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Geostrophic Transport Through the Drake Passage 

Abstract. Geostrophic velocity and transport of water in the Drake Passage 
relative to a newly defined zero reference layer indicate that the circumpolar 
current is basically north of 59?S, with its axis north 57?S, and that the total 
volume transport exceeds 200 X 106 cubic meters per second. The calculated geo- 
strophic velocities are consistent with results of descriptive water-structure studies. 
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Estimates of the total volume trans- 
port through the Drake Passage vary 
from 0 (1) to 165 X 106 m3/sec (2). 
The uncertainty arises from a lack of 
direct current measurements and an in- 

ability to define a satisfactory refer- 
ence layer. The reference layer is 
needed to convert relative geostrophic 
velocities into absolute values. For this 

purpose, the level of no motion or the 
zero reference layer is generally used. 
It can be found by various methods 

(3). 
In general, velocity decreases with 

depth; therefore, any deep isobaric 
surface would suffice as a zero refer- 
ence layer for the determination of sur- 
face currents. However, the depth of 
the zero reference layer becomes criti- 
cal for calculations of deep currents 
and total volume transport. 

Table 1 summarizes the past esti- 
mates of the total volume transport 
through the Drake Passage. The trans- 

port values vary with changes of the 
reference layer, even though, in many 
cases, the same hydrographic data are 
used. 

The zero reference layer in the 
southern Drake Passage (4) is used to 
determine the mean density of over- 

lying water. The reference layer may 
then be extended northward by use of 
the equivalent-barotropic assumption 
(5). This assumption has yielded mean- 

ingful results in stratified water (5) and 

may be of use in water of a homo- 

geneous nature such as that found in 
the Antarctic Ocean. The assumption 
was applied to the Drake Passage by 
Ostapoff (1, 6); however, the initial 
zero reference layer was found by ex- 

trapolation of Defant's Atlantic Ocean 
reference layer (7) into the Drake Pas- 

sage. Ostapoff's resulting velocities 
show a westward-flowing deep and 
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sage. Ostapoff's resulting velocities 
show a westward-flowing deep and 

bottom current. This calculation does 
not agree with the descriptive analysis 
of the hydrographic data which indi- 
cates that the bottom flow of the north- 
ern Drake Passage is rapid and toward 
the east, and that no zero reference 

layer exists within the water column 
of the northern Drake Passage (4, 8). 

The hydrographic stations for which 

geostrophic calculations were perform- 
ed are plotted in Fig. 1. The calcu- 
lated velocities are perpendicular to the 
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Fig. 1. Hydrographic stations used in geo- 
strophic calculations. 
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indicated line; therefore, they represent 
the northeast component of the total 

geostrophic velocity. Based on the po- 
tential relationship between tempera- 
ture and salinity in the Drake Passage, 
the zero reference layer at Eltanin 
Station 91 is 2750 m (4, fig. 1). The 
mean density of the water column 
above the zero reference layer is 27.77. 

By use of a mean density of 27.77, 
the depth of the zero reference layer 
was found for all stations shown in Fig. 
1. Figure 2 is a plot of the depth of the 
average zero reference layer. The ref- 
erence layer descends from a minimum 
of 1800 m in the south to over 9000 m 
in the northern Drake Passage. The 

depth of the zero reference layer prob- 
ably has a time variation. The dashed 
line shown in Fig. 2 represents an 

average condition. Extrapolation be- 
low the sea floor was necessary to cal- 
culate velocities relative to this refer- 
ence layer. Since the water is fairly 
homogeneous in the Antarctic Ocean 
and there is only slight attenuation of 
currents with depth (8), extrapolation 
techniques are probably valid. 

There are four sets of data: (i) Ob 
stations 461-467, (ii) Eltanin stations 
90-91 and 160-161, (iii) Discovery 
station pairs 646-647, 647-648, and 
1117-1234, and (iv) William Scoresby 
station pairs 472-473 and 473-474. 
The calculated velocities from the Ob 
and Eltanin data are shown in Fig. 3, 
and the Discovery and William Scores- 
by results are shown in Fig. 4. The geo- 
strophic velocities are represented in 
box form since the values are average 
velocities at standard levels between 
the two hydrographic stations. 

