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INTRODUCTION

The great oceans of the world all contain at intermediate depths less oxygen and more
nitrate and phosphate than is found at either lesser or greater depths. This is one of the
most marked physical features of the sea which must be attributed to the action of bio-
logical agencies.

Those who have discussed this condition recently are agreed that it originates through
the oxidation of organic matter derived primarily from the surface layers of the ocean,
where alone the original synthesis of organic matter can occur. The condition obtaining
at any depth is considered to depend upon the balance between the rate at which oxygen
is removed from the water by respiratory and other metabolic processes and the renewal
of oxygen in the layers in question by movements of the water. One group of investigators
has emphasized the latter factor as the dominant one in determining the observed dis-
tribution of oxygen (Jacobsen, 1916; Dietrich, 1937; Wiist, 1935; Wattenberg, 1929,
1938). Oxygen content is reduced to the greatest extent at those depths in which the
water is in minimal motion and hence the renewal of oxygen is least. Seiwell (1937) and
Sverdrup (1938) have pointed out that this condition is not a necessity and is indeed in
certain situations contrary to the apparent facts. They have shown that the observed
distribution of oxygen may be accounted for by assuming various suitable relations be-
tween the rates at which oxidation occurs as a function of the depth and the rates of
renewal by the circulation of water.

These discussions appear to consider the state of the water to depend upon factors
operative more or less locally and in situ. Specifically, oxidation is assumed to follow the
sinking of organic matter from the surface to the depth in question in the discussions of:
Wattenberg (1937) and Seiwell (1937). The renewal of oxygen is assumed to depend on
the horizontal circulation.

Several considerations appear to have been given insufficient weight in discussions of
‘this subject. It is not at all clear why the depth of the oxygen minimum layer varies so
greatly from place to place or what its relation is to the particular nutritive conditions in
the sea’s surface. Observations made in the relatively shallow water of the Gulf of Maine
indicate that organic decomposition and oxidation take place for the most part not far
from the sea surface. It seems not unreasonable to assume that the properties of the water
which depend upon organic decomposition may have been determined primarily at a
time when the water was relatively near the sea surface and that the water has-sub-
sequently moved into its observed position. The recent evidence, reviewed by Mont-
gomery (1940), that mixing processes along surfaces of constant potential density may
occur with great ease, even in the absence of directional flow, provides a convenient
mechanism for establishing a distribution of oxygen and the products of organic activity
at great depths which is dependent in large part on processes taking place much nearer
the sea surface in remote regions. These considerations have suggested that the well-
marked evidence of decomposition which is observed at great depths in the central At-
lantic Ocean may be due to the flow of water along surfaces of equal potential density
from regions near the sea surface in high northern and southern latitudes rather than to
the decay of organic matter derived directly from the overlying surface waters.

This view requires that the characteristics of the water show a marked continuity in
their distribution along layers of constant potential density, and that these layers emerge
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6 PAPERS IN PHYSICAL OCEANOGRAPHY AND METEOROLOGY

at or near to the sea surface in places suitable to produce the pecullar character of the
layers in question.

To test this possibility, data secured by the “Meteor,” the “Discovery,” and the
“Atlantis” have been examined. The most illuminating information was secured from
two north-south sections which together extend from Greenland to Antarctica. The South
Atlantic was traversed by a section, made by the “Discovery” in April-May, 1931, ex-
tending along the thirtieth meridian from §7°36’S to 14°27'N (“Discovery” Reports,
1932). This is Section 2 of Clowes (1938). A section of the North Atlantic was constructed
from the data secured by the “Atlantis” extending from 1°N to 34°N west of the fortieth
meridian in March, 1932 (Stations 1158-1179), and from 39°N to 49°N near the for-
tieth meridian in September, 1935 (Stations 2485—2491), and by the “Meteor” (Stations
120-125) extending from 50°N to 58°N near the forty-fourth meridian, occupied in
March, 1935 (Bull. Hydrographique, 1933, 1936).

