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Isotopic Composition of Neodymium 
in Waters from the Drake Passage 

Donald J .  Piepgras and G. J. Wasserburg 

Studies of many oceanographic prob- 
lems have been made with short-lived 
radionuclides such as 3 ~ ,  14C, 'l0Pb, 
2 2 6 ~ a ,  and 2 3 0 ~ h .  Because some of these 
nuclides have half-lives which are short 
relative to the time scales of the process- 
es studied, they have been used, in con- 
junction with other hydrographic mea- 

years to mix the world oceans is ob- 
tained by assuming that the Pacific 
Ocean is emptied by the flow through the 
Drake Passage and mixed with the Atlan- 
tic. 

The isotopic compositions of elements 
connected to long-lived radioactive de- 
cay may also be useful as tracers for 

Summary. The lsotopic composition of neodymium has been determined in 
seawaters from the Drake Passage. The Antarctic Clrcumpolar Current, which 
controls interocean mixing, flows through thls passage. The parameter eNd(0), which 
is a function of the ratlo of neodymium-I43 to neodymium-144, is found to be uniform 
with depth at two stations with a value which IS intermediate between the values for 
the Atlantic and the Pacific and indicates that the Antarctic Clrcumpolar Current 
consists of about 70 percent Atlantlc water. Cold bottom water from a site in the south 
central Pacific has the neodymium isotopic signature of the waters in the Drake 
Passage. By using a box model to describe the exchange of water between the 
Southern Ocean and the ocean basins to the north together with the isotoplc results, 
an upper limlt of approximately 33 million cubic meters per second IS calculated for 
the rate of exchange between the Pacific and the Southern Ocean. Concentrations of 
samarium and neodymium were also determined and found to Increase approximate- 
ly linearly with depth. These results suggest that neodymium may be a valuable tracer 
in oceanography and may be useful In paleo-oceanographic studies. 

surements, as tracers for studying ocean- 
ic circulation paths, mixing rates, and 
the chemical behavior and distribution of 
associated stable elements in seawater. 
One problem of interest to oceanogra- 
phers is that of determining mixing rates 
in and between the oceans. Estimates of 
oceanic mixing rates are not well con- 
strained, but I4C studies (1) indicate that 
at least 1500 years are required for the 
exchange of deep water with the mixed 
layer. A longer time may be required for 
the exchange of deep waters between 
ocean basins. A minimum time of - 150 
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studying large-scale mixing in the oceans 
and chemical processes affecting their 
distribution in seawater if the elements 
have (i) isotopically distinct source re- 
gions and (ii) sufficiently short residence 
times in the water column compared to 
the time scale of interocean mixing. 
Analysis of deep-sea sediments showed 
that the lead, strontium, and neodymium 
which are supplied to the Atlantic Ocean 
from crustal rocks are isotopically dis- 
tinct from those which are injected into 
the Pacific (2-4). The concentration of 
strontium in seawater [- 8 parts per 
million (S)] is only a factor of 10 to 50 less 
than the average abundances in oceanic 
and continental crust. This indicates that 
Sr has a relatively long residence time 
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(- lo6 years) in seawater. As a conse- 
quence, s 7 ~ r / S 6 ~ r  is uniform in the differ- 
ent oceans (6, 7) even though there are 
several isotopically distinct sources of 
the element. Therefore, the Sr isotopic 
composition of seawater is not suitable 
as a large-scale oceanographic tracer 
but mav be useful as a tracer in the 
immediate environment of Sr injection. 
The variations of S7~r /s6Sr  observed in 
deep-sea sediments are then ascribed 
totally to the composition of the detrital 
material imparted at the source. 

In contrast, the concentrations of Nd 
and Pb in deep waters are about 
3 x ppm (4, 7, 8 ,  and this study) 
and 1 x ppm (9 ) ,  respectively. 
These are about to times the 
Nd and Pb concentrations in average 
oceanic and continental crustal rocks, 
indicating that these elements have very 
short residence times in seawater. In the 
case of Nd, the available data on rare 
earth elements in river water indicate 
that only a small proportion of the Nd 
weathered from crustal rocks enters riv- 
ers in solution (5, 10). However, Nd 
concentrations in rivers are 10 to 50 
times those in seawater, which still im- 
plies a relatively short Nd residence 
time. Significant transport of rare earths 
to the oceans may be carried from the 
atmosphere by dust. As a result of the 
short residence times of Pb and Nd and 
their distinctive source characteristics, 
the oceans are not well mixed with re- 
spect to Nd and Pb isotopic composi- 
tions, indicating their usefulness as 
oceanographic tracers. In this article we 
discuss our results for Nd and its use in 
this way. 

