- 
trification in 02-deficient marine envi- 
ronments. 

Under what conditions then could the 
concentration of combined nitrogen in 
the ocean be lowered below its present 
value? We propose that the necessary 
conditions may be met by a significant 
increase in the areal extent of that por- 
tion of the 02 minimum layer within 
which 02 concentrations are less than 
- 0.1 ml/liter. The consequences of 

such an increase can be summarized 
as follows: 

1) An increase in denitrification in 
the 02 minimum layer will occur. When 
this overwhelms the total influx of 
combined nitrogen, the nitrogen con- 
centration will decrease throughout the 
ocean and biological productivity in the 
surface layer will decrease, owing to 
this decrease in the concentration of 
combined nitrogen. 

2) Muds with high concentrations of 
organic matter may accumulate wher- 
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ever water within which 02 concentra- 
tions are less than approximately 0.1 
ml/liter intersects the sea floor and 
dilution by terrigenous sediment is mini- 
mal. Muds currently accumulating un- 
der these conditions contain as much 
as 14 percent organic carbon (2). 

3) The concentration of phosphorus 
will increase in the surface layer of the 
ocean after which the least soluble phos- 
phate salt, possibly Ca10(P04,C03)6F2.3, 
will precipitate, in association with 
these muds but at a somewhat shallower 
depth. This increase in the concentra- 
tion of phosphorus in the surface water 
may result from its decreased use in 
biological activity. For a discussion of 
the relationship between the concentra- 
tion of an element in seawater and its 
reactivity and residence time, see Gold- 
berg et al. (17). It is not possible to 
say how much of an increase over the 
present concentration of phosphorus 
may be required before surface seawater 
reaches saturation (10). Since carbonate 
fluorapatite is currently accumulating 
on the sea floor (2-4) on a very limited 
scale, perhaps only a slight increase in 
the phosphorus concentration in the 
near-surface waters may be required 
to considerably enhance the precipita- 
tion of this salt. 

4) A decrease in the pH of seawater 
occurs within and adjacent to the 02 
minimum layer. In the 02 minimum 
layer the pH is 7.4 to 7.9, whereas in 
surface water the pH is frequently 
greater than 8 (18). The upwelling of 
water with low pH and high P043- 
concentrations into the warm surface 
layer may promote the precipitation of 
phosphorites instead of other precipi- 
tates (19). In addition, the high bio- 
logical activity associated with such up- 
welling (that is, high relative to that in 
other areas of the ocean at that time) 
would tend to supply the organic mat- 
ter necessary to maintain the 02 mini- 
mum layer and, at the same time, 
provide for the accumulation of organ- 
ic-rich muds. 

Variation of the Nitrogen/Phosphorus 

Ratio in Ancient Oceans 

Although the processes that maintain 
the marine nitrogen/phosphorus atomic 
ratio at a value close to the require- 
ments of organisms may be in balance 
today, it is possible that this has not 
always been the case. A warming trend, 
for example, could increase the marine 

denitrification rate because of decreased 
02 solubilities. A temperature increase 
of ~ 2?C decreases the 02 solubility 
values by about 5 percent. Some rough 
calculations indicate that such a de- 
crease, occurring in the regions of major 
marine denitrification, could cause a 
substantial increase in the marine deni- 
trification rate. For example, NO3- 
removals in the 02-deficient waters of 
the eastern tropical North Pacific are 
generally less than 10 microgram-atoms 
per liter, corresponding to 25 micro- 
gram-atoms per liter of 02 (Eqs. 1 and 
2), or about 5 percent of the 02 solu- 
bility. Thus, we might expect a 2?C 
warming to cause a considerable in- 
crease in the maximum NO3- removal 
values. In addition, a glance at 02 
distributions (20) indicates that, with a 
2?C warming, the volume of 02-defi- 
cient seawater would increase consider- 
ably. If it were not compensated, the 
present estimate for marine denitrifica- 
tion alone, 1014 grams of nitrogen 
per year (14), would be sufficient to re- 
move all the combined NO3- from 
the ocean in ~ 104 years. Therefore, 
climatic changes could conceivably have 
significant effects on the combined nitro- 
gen inventory of seawater. 