- The data have been converted into suitable common units. Phosphate has been ex-
pressed as milligram-atoms phosphorus per cubic meter (y-atoms P per liter) uncorrected
for salt error. The function of the oxygen content which is of importance is the quantity
which has disappeared from the water owing to metabolic processes. This has been ap-
proximated by assuming the water to have been saturated with air at the time it acquired
its temperature and salinity at the sea surface and subtracting the recorded oxygen con-
tent from the value calculated on this assumption. The “apparent oxygen utilization” so
obtained has been expressed as cubic centimeters per liter.

In plotting the data for the sections, a rectangular grid on which latitude is repre-
sented horizontally and sigma-f is represented vertically has been chosen. Montgomery
(1938) has shown that surfaces of equal sigma-f are approximately of constant potential
density. Consequently, on such a diagram the path of free movement by lateral mixing
or flow is along horizontal lines. Any correlation of the distribution of a component of the
sea water with potential density becomes at once apparent, if present. The surface of the
sea and surfaces of any particular depth are represented by curved lines on the diagram.
A grid of this type has been used by Spilhaus (1941) to distinguish different water types
in the complex situation which exists at the margin of the Gulf Stream.

THE DISTRIBUTION OF TOTAL INORGANIC PHOSPHATE

Figures 1 and 3 represent the distribution of total inorganic phosphate in the sections.
The concentration of phosphorus is clearly correlated in a general way with the distribu-
tion of potential density. The phosphorus isopleths extend horizontally from 50°N to
50°S with maximal concentrations lying in water of density characterized by ¢ lying be-
tween 27.2 and 27.8. These layers emerge at the sea surface north of §0°N and cut the
20o-meter 1sobath in the neighborhood of 50°S. The more generalized features of phos-
phate distribution are consequently compatible with the view that this substance may
have originated by decomposition in waters near the sea surface in high laitudes and have
spread from there to the greater depths of the ocean basin by lateral mixing or by isen-
tropic flow.

The distribution of phosphate shows, however, one feature which precludes such
processes as being the sole important source of the phosphorus of the deep oceanic water.
In the low latitudes (10°S to 20°N) the concentration of phosphate, in water of any given
potential density, is higher than in similar water lying to the north or south. Bands of
water relatively poor in phosphate separate the equatorial water masses from the lavers
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of high phosphate content which emerge near the sea surface in high latitudes. The move-
ment of water along surfaces of equal potential density cannot account for the increase
in phosphate content which appears in the equatorial region. In this region the maximal
concentrations occur in waters of slightly lower potential density (o, =27.2-27.4) than
is the case in high latitudes (¢, =27.4-27.6).

A careful examination of the “Meteor” data for phosphate in the South Atlantic ap-
pears to preclude the possibility that the high phosphorus content of the water in tropical
regions is derived from the antarctic region by movement in paths not cut by the section.

Some process acting locally in the equatorial region must supplement the assumed
transport of phosphate from the polar regions along surfaces of constant potential den-
sity. The problem is to separate and evaluate these two aspects of phosphate distribution.
For this purpose a comparison of the occurrence of oxygen and phosphate is helpful.

THE DISTRIBUTION OF APPARENT OXYGEN UTILIZATION

Figures 2 and 4 represent the quantities of oxygen which appear to have been re-
moved from the water of the sections since it was saturated at the surface. In the North
Atlantic section the apparent oxygen utilization parallels closely the concentration of
phosphate shown in Figures 1 and 3 and is correlated with the potential density of the
water layers, as Seiwell (1937) has pointed out. Maximal losses in oxygen occur in water
of sigma-# between 27.2 and 27.4.1 In the South Atlantic, on the other hand, the apparent
loss in oxygen coincides with the phosphate content in its distribution relative to sigma-#
only south of 35°S latitude. In the equatorial region the loss in oxygen is much more pro-
nounced than is the gain in phosphate, particularly in waters lighter than 0r=27.4.
Waters of the same potential density have lost very different quantities of oxygen in
different latitudes. The apparent utilization of oxygen reflects in an exaggerated way the
action of those processes which seem to increase the phosphate in the deep waters of the
ocean in low latitudes.