The abundance of 143Nd in nature in- 
creases through geologic time due to the 
a-decay of 147Sm (half-life TY, = 1.08 x 
10" years). Chemical fractionation of 
Sm and Nd during the formation of the 
continental crust relative to the depleted 
oceanic mantle results in differences in 
the isotopic composition of Nd in these 
lithic sources which reflect their age and 
Sm/Nd ratio (11). The change in 143Nd is 
commonly related to the nonradiogenic 
isotope ' 4 4 ~ d ,  and for convenience, be- 
cause the differences are small, repre- 
sented by ~ ~ ~ ( 0 )  = [(143Nd/144~d)measu,ed/ 
(0.511847) - 11 x lo4, where 0.511847 is 
the present-day average 1 4 3 ~ d / 1 4 4 ~ d  ra- 
tio in chondritic meteorites (12). These 
values reflect natural variations due only 
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Fig. 1. Histograms of 
eNd(0) values of (A) Seawater samples 

seawater and (B) fer- 
romanganese sedi- a 5 
ments. Possible 
sources of rare earth E 
elements in seawater ' 

correspondence be- 3 Indian Ocean 
tween the values of P a c ~ f ~ c  Ocean 
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C Drake Passage 

and their ' 
eNd(0) values are indi- $ 
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sediment samples 

cated ~n (C). Note the E 7 l-7 Atlantic Ocean 

seawater from the re- 
spective oceans. Data 
for the Drake Passage 

to the radioactive decay of 147Sm and 

Typical ranges for crustal rocks Continental 
flood Oceanic 

Continental crust basalts islands 
are from this study. 
Atlantic seawater 
data are from Piep- 
gras and Wasserburg 

have been corrected for instrumental and 
natural mass fractionation. Typical 
ranges of eNd(0) are shown in Fig. 1 for a 
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variety of continental and oceanic crust- 
al and mantle reservoirs which are po- 
tential sources of rare earth elements to 

(7). Pacific seawater -20 -16 -12 -8 -4 0 4 8 12 16 
data are from this 

Z p ~ d  (0) 
study and Piepgras et  
a / .  (4). Ferromanganese sediment data are from P~epgras et al .  (4), O'Nions et al .  (131, 
Goldstein and O'Nions (14), and Elderfield et  al .  (52). 

the oceans. Neodymium isotopes mea- 
sured in seawater would be blends of the 
Nd isotopic compositions from these res- 
ervoirs. 

Recent studies have shown distinct 
differences in the 1 4 3 ~ d 1 1 4 4 ~ d  ratio in 
seawater between the major ocean ba- 
sins but only small differences within 
individual ocean basins (4, 7). This was 
inferred from measurements on ferro- 
manganese sediments and direct mea- 
surements on seawater. O'Nions et a / .  
(13) measured the Nd isotopic composi- 
tion of ferromanganese sediments in the 
Pacific and Indian oceans. They ob- 
served variations between samples from 
these two oceans but concluded that this 
was due to a detrital component in their 
Indian Ocean sample and that the oceans 
were a relatively well-mixed reservoir 
for Nd with a 1 4 3 ~ d 1 1 4 4 ~ d  ratio corre- 
sponding to eNd(0) = -3. Piepgras et a/ .  
(4) made isotopic measurements on fer- 
romanganese sediments from the Pacific, 
Indian, and Atlantic oceans. They found 
differences in the Nd isotopic composi- 
tion of the ferromanganese sediments 
and inferred that these differences were 
characteristic of the individual ocean 
basins. These results and data from 
O'Nions et al. (13) are shown in Fig. 1B. 
A recent study by Goldstein and 
O'Nions (14) of Nd isotopes in ferroman- 
ganese sediments obtained by a similar 
sampling of the oceans confirmed the 