Dilution of seawater caused by the 
melting of continental ice may be one 
possible compensating factor' to in- 
creased denitrification. Such melting 
should dilute the oceans and increase 
the 02 solubilities. However, dilution 
with today's quantity of ice would in- 
crease solubilities by less than 1 percent. 

Ultimately, any impoverishment of 
combined nitrogen, caused by increased 
denitrification, should cause marine ni- 
trogen fixation rates to rise or should 
cause respiration rates at depth in the 
ocean to decrease because of reduced 
primary productivity, or both. Over 
geologic time the nitrogen/phosphorus 
ratio may be maintained reasonably 
constant by such feedback mechanisms 
in the nitrogen cycle, aided by the in- 
creased phosphorite precipitation which, 
according to our proposal, should ac- 
company increased denitrification. 

These processes, however, may not 
be closely coupled. A good portion of 
the denitrification occurs in waters well 
below the depth of upwelling into the 
local photic zone. As a consequence, 
much of the reduced primary produc- 
tivity may first occur years hence and 
in a different region of the ocean. In 
addition, Ryther and Dunstan (21) have 
suggested that marine nitrogen fixation 
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is not effective in increasing the nitrogen 
concentration in the short run. One can 
envision, therefore, a time lag before 
reduced primary production in the re- 
gion of denitrification and marine nitro- 
gen fixation could redress the imbalance 
between the nitrogen/phosphorus ratio 
required by organisms and available in 
seawater. 

Therefore, increased denitrification 
rates could temporarily create an im- 
balance and lower primary production 
throughout the ocean. This reduction 
would eventually become apparent in 
the waters immediately above the re- 
gion of denitrification. This would re- 
duce respiration at depth and help 
nitrogen fixation to drive the system 
back toward a balance. The crucial 
point is that, because of the possible 
time lag, a period of increased denitri- 
fication could overlap, or be closely 
followed by, a period of higher phos- 
phorus concentrations in the surface 
water of the ocean. We believe that this 
would be a very favorable period for 
the accumulation of phosphorite de- 
posits. 

Obviously several somewhat different 
versions of this scenario could be 
advanced on the basis of various as- 
sumptions about the rates of input of 
phosphorus to the ocean, the vertical 
circulation in the ocean, and the rate 
of denitrification in the 02 minimum 
layer during periods of extensive phos- 
phorite accumulation. An alternative 
mechanism, the invasion of the conti- 
nents by shallow seas with depths 
roughly corresponding to the depth of 
the 02 minimum layer, may allow for 
the accumulation of extensive organic- 
rich muds and significant increases in 
the rates of denitrification without any 
global temperature change. This would 
suggest a correlation between periods 
of maximum transgression, as discussed 
by Damon (22), and the ages of exten- 
sive phosphorite deposits (Fig. 1). How- 
ever, the point we want to make is that 
an increase in the areal extent of the 
02 minimum layer, by whatever means, 
may have so altered the nutrient cycles 
in the ocean as to enhance the pre- 
cipitation of phosphorus from the sur- 
face layer of the oceans. 

Ancient Phosphorite Deposits 

Phosphorite deposits occur in sedi- 
mentary rocks of all ages from Pre- 
cambrian to Recent. However, as noted 
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Table 1. Combined nitrogen and phosphorus budgets in the ocean (13) (in millions of metric 
tons). 