THE RELATION OF PHOSPHATE AND OXYGEN

In a discussion of the organic derivatives of oceanic water (Redfield, 1934), it has been

- pointed out that the deeper waters of the North Atlantic contain more nitrate and phos-
phate than can be accounted for by the quantities of oxygen which have disappeared in
the oxidation of organic matter. It was suggested that these extra concentrations of
nutrient salts were already present as such in the water when it sank in high latitudes.
Reference to Figures 1 and 3 will show that at latitudes higher than 50°N and 45°S the
surface waters contain nearly half as much phosphate as does the richest water in any
part of the sections. The sinking and subsequent isentropic movement of such water
would carry into the oceanic depths large quantities of phosphate which is entirely inde-
pendent in origin of processes of organic decomposition and oxidation taking place after
the water left the sea surface. Such phosphate will be called preformed phosphate hereafter.
By making use of the ratio between the utilization of oxygen and the appearance of
phosphate observed in the more superficial oceanic water in which preformed phosphate
is absent which agrees closely with the ratio to be expected from the average composition
! These are slightly higher values of sigma-# than Seiwell found to characterize the water of minimal oxygen content
(o:=27.23). In a column of oceanic water the layer of minimal oxygen content may be expected to lie somewhat above
the layer of maximum oxygen utilization since the lighter water, being warmer, does not contain as much oxygen when

saturated. A given oxygen utilization will consequently reduce the oxygen content of the lighter water to a lower value
than in the case of the heavier water which lies below.
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Fic. 1. Distribution of total inorganic phosphate in North Atlantic section. Ordinate; sigma-z. Abscissa; latitude. Solid
contours; total inorganic phosphate (mg. atoms of phosphorus per cubic meter). Broken contours; depth (meters).
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F1c. 2. Distribution of apparent oxygen utilization in North Atlantic section. Ordinate; sigma-. Abscissa; latitude. Solid
contours; apparent oxygen utilization (cc. per liter). Broken contours; temperature (°C).
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Fi1c. 3. Distribution of total inorganic phosphate in South Atlantic section. For explanation, see legend Fig. 1.
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Fic. 5. Distribution of preformed phosphate in North Atlantic section, Ordinate; sigma-f. Abscissa; latitude. Solid
contours; preformed phosphate (mg. atoms of phosphorus per cubic meter). Broken contours; salinity (°/5o).

of marine plankton (Redfield, 1934; Cooper, 1937; Fleming, 1941), it is possible to make a
rough estimate of the quantity of phosphate liberated in each part of the sections by
those processes of decomposition which are accompanied by the utilization of oxygen.
The difference between these quantities and the total quantities of phosphate found in
the water represents the quantities of preformed phosphate. The importance of estimat-
ing the distribution of this fraction lies in the fact that it can have obtained its distribu-
tion only as the result of water movements. :

To carry out this estimate, it has been assumed that the disappearance of 1 cc. of
oxygen is accompanied by the appearance of 0.373 X 10=* milligram atoms of phosphorus.?
This equivalence is based on the observation, made in the waters of the Sargasso Sea
above 1,000 meters, that the disappearance of 6 millimols of oxygen accompanies the ap-
pearance of 1 millimol of nitrate and 1/20 millimol of phosphate (Redfield, 1934). The
data for the apparent oxygen utilization in cc. per liter have been multiplied by 0.373 to
obtain the fractions of the phosphate in milligram atoms P per cubic meter which have
appeared in the water following oxidative decomposition since the water was saturated at
the surface. The difference between these fractions and the total represents the fractions
which have been designated preformed phosphate. :

THE DISTRIBUTION OF PREFORMED PHOSPHATE

Figures § and 6 show the distribution of the preformed phosphate as estimated in this
way. In the South Atlantic (Figure 6) the preformed phosphate appears as a definite
tongue originating in high concentration in water of ¢, =27.2 to 27.6 which underlies the
antarctic convergence in 45° to 50°S latitude. The tongue extends northward at these
potential densities to at least 15°N latitude, its concentration meanwhile becoming pro-
gressively attenuated.

% This equivalence is slightly greater than that proposed by Fleming (1941), who on the basis of various analyses of

plankton suggests 1 ml. Op,=0.013 mg. P (1 cc. 0:=0.334 X107 mg. atoms P). I have preferred to use a figure based
directly on sea water analyses,
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Fic. 6. Distribution of preformed phosphate in South Atlantic section. For explanation, see legend Fig. 3.