results of Piepgras et al. (4). Direct Nd 
isotopic measurements in Pacific (4) and 
Atlantic (7) seawater (Fig. 1A) showed 
that the data on ferromanganese sedi- 
ments for these oceans rather accurately 
reflected the Nd isotopic composition of 
modern seawater in the respective ba- 
sins. There are no direct Nd isotopic 
measurements in Indian Ocean seawa- 
ter, but a value for eNd(0) can be inferred 
from ferromanganese sediment data. Es- 
timated average eNd(0) values for these 
oceans are: Pacific Ocean, -3; Indian 
Ocean, -8; and Atlantic Ocean, -12. 
Differences in eNd(0) were also observed 
between surface water and deep water 
(> 1000 meters) in the North Atlantic (7) 
and were attributed to the existence of 
different sources of Nd. On the average, 
however, eNd(0) was found to be fairly 
uniform within individual ocean basins in 
comparison to the differences between 
basins. A comparison of the eNd(0) val- 
ues with those in possible sources of rare 
earth elements in seawater (Fig. 1C) 
shows that the Nd in seawater is derived 
predominantly from continental sources 
[eNd(0) < 01, with only small contribu- 
tions from sources with oceanic mantle 
affinity [eNd(0) = 101. The more negative 
eNd(0) values observed in the Atlantic 
compared to the Pacific point to the 
dominance of an old continental source 
(having a low average SmlNd ratio) rela- 
tive to young, mantle-derived materials 
for Nd injections into the Atlantic Ocean 
(see Table 1). This is in agreement with 
the fact that - 70 percent of the world 
continental drainage flows into the At- 
lantic. 

Geological processes affecting Sm and 
Nd systematics have also resulted in 

chemical fractionation of U and Pb, 
causing differences in Pb isotopic com- 
positions of various lithic sources. Thus 
there are several possible sources of Pb 
in seawater with distinctive isotopic 
compositions, and significant Pb isotopic 
variations in marine sediments have 
been observed. Chow and Patterson (2) 
found that Pb in Atlantic ferromanganese 
sediments was more radiogenic than that 
in Pacific sediments; this is consistent 
with an older continental source for the 
Atlantic Pb and is supported by the Nd 
results. Direct measurement of Pb iso- 
topes in seawater is difficult because of 
contamination from industrial Pb during 
collection and handling of samples (15). 
There are no data for Pb isotopes in deep 
ocean waters. Data for Pb in seawater 
from coastal regions (16) and Pacific and 
Atlantic surface waters (17) reveal large 
variations in Pb isotopic composition 
which can be traced to anthropogenic 
input. The data base is insufficient for 
distinguishing Atlantic and Pacific char- 
acteristics, but recent anthropogenic ef- 
fects have probably altered the natural 
distribution of Pb in surface seawater, 
making it difficult to compare these sea- 
water measurements and data on deep- 
sea sediments. 

Because of the difference in eNd(0) 
between the Atlantic and Pacific oceans, 
it should be vossible to use the Nd 
isotopic composition to monitor the ex- 
change and mixing of water between 
these oceans. The Drake Passage is the 
only region where significant transport 
of water can take place between the 
Atlantic and Pacific basins, and it is 
presumed that some Pacific water is en- 
trained into the Atlantic after entry 
through the Drake Passage, where there 
is a net eastward flow of water at - 130 
sverdrups (1 Sv = lo6 cubic meters per 
second) (18). We determined the isotopic 
composition of Nd in water flowing 
through the Drake Passage and com- 
pared it with results for the Atlantic and 
Pacific oceans. Because of the eastward 
transport through the Drake Passage, we 
expected to find Pacific signatures in the 
Nd isotopic composition of water flow- 
ing through this region. We will put 
forward some ideas derived from limited 
data on Nd isotopic variations which 
appear to be pertinent to problems of 
large-scale transport and mixing of the 
oceans. This represents an initial explo- 
ration of these problems with a new 
isotopic tracer. The data presented are a 
small supplement to the extensive and 
diverse observations made by oceanog- 
raphers for many decades and can only 
be interpreted within the larger frame- 
work of ocea~lographic studies. 
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Sampling 