Component Nitrogen Phosphorus 

Reserve in ocean 920,000 120,000 
Annual use by phytoplankton 9,600 1,300 
Annual contribution by river, dissolved 19 2 
Annual contribution by river, suspended 0 12 
Annual contribution by rain 59 0 
Annual loss to sediments 9 13 

by Bushinskii (23), major phosphorite 
deposits of marine origin have accumu- 
lated during only a few intervals of 
geologic time. These intervals are 
shown in Fig. 1. More than 95 percent 
of the world's commercial production of 
sedimentary phosphorus is from rocks 
of these ages, as estimated from a pub- 
lication by the British Sulfur Corpora- 
tion (24). These deposits are usually 
associated with black shales, the main 
exception being the Miocene deposits 
of the eastern United States which 
account for approximately one-third of 
the world's production. Although Upper 
Devonian-Lower Mississippian deposits 
are significantly less important than de- 
posits of other ages shown, these rocks 
contain widely scattered low-grade de- 
posits, associated with black shales that 
have an areal distribution unequaled 
except perhaps by black shales of the 
Upper Cretaceous-Lower Tertiary. De- 
posits of ages other than those shown 
also occur but are usually quite minor 
or areally limited [for example, an 
Upper Triassic deposit in the Shublick 
formation of northern Alaska (25)]. 

Thus, during possibly six short intervals 
of geologic time phosphorite deposits 
accumulated from ancient oceans on 
a global scale. 

Gulbrandsen (26) and Bushinskii (23) 
have recently presented excellent re- 
views of the different hypotheses that 
have been advanced to account for the 
origin of deposits formed in the geo- 
logic past. We will only briefly note 
the more frequently mentioned associa- 
tions of phosphorites. In addition to 
occurring with black shales (27), they 
contain uranium in a reduced valence 
state (28). Consequently, they are con- 
sidered to have formed under reduc- 
ing conditions or in association with 
nearby reducing conditions. Their fre- 
quent association with the Iremains of 
fish debris has been cited as evidence 
that they accumulated in areas of high 
biological activity such as occur in 
regions of coastal upwelling. Mansfield 
(29) has also noted their association 
with unconformities and with volcanic 
debris. 

The mechanism we have advanced 
for the formation of marine phosphorite 
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Fig. 1. Episodes of extinction in the animal kingdom (32), and approximate ages of 
extensive marine phosphorite deposits (24). The last appearances of animal families 
through geologic time are given in percentages. Main episodes of extinction occurred 
near the close of the Cambrian, Devonian, Permian, Triassic, and Cretaceous periods (32). The size of the symbol designating the age of phosphorite deposits is not in- 
tended as an estimate of their relative economic importance nor of their amount of 
total phosphorus. 
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deposits, when applied to ancient de- 
posits, may account for their associa- 
tion with carbonaceous shales and the 
very broad areal distribution of deposits 
of any one age. The mechanism does 
not prohibit, and in fact favors, local 
enhancing complications such as coastal 
upwelling. We want to emphasize, how- 
ever, that the accumulation of major 
phosphorite deposits may have required 
a significant change in global nutrient 
budgets. 

Consider, for example, the Upper 
Permian Phosphoria formation, in 
the northwestern pa,rt of North Amer- 
ica. It contains approximately 7 X 1011 
metric tons of phosphorus, or six times 
the total amount of phosphorus in the 
ocean today (Table 1), extending over 
an area of 3.5 X 10K5 square kilometers 
(26, 30). This must represent a conser- 
vative estimate of the amount initially 
deposited and certainly of the amount 
deposited throughout the oceans during 
the time required for the accumulation 
of this formation. Gulbrandsen (26) has 
estimated a minimum required time of 
2.1 X 10 years. A more conservative 
estimate of accumulation rate has been 
made by Cressman and Swanson (31) 
in considering only the Retort member 
of the Phosphoria formation in south- 
western Montana. They estimate that 
roughly 1.3 X 106 years were required 
to deposit 1.6 X 101? metric tons of 
phosphorus over an area of 20,300 
square kilometers, corresponding to an 
accumulation of roughly 1 percent of 
the current river input of dissolved phos- 
phorus for that period of time, over 
only 0.006 percent of the current sur- 
face area of the ocean. 