On the same diagram the salinities of the water are also represented. The tongue of
water of relatively low salinity, the sub-antarctic intermediate water of Wiist, corre-
sponds closely with the distribution of preformed phosphate and evidently becomes at-
tenuated at very much the same rate by mixing with other masses of water. The closeness
of this correspondence between salinity characteristics, which can only have arisen near
the sea surface, and the distribution of preformed phosphate which has been assumed to
have a similar origin, gives some confidence in the adequacy of the method by which the
preformed phosphate has been estimated, and to the conclusion that this considerable
fraction of the phosphate of deep oceanic water has been transported to the depths
where it 1s found as the result of water movements along surfaces of equal potential den-
sity.?

In the North Atlantic the preformed phosphate does not constitute an important part
of the total phosphate, except in the water underlying the most northern stations and in
the extension of the antarctic intermediate water which intrudes from the South Atlantic
(Figure 5). It takes no important part in developing the phosphate maximum of this
region. It is present, however, in small quantities in water of density greater than o, =27.7
and 1n its distribution is associated with water of less than 35 °/,, salinity, the middle
North Atlantic deep water of Wiist.

THE HORIZONTAL TRANSPORT OF PHOSPHATE DERIVED FROM
OXIDATIVE DECOMPOSITION

The preformed phosphate, which appears to intrude into the depths of the South
Atlantic with the movement of the subantarctic intermediate water, represents only a
part of the phosphate present in that water when it leaves the region of the antarctic
convergence. Thus water at “Discovery” station 671, latitude 43°S, depth 600 meters,

3 Clowes (1938) recognizes that the antarctic intermediate water contains a high phosphate content derived from both
plankton and phosphate present in the antarctic surface water. He notes that a falling off in phosphate content of this
water as it moves toward the north is to be expected as mixing at the upper and lower boundaries takes place. He states

that this falling off is not found. However, he does not distinguish between the origins of the various phosphate fractions
observed in the section. Only when this is done does the attenuation of phosphate of antarctic origin become apparent.
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o, =27.2, contained 1.90 X10~% milligram atoms P per liter. Of this only 0.9o X 10~% milli-
gram atoms is attributed to preformed phosphate. The remainder may be accounted for
by processes which have removed oxygen from the water—that is, by the decomposition
of organic matter of local origin since the water left the surface. Water movements which
carry the preformed phosphate northward will also transport the phosphate derived
from oxidative decomposition northward and will at the same time account for a cor-
responding deficiency of oxygen along the course of this water movement. A part of the
oxygen minimum and phosphate maximum of the South Atlantic consequently may be
derived from decomposition processes which have taken place far to the south.

The preformed phosphate and the phosphate derived from oxidative decomposition of
organic matter in the subantarctic intermediate
water must be transported northward by the
same mechanism and become attenuated by the
same MmIXing processes as its transport proceeds.
- The total phosphate of southern origin occurring
- at any point may be calculated from the pre-
27 + formed phosphate found there if it is assumed
' that the water movement is solely along layers
of constant potential density and that the at-
v tenuation is due to the mixing of water of
275 southern origin with other water having the
L same potential density but containing no pre-
- formed phosphate.

- Under these conditions the total phosphate
L of southern origin will bear the same ratio to the
%5 / 2 3 4 preformed phosphate at any point as it did when

Fic. 7. Ratio of total phosphate to preformed tl_le water first acquired its properties in the re-
Highee i g o o gl ey ¢ gion of the antareric convergence.
nate; sigma-t. Abscissa; ratio of fotal P to pre. In order to determine how much of the phos-
formed P. phate present at any location in the section may

‘ be attributed to water moving along surfaces of
equal potential density from the region of the antarctic convergence, the ratio of total
phosphate to preformed phosphate has been determined for each value of sigma-z at
Station 671 (Figure 7). These ratios provide factors by which the preformed phosphate
estimated to occur at any point may be multiplied in order to arrive at the total phos-
phate carried to that point by the water movements responsible for the presence of the
preformed phosphate. Station 671 has been selected as a basis for these estimations since
it yields rather lower values for the factor than those stations lying immediately north
or south of it. The values obtained are consequently minimal and hence may lead to an
underestimate of the contribution of the phosphate of southern origin to that found at
great depths at lower latitudes.