Samples were collected during leg 11 
of cruise 107 of the R.V. Atlantis II from 
vertical profiles of the water column at 
several stations in the Drake Passage and 
southeast Pacific. Water samples collect- 
ed by K. Bruland from vertical profiles 
at two stations in the Central Pacific and 
material collected by Bruland from a 
sediment trap were analyzed in order to 
extend the data base and study the con- 
tribution of particles to the rare earth 
elements in seawater. Locations and 
depths for individual samples are shown 
in Table 1 and Fig. 2. Station 315 is south 
of the Antarctic polar front, which was 
located at about 58"s in the Drake Pas- 
sage during this cruise (19). Station 327 is 
slightly to the north of the polar front. 

Ten-liter samples were collected in 
Teflon-coated GO-FLO water samplers 
(20). They were transferred in a closed 
environment to cleaned polyethylene 
storage bottles and acidified with 25 mil- 
liliters of high-purity 10 normal HCl. 
Five-liter subsamples were analyzed for 
Sm and Nd concentrations and Nd iso- 
topic composition. If only elemental con- 
centrations were needed, the sample size 
could be reduced to 0.5 liter. The chemi- 
cal separation of the rare earths and 
mass spectrometric techniques have 
been described (4, 7). Samples collected 
by Bruland in the Central Pacific were 
filtered before analysis; the Drake Pas- 
sage samples were analyzed without fil- 
tration. Data of Biscaye and Ettriem (21) 
for the North Atlantic show particle con- 
centrations of 5 to 6 micrograms per liter 
averaged over the entire water column. 
Assuming an Nd concentration of 30 
ppm in the particulate phase, about 200 
picograms of Nd per liter of seawater 
would come from particles. As the total 

concentration of Nd in seawater is ten 
times larger than this, we assume it to be 
primarily in solution. Data for rare earths 
in pteropod tests in the South Atlantic 
(22) indicate much lower concentrations 
of Nd (< 5 ppm). The concentration of 
particles changes with depth, having a 
maximum at the surface and ocean bot- 
toms which is four to five times the 
average (21). Therefore a substantial per- 
centage of the Nd in near-surface waters 
could be adsorbed onto particles, but a 
correlation between particle distribu- 
tions and Nd concentration changes with 
depth cannot be made at present. Al- 
though we have not compared filtered 
and unfiltered seawater samples from the 
same locations, Piepgras el al. (4) mea- 
sured filtered and unfiltered samples 
from different locations in the Pacific and 
found similar concentrations; an unfil- 
tered sample from the Galkpagos Rise 
area had a slightly lower Nd concentra- 
tion than filtered samples collected off 
California. Differences between filtered 
and unfiltered samples will need more 
attention and the chemical state of rare 
earth elements in seawater needs to be 
better defined, particularly with regard 
to the role of adsorption on sols and 
particles. 

Results 

Results of our Nd isotopic measure- 
ments on seawater samples from the 
Drake Passage and the Central Pacific 
are shown in Table 1 and Figs. 1 and 3. 
In addition to isotopic measurements, 
Sm and Nd concentrations were mea- 
sured to + 0.1 percent or better, and 
these results are shown in Table 1 and 
Fig. 4. These concentration data are also 
of importance in considering the origin, 

transport, and deposition of the rare 
earth elements. 

The results for samples from station 
315 show eNd(0) values which are fairly 
uniform at all depths, ranging from -8.4 
to -9.1 (Fig. 3A). Concentrations of Sm 
and Nd at station 315, however, increase 
with depth by a factor of - 2. Figure 4A 
shows that the Nd concentration in- 
creases approximately linearly with 
depth. The isotopic compositions are in- 
dependent of concentration at this sta- 
tion. Station 327 is located north of the 
Antarctic polar front and two samples 
from this station have eNd(0) = -9.2 and 
-8.2. Measurements of the Nd concen- 
tration in three samples from station 327 
show an approximately linear increase 
with depth (Fig. 4A) and a concentration 
gradient about a factor of 3 lower than 
that observed for station 315. 'Two sam- 
ples from stations in the general vicinity 
of the Drake Passage were also analyzed 
(Fig. 3