As McKelvey et al. (30) suggest, 
open circulation with the ocean was 
required to form such a deposit. We 

suggest that this apparently accelerated 
rate of accumulation of phosphorus 
may have resulted in a lowering of the 

phosphorus concentration in the deep 
ocean, in contrast to the surface layer 
of the ocean where its concentration 
may have increased slightly. As noted 
above, this would aid in reestablishing 
the nitrogen/phosphorus ratio of the 
deep-ocean reservoir. When the lowered 
phosphorus concentration of the deep 
ocean again corresponded to the low- 
ered nitrogen concentration, that is, 
when the nitrogen/phosphorus ratio of 
the deep ocean again approached the 
biological demand of organisms living 
in the surface layer, phosphorite pre- 

cipitation on a large scale probably 
ceased. 

Of possibly considerable significance 
is an apparent relationship between the 
age of marine phosphorite deposits and 
the times of maximum evolutionary 
change. Newell (32), Flessa and Imbrie 
(33), Tappan and Loeblich (34), and 
others have noted changes in the num- 
bers of groups of organisms with time, 
from the Cambrian to the present (Fig. 
1). Several of the phosphorite and black 
shale deposits, specifically those of 
Devonian, Permian, and Cretaceous 
ages, apparently accumulated during 
times of the mass extinction of orga- 
nisms, although there are obvious ex- 
ceptions to this relationship (Fig. 1). 

Bramlette (35) has suggested that a 
decrease in the supply of nutrients 
from land may have caused the drastic 
faunal extinctions at the end of the 
Cretaceous. Since phosphorite was pre- 
cipitating in shallow seas that covered 
large areas of the continents at that 
time, it seems unlikely that phosphorus 
would have been in short supply. How- 
ever, this may not have been the case 
for combined nitrogen. We can only 
speculate on whether a possible increase 
in denitrification, producing lower con- 
centrations of combined nitrogen in 
seawater, may have decreased biological 
productivity in ancient oceans such as 
to contribute to the mass extinction of 
groups of organisms. 

Summary 

We have attempted to demonstrate 
a possible relationship between phos- 
phorite deposition and an increase in 
marine denitrification. The studies of 
others indicate that major phosphorite 
deposits are often associated with black 
shales and accumulated during only a 
few epochs of geologic history. Some 
of these epochs were also marked by 
mass extinctions of organisms. Such 
events are not as precisely nor as 
strongly correlated as we would like. 
Nevertheless, the correlations are strong 
enough to encourage further considera- 
tion of the effects of possible changes 
in the rate of denitrification within an- 
cient oceans on the origin of phospho- 
rite deposits, the extinctions of marine 
organisms, variations in the overall level 
of biological activity, and temporal fluc- 
tuations in the organic carbon content 
of sedimentary rocks (36). 

References and Notes 

1. Y. Kolodny and I. R. Kaplan, Geochim. 
Cosmochim. Acta 34, 3 (1970). 

2. G. N. Baturin, Dokl. Acad. Sci. USSR Earth 
Sci. Sect. 189, 227 (1969). 

3. H. H. Veeh, W. C. Burnett, A. Soutar, 
Science 181, 844 (1973). 

4. E. D. Goldberg and R. H. Parker, Bull. 
Geol. Soc. Am. 71, 631 (1960). 

5. R. A. Berner, Earth Planet. Sci. Lett. 18, 
77 (1973). 

6. J. R. Kramer, Science 146, 637 (1964). 
7. C. E. Roberson, U.S. Geol. Surv. Prof. 

Pap. 550-D (1966), p. D178. 
8. G. Arrhenius, in The Sea, M. N. Hill, Ed. 

(Wiley, New York, 1963), vol. 3, pp. 655- 
727. 

9. C. S. Martens and R. C. Harriss, Geochim. 
Cosmochim. Acta 34, 621 (1970). 

10. R. M. Pytkowicz and D. R. Kester, Limnol. 
Oceanogr. 12, 714 (1967). 

11. H. U. Sverdrup, M. W. Johnson, R. H. 
Fleming, The Oceans (Prentice-Hall, Engle- 
wood Cliffs, N.J., 1942). 

12. E. D. Goldberg, in Impingement of Man on 
the Oceans, D. W. Hood, Ed. (Wiley, New 
York, 1971), pp. 75-88. 

13. K. 0. Emery, W. L. Orr, S. C. Rittenberg, 
In Essays in the Natural Sciences in Honor 
of Captain Allan Hancock (Univ. of Southern 
California Press, Los Angeles, 1955), pp. 
229-310. 