The general distribution of the phosphate fraction estimated to be derived from
oxidative decomposition in the neighborhood of the antarctic convergence and trans-
ported northward does not differ markedly from that of the preformed phosphate and

265

4 This procedure cannot be very exact since it involves errors both in the estimation of preformed phosphate and in
the determination of the proper factor. Moreover, the assumption that mixing is s#ictly along surfaces of equal potential
density probably cannot be justified. The fact that the value of the total phosphate maximum is less in the neighborhood
of 20°S latitude (see Fig. 3) than either north or south suggests that vertical mixing or some other water movement con-
tributes to the attenuation of the preformed phosphate in its northward movement.
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consequently has not been separately illustrated. The magnitude of this fraction at various
stations along the section is shown in Figure 9, which will be discussed below.

THE PHOSPHATE DERIVED FROM THE SURFACE OF THE
TEMPERATE AND TROPICAL OCEAN

The procedures described above allow one to estimate the quantity of phosphate and
the deficiency of oxygen which may have been derived by water movement from the
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Fic. 8. Distribution of phosphate attributable to local oxidation in the tropical and temperate South Atlantic. Or-

dinate; sigma-. Abscissa; latitude. Solid contours; phosphate of local oxidative origin (mg. atoms of phosphorus per cubic
meter). Broken contours; depth (meters). : i

antarctic margin of the Atlantic Ocean. The remainder observed at any point must be
attributed to the decomposition of organic matter derived more or less directly from the
surface layers of the tropical and temperate ocean, either through the local sinking of
organisms or movement of water.

Figure 8 represents the distribution of phosphate which must be attributed to local
processes originating in the tropical and temperate regions of the South Atlantic section.
The data have been obtained by subtracting the quantities of preformed phosphate and of
the phosphate of oxidative origin which moves with it from the antarctic from the total
phosphate found at each position. It shows that this material accumulates in greatest
quantity at depths of 400 to 600 meters just north of the equator (¢, =27.1-27.3), that
it diminishes southward, and decreases rapidly at depths below 600 or 700 meters.?

3 It has been suggested by one of the readers of this paper that the magnitude of the processes of decomposition of
organic matter derived from the tropical and temperate parts of the ocean can be derived more directly from the in-
formation illustrated in Fig. 4 showing the distribution of apparent oxygen utilization in the South Atlantic section. As-
suming strictly isentropic movement, it is evident that the apparent oxygen utilization increases as one proceeds north-
ward along surfaces of constant potential density. If one takes the conditions existing at say 45°S to represent the original
condition of the northward moving water, a diagram essentially similar to Fig. 8 may be constructed showing the addi-
tional oxygen utilization observed at any point. The magnitude of the changes attributable to local oxidation is, however
smaller. The maximum additional oxygen utilization estimated in this way amounts to about 3.5 cc. oxygen per liter
(equivalent to 1.3 mg. atoms phosphorus per cubic meter). The difference is due to the fact that this method of estimation
neglects the demonstrable attenuation of the components (preformed phosphate) of the subantarctic intermediate water
in its northward course. )

\
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The relative contribution of the three fractions into which phosphate has been divided
to the total phosphate content of different parts of the section are illustrated in the station
profiles shown in Figure 9. The right-hand curve, T, encloses the total phosphate ob-
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Fi1G. 9. Station profiles showing the distribution of phosphate attributed to various origins
along the South Atlantic section. Ordinate; depth (meters). Abscissa; phosphate concentra-
tion (mg. atoms P per cubic meter). Curve T represents total phosphate; curve P represents
preformed phosphate; curve § represents preformed phosphate and phosphate of oxidative
origin derived by isentropic movement from the region of the antarctic convergence. The scale
of oxygen equivalents represents the corresponding oxygen utilization in cc. per liter.