Table 1. Estimates of the volume transport through the Drake Passage by various authors. 

Total 
Reference Method volume 

Author Data Season layer of finding transport 
(m) reference 108 m3/ 

sec) 

1933 Clowes (12) Discovery Summer 3500 DIS* 110 
(above 

3500 m) 
1942 Sverdrup (13) Composite; 

mostly 
Discovery Com- 3000 DIS 90 
and William posite 
Scoresby 

1959 Kort (2) Ob Winter 3000 DIS 134 
Bottom 165 

1960 Ostapoff (1) Discovery Summer Variable Defant's method with 0 
equivalent-baro- 
tropic assumption 

1961 Ostapoff (6) Discovery Summer Variable Same as above 0 
2000 DIS 33 
3000 DIS 85 

Ob Winter Variable Defant's method with 9 
equivalent-baro- 
tropic assumption 

2000 DIS 34 
3000 DIS 86 

1962 Yeskin (10) Composite Summer 3500 S 150 
Winter 123 

1965 Vorob'yevand 
Composite Summer Variable Defant's method 120 

Gindysh (14) Winter Variable Defant's method 91 

1967 Gordon (15) Ob Winter Variable T/St relation, with 218 
equivalent-baro- 
tropic assumption 

* DIS, deep isobaric surfaces. t T/S, temperature/salinity. 

The Ob section is most complete in 
that it consists of evenly spaced sta- 
tions across the Drake Passage. Cur- 
rents above 10 cm/sec are found 
north of 59?S. To the south of this 
latitude, velocities are low (less 
than 5 cm/sec at all levels) and a 
weak westward flow occurs between 
59? and 60?S. Velocities of 30 to 
31 cm/sec are found between stations 
466 and 467 from the surface to 2500 

m, with a bottom velocity of 21 cm/ 
sec. This observation is consistent with 

photographs which indicate the pres- 
ence of large bottom currents in the 
northern Drake Passage (9). South of 
station 466, the deep and bottom cur- 
rents are of lower magnitude, usually 
below 5 cm/sec. The axis of the cir- 

cumpolar current is north of 57?S. 
The two Eltanin station pairs in Fig. 

3 indicate velocities similar to the Ob 
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results. The westward flow between sta- 
tions 90-91 is slightly more intense and 
deep-reaching than that of the Ob. 

The Discovery and William Scoresby 
profiles suggest that currents in the 
southern Drake Passage are slightly 
more active than those found by the 
Ob, though the directions are similar. 
This may represent a seasonal change, 
since the Ob section was taken in early 
winter and the Discovery and William 
Scoresby sections were taken under 
summer conditions. The Eltanin 90-91 
station pair which represents summer 
conditions agrees more closely with the 
Discovery 646-647 stations pairs. Table 
1 indicates a more active summer 
circulation. Yeskin finds the maximum 
transport occurring during March and 
April (10). 

The geostrophic results indicate that 
the velocity field of the Drake Passage 
may be considered to have two parts: 
a northern part (north of 59?S) with 
moderate easterly currents extending 
to the bottom, and a southern part with 
lower velocities and westerly currents 
between 59? and 60?S. 

The total volume transport deter- 
mined from the Ob profile is 218 X 
106 m3/sec. This large value results 
from the generally deep-reaching effects 
of the axis of the circumpolar current. 
More than one half of this immense 
transport is accomplished between Ob 
stations 466 and 467, which are slightly 
over 80 km apart. It appears that more 
water passes between approximately 
56? and 57?S in the Drake Passage 
than is carried by the Gulf Stream. 

The flow south of 55?S is somewhat 
dependent on the quantity of water 
flowing through the Drake Passage 
(11). The circumpolar current, after 
transversing the Drake Passage, turns 
northward to enter the Atlantic Ocean 
to the west of South Georgia. The 
water of the eastern and southern 
Scotia Sea, though at the same latitude 
as the Drake Passage, is derived from 
the Weddell Sea. The line separating 
the waters from the Weddell Sea and 
Pacific Ocean is called the Bellings- 
hausen Front. It is well defined through- 
out the deep and bottom water and is 
situated in a zone of instability in the 
surface water (8). No doubt the posi- 
tioning of the Bellingshausen Front and 
the northward penetration of the Wed- 
dell water are dependent on the Drake 
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Passage gained in earlier descriptive 
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studies (4, 8). This consistence supports 
the valid-ity of these findings. Direct 
current measurements would be needed 
in the Drake Passage to further test 
these results. Since transient motion is 
significant in the Antarctic Ocean (8), 
these measurements must be made over 
a time interval long enough to deter- 
mine the geostrophic component. 