14. L. A. Codispoti, thesis, University of Wash- 
ington (1972). 

15. F. A. Richards, in Chemical Oceanography, 
J. P. Riley and G. Skirrow, Eds. (Academic 
Press, London, 1965), vol. 1, pp. 611-645. 

16. J. D. Cline, thesis, University of California, 
Los Angeles (1973). 

17. E. D. Goldberg, W. S. Broecker, M. G. 
Gross, K. K. Turekian, in Radioactivity in 
the Marine Environment (National Academy 
of Sciences, Washington, D.C., 1971), pp. 
137-145. 

18. P. K. Park, Science 162, 357 (1968). 
19. A. V. Kazakov, Leningrad Sci. Inst. Fertil- 

izers Insecto-Fungicides Trans. 142, 95 
(1937); W. C. Krumbein and R. M. Garrels, 
J. Geol. 60, 1 (1952). 

20. J. L. Reid, Jr., Intermediate Waters of the 
Pacific Ocean (Johns Hopkins Press, Balti- 
more, 1965). 

21. J. H. Ryther and W. M. Dunstan, Science 
171, 1008 (1971). 

22. P. E. Damon, in Late Cenozoic Glacial Ages, 
K. K. Turekian, Ed. (Yale Univ. Press, New 
Haven, Conn., 1971), pp. 15-35. 

23. G. I. Bushinskii, Lithol. Miner. Resourc. 
(USSR) 1966, 292 (1966). 

24. British Sulfur Corporation, A World Survey 
of Phosphate Deposits (Cambrian Press, 
Wrexham, ed. 2, 1964). 

25. W. W. Patton and J. J. Matzko, U.S. Geol. 
Surv. Prof. Pap. 301A (1959), p. Al. 

26. R. A. Gulbrandsen, Econ. Geol. 64, 365 (1969). 
27. V. E. McKelvey, D. L. Everhart, R. M. 

Garrels, ibid. 50, 464 (1955). 
28. S. Altschuler, R. S. Clarke, Jr., E. J. 

Young, U.S. Geol. Surv. Prof. Pap. 314D 
(1958), p. 45. 

29. G. R. Mansfield, Am. J. Sci. 238, 863 (1940). 
30. V. E. McKelvey, R. W. Swanson, R. P. 

Sheldon, in 19th Int. Geol. Congr. Algiers, 
1952, Comptes Rendus, sect. 11, part 11, 
45 (1953). 

31. E. R. Cressman and R. W. Swanson, U.S. 
Geol. Surv. Prof. Pap. 313C (1964), p. 275. 

32. N. D. Newell, J. Paleontol. 55, 595 (1962). 
33. K. W. Flessa and J. Imbrie, in Implications 

of Continental Drift to the Earth Sciences, 
D. H. Tarling and S. K. Runcorn, Eds. 
(Academic Press, New York, 1973), vol. 1, 
pp. 245-285. 

34. H. Tappan and A. R. Loeblich, Jr., Geol. 
Soc. Am. Spec. Pap. 127 (1971), p. 247. 

35. M. N. Bramlette, Science 148, 1696 (1965). 
36. P. D. Trask, U.S. Geol. Surv. Prof. Pap. 

186H (1937), p. H147; A. B. Ronov, Geo- 
chemistry USSR 5, 510 (1958). 

37. We are grateful to T. H. McCulloh, R. A. 
Gulbrandsen, J. B. Corliss, and S. E. Calvert 
for constructive criticism and suggestions. 
One of us (L.A.C.) was supported by office of 
Naval Research grant N00014-67-A-0103-0014. 
Contribution No. 835, Department of Ocean- 
ography, University of Washington. 

SCIENCE, VOL. 188 18 


	Cit r7_c7: 
	Cit r10_c10: 
	Cit r15_c15: 
	Cit r11_c11: 