served at the station. The left-hand curve, P, encloses the preformed phosphate. The
intermediate curve, §, encloses phosphate estimated to have originated in the southern
part of the section (preformed plus the phosphate of oxidative origin which moves with
it). The spaces between the curves represent, reading from left to right, respectively the
quantities of preformed phosphate, the recently formed phosphate of southern origin,
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and that of local origin. The latter two fractions are derived from estimates of the appar-
ent oxygen utilization. The areas representing their distribution are proportional to the
oxygen deficit which may be attributed respectively to remote and to local oxidative
decomposition. ’

The profiles in Figure g show that as one passes northward the relative amount of
phosphate of southern origin diminishes and is replaced by phosphate which cannot be
derived from this source by lateral transport. The latter appears chiefly in the upper part
of the water column, and at greater depths an increasing fraction of the total phosphate
or oxygen deficit is to be attributed to the water which intrudes from the south.

In the North Atlantic section, the absence of preformed phosphate in water of densitybi
less than ¢,=27.7 indicates that the entire phosphate of the layers characterized by mini-

mum oxygen and maximum phosphate is of recent oxidative origin. Whether these char-
acteristics are attributable to isentropic transfers from near the surface or to the sinking
and decomposition of organisms at greater depths is a question for discussion.

In the deeper layers, of density greater than ¢, =27.7, the properties of the water may
be derived in large part from the lateral transport of water which has sunk in the far
north, carrying with it preformed phosphate. Since this water contains less phosphate and
a smaller oxygen deficit than the overlying layers in which these properties are maximally
developed, it cannot have contributed to the development of these maxima, though verti-
cal mixing with this deeper water may have led to the attenuation of these maxima. No
attempt has been made to evaluate the relative importance of the origins of phosphate
and oxygen deficit in these deeper layers, or to estimate their contribution to the layers
above. :

THE ORIGIN OF THE PHOSPHATE IN THE SUBSURFACE LAYERS
OF THE WARM OCEANIC BASINS

Finally, we may inquire into the origin of the phosphate in the waters lying at middle

depths between the surface and the zone of maximal phosphate concentration in the
oceanic basins. Must this be attributed to the decomposition of organisms which have
sunk locally from the surface, or is it derived from isentropic movements of water from
the subsurface layers of higher latitudes?

Iselin (1939) has recently shown that the characteristic temperature-salinity correla-
tions displayed in the thermocline of the North Atlantic as one descends in depth are also
observed in the surface waters of a north-south section. He has argued that these char-
acteristics of the water encountered in a vertical sounding may have arisen from the
movement of the successive layers from remote regions of the surface where the conserva-
tive properties were acquired, rather than being the result of vertical mixing processes
as has been frequently assumed heretofore. We have applied a somewhat similar argu-
ment in seeking the source of the phosphate in these layers.

The temperature of the water in the regions in question can have been established
only when the water was at the sea surface. If the phosphate concentration is also deter-
mined predominantly at or immediately below the surface, then in deeper waters phos-
phate concentration will behave essentially as a conservative property. On the view of
the origin of the intermediate layer by isentropic movement from the sea surface of higher
latitudes proposed by Iselin, the temperature-phosphate correlations observed at any
depth underlying a given station should be found in the subsurface waters of other sta-
tions and will be exhibited by all stations reached by the supposed isentropic movement.

o

Ay,
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Fia. 10. Phosphate-temperature correlation in waters above 1,000 meters depth in the tem-
perate South Atlantic. “Discovery” stations between 46° and 21° south latitude. Ordinate;
temperature (°C) Abscissa; total phosphate (mg. atoms P per cubic meter). Observations at 200 .
and 400 meters denoted by characteristic symbols.

On the other hand, if the phosphate is derived principally from the decomposition of
organisms which have sunk to the depths before undergoing decomposition, the phos-
phate-temperature relations observed in the surface will be destroyed, and in general the
ratio of phosphate to temperature will be greater in deep waters than in subsurface waters
of a given temperature. An examination of the data shows that in the Atlantic Ocean both
these possibilities are realized, each in a different part of the section.