ARNOLD L. GORDON 
Lamont Geological Observatory 
of Columbia University, 
Palisades, New York 
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Amazon River: Environmental 
Factors That Control Its 
Dissolved and Suspended Load 

Abstract. Analytical results of sam- 
pling during both wet and dry seasons 
along the Amazon River, at its mouth, 
and from 16 tributaries reveal that the 
physical weathering dominant in the 
Andean mountainous environment con- 
trols both the overall composition of 
the suspended solids discharged by the 
Amazon and the amount of dissolved 
salts and suspended solids discharged. 

The purpose of this study was to de- 
termine the factors that control ero- 
sion in the Amazon River system. 
The amount and composition of sus- 

pended solids and the amount of dis- 
solved salts carried by this system are 
evaluated. Analysis of the composition 
of the dissolved salts will be reported 

studies (4, 8). This consistence supports 
the valid-ity of these findings. Direct 
current measurements would be needed 
in the Drake Passage to further test 
these results. Since transient motion is 
significant in the Antarctic Ocean (8), 
these measurements must be made over 
a time interval long enough to deter- 
mine the geostrophic component. 
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pended solids and the amount of dis- 
solved salts carried by this system are 
evaluated. Analysis of the composition 
of the dissolved salts will be reported 
upon completion. 

The Amazon River basin was se- 
lected as the area for the present study 
because (i) the influence of man on its 
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of local natural anomalies are mini- 
mized by the large area of the drain- 

age basin; and (iii) the series of 16 
large tributaries that drain the Ama- 
zon's wide range of geologic and cli- 
matic source areas make possible the 
sampling of the material before it is 
mixed with the materials from other 
tributaries, thereby permitting the test- 
ing of the hypothesized controlling fac- 
tors. 

Periodic (monthly to semiannual) 
sampling of the suspended solids, bot- 
tom sediments, and water, and the meas- 
urement of salinity, temperature, and 
pH were accomplished throughout the 
seasonal cycle in these 16 tributaries 
(accounting for more than 90 percent 
of tributary discharge into the Amazon 
River) and along the Amazon. The in 
situ conductivities were taken as a meas- 
ure of the concentration of dissolved 
salts. 

Suspended solids were removed from 
each of 74 samples of water (20 liters 
each) in the field, mainly by pressure 
molecular filtration (size of pores, 0.45 

/), and the material was stored in a 
small amount of river water with Hut- 
ner's (1) volatile organic preservative 
(a mixture of o-cholorobenzene, n- 
butyl chloride, and 1,2-dichloroethane) 
to prevent decay by microbes and al- 
teration of the distribution of the parti- 
cles according to size. 

Fifty samples of the suspended ma- 
terial were analyzed by x-ray diffrac- 
tion for mineral composition after sepa- 
ration, by size, into fractions (< 2 /x, 
2 to 20 /j, and > 20 ,u) and removal 
of organic material and iron oxide 
coatings, according to procedures pub- 
lished elsewhere (2). Analytical results 
were considered in connection with the 
environmental factors of geology, ele- 
vation, climate, and vegetation. As the 
possible controlling factors, nine pa- 
rameters related to these four environ- 
mental factors were measured for each 
tributary basin from appropriate maps 
and data: (i) areal percentage of "cal- 
cic" rocks (limestone, dolomite, and 
volcanic rocks other than rhyolite); 
(ii) areal percentage of igneous and 
metamorphic rocks (mainly Precam- 
brian shield areas of acid- to interme- 
diate-type rocks); (iii) areal percentage 
of continental sedimentary rocks; (iv) 
areal percentage of marine sedimentary 
rocks, excluding "calcic" rocks; (v) 
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upper third of each tributary basin; 
(vi) mean elevation (using 13 eleva- 
tion intervals) above the mouth (base 
level) of the tributary; (vii) mean tem- 
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