Figure 10 shows the phosphate-temperature correlation observed at the various “Dis-
covery’ stations in the South Atlantic distributed from about 46° to 21° south latitude.
Within this belt the relation is quite uniform at all stations. Such scatter as exists is un-
systematic and probably does not exceed the vagaries of the individual observations. At
the more southern stations (668 and 671) combinations of temperature and phosphate
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F1c. 11. Phosphate-temperature correlation in waters above 1,000 meters depth in the

tropical South Atlantic. “Discovery” stations between 15°S and 8°N latitude. Ordinate; tem-

perature (°C). Abscissa; total phosphate (mg. atoms P per cubic meter). The broken line

represents the correlation existing south of 21°S latitude.
concentration are observed at depths of 200 to 400 meters which are similar to those found
at much greater depths in the more northern positions. Within this portion of the section
the observations are compatible with the view that the phosphate-temperature correla-
tions have been established by decomposition occurring within a few hundred meters of
the surface, and that from these depths the water has spread to greater depths along isen-
tropic surfaces, without serious modification of the phosphate concentration from the fur-
ther decomposition of organisms.®

& An alternate explanation of the correlation might assume that the relation observed at any depth resulted from the
vertical mixing at intermediate depths of sub-surface water of about 18°C and virtually free of phosphate with the water
of 3° or 4°C and of high phosphate content from the South Atlantic intermediate layer. However, this explanation also
involves the idea that the phosphate content of these depths behaves as a conservative property, and is not significantly
augmented by the sinking and decomposition of surface organisms.
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F1c. 12. Phosphate-temperature correlation in waters above 1,000
meters depth in the temperate North Atlantic. “Atlantis” stations
between 25°53'N and 49°58'N and “Meteor” Station 137 (50°27'N).
The measurements at the “Meteor” station are designated by circles
enclosing dots. The adjacent numbers indicate their depth. Ordinate;
temperature (°C). Abscissa; total phosphate (mg. atoms P per cubic
meter).

At the stations of the “Dis-
covery” section between 15° south
and 8° north the uniform correlation
of temperature and phosphate con-
centration observed farther south
no longer obtains. Figure 11 shows
that at successive stations proceed-
ing northward increasing phosphate
concentrations occur at each tem-
perature, the maximum divergence
being reached at stations 6go and
693, slightly north of the equator.
The relation observed in these
waters cannot have been established
by the isentropic movement of sub-
surface waters from the more south-
ern part of the section. It seems
probable that the sinking of decom-
posing organisms from the surface
layers has occurred in sufficient
quantities to effectively modify the
relationships set up in the water
when it was still close to the sea
surface.

In the North Atlantic section -
similar conditions are repeated,
though the data are somewhat less
regular. Figure 12 shows the tem-
perature-phosphate correlation at
all stations extending from 50°37’'N
(“Meteor” 137) to 25°53'N (“At-
lantis” 1163). While there is much
scatter in the individual points, an
examination has shown that there is
no systematic relation between this

variation and the latitude or depth of observation. Apparently the measurements are
not very precise or possibly there are small local variations in the phosphate content of
neighboring bodies of water. Subject to this qualification the correlation of temperature
and phosphate content may be interpreted, as in the case of the corresponding part of
the South Atlantic section, as being due to isentropic movement of water through great
distances without the occurrence of a serious modification of the relationship by the
decomposition of plankton. It is noteworthy that the temperature-phosphate relation
is quite different in these parts of the North and South Atlantic. The latter is character-
ized by much higher phosphate at a given temperature. o

Throughout the part of the section occupied by the “Atlantis” stations there is very
little variation in the depths at which particular temperature-phosphate relations are
observed. At “Meteor” Station 137, however, combinations of temperature and phos-
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Fic. 13. Phosphate-temperature correlation in waters above 1,000 meters depth
in the tropical North Atlantic. Selected “Atlantis” stations between §°16’'N (1176)
and 24°06'N (1164). Ordinate; temperature (°C). Abscissa; total phosphate (mg.
atoms P per cubic meter). The broken line represents the correlation existing north
of 25°N latitude.

phate concentration were observed within the upper hundred meters which correspond
closely with those found at much greater depths for great distances to the south. At 50°N
there existed water suitable to provide a source for the temperature-phosphate relation-
ship found in remote parts of the North Atlantic basin.

South of 25°N the correlation of temperature and phosphate undergoes a progressive
change as Figure 13 indicates. Increasing quantities of phosphate are found to coincide
with a given water temperature, just as was observed in the South Atlantic section when
the equatorial region is approached.

DISCUSSION

The present inquiry has aimed to determine to what extent it is possible to attribute
the concentrations of phosphate, and similar derivatives of metabolic activity, observed
within the depths of the ocean to the transport of water, in which decomposition has al-
ready taken place, from remote regions near the surface.
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It has been assumed that such transport is limited to flow or mixing along surfaces of
constant potential density.

It has been found that:

1. The layer of maximum phosphate concentration occupying the temperate and
tropical South Atlantic may be derived in part from isentropic movement of water from
the subsurface of the antarctic convergence to considerable depths beneath the surface. -
This water carries phosphate which existed as such in the surface waters of high latitudes
as well as phosphate derived from the oxidation of organic matter which originated in the
antarctic.

2. The phosphate of the water of mid-depths, lylng above the maximum, may also
have acquired its characteristic phosphate content by isentropic movement from subsur-
face layers of higher latitudes.

3. Similar conditions obtain in the North Atlantic, save that the preformed phosphate
present in the surface at the arctic convergence does not contribute to the phosphate
maxima of the North Atlantic, but supplements considerably the phosphate of the deep
water underlying the zone of maximum concentration. The phosphate maximum (and
oxygen minimum) may be derived chiefly from the oxidation of organic matter within a
few hundred meters of the surface in a region about 50°N latitude.

4- In the equatorial region additional phosphate is added to the water (and oxygen
removed) by processes other than isentropic movement. These additions may beattributed
to the sinking of decomposing organisms from the surface of the tropical ocean to con-
siderable depths. .

If these possibilities are realized in nature, then one of the principal difficulties in ac-
counting for the distribution of the nutrient maximum and oxygen minimum of the ocean
is considerably lightened. It no longer becomes necessary to assume that sinking organ-
1sms arrive in quantity at the great depths at which these maxima and minima occur be-
fore undergoing decomposition. Decomposition may be thought to occur within a few
hundred meters of the surface and its products distributed from there to much greater
depths in remote regions by the isentropic movement of water.

It is only in the belt between 20°S and 25°N latitude that recourse must be made to
the sinking of organisms to considerable depths. Here it is difficult to explain the observa-
tions without assuming that active decomposition is occurring down to depths of at least
600—800 meters.

A second difficulty which is relieved by these suggestions concerns the relation be-
tween the intensity of the accumulation of nutrient salts (or the depletion of oxygen) in
the oceanic basin and the density of population in the overlying surface waters, from
which the decomposing material has been thought to be derived. The view here presented
is that the condition of the deep water of the Atlantic Ocean in middle latitudes, which
are known to be relatively barren, has not been determined by decomposition of organ-
isms sinking from its surface, but rather by movement of water from regions far to the
north or south. The deep waters derive their phosphate and lose their oxygen as the result
of decomposition taking place either in the subsurface waters of the polar convergences,
or under the surface of the equatorial current in tropical latitudes. These regions are both
recognized to be characterized by unusually abundant fauna and flora and thus may be
expected to yield large quantities of decomposing organic matter to the deeper waters
which come within their influence.
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SUMMARY

1. A large part of the phosphate content and apparent oxygen utilization observed in
the deeper layers of the North and South Atlantic may be attributed to characteristics ac-
quired by the water when it was relatively near the sea surface in higher latitudes.

2. The distribution of surfaces of constant potential density permit the transport of
water from the regions near the sea surface in which its characteristics are acquired to
the depths at which maximum oxygen deficits and phosphate concentrations are ob-
served.

3. In the tropical Atlantic, however, a large part of the observed phosphate concen-
tration and oxygen deficit must be attributed to the decomposition of organisms which
have sunk from the sea surface to depths as.great as 600-800 meters.

4. The principal sources of the products of organic decomposition observed in the
deep waters of the Atlantic appear to be the unusually abundant flora and fauna found
in the subsurface waters of the arctic and antarctic convergences and of the equatorial
current.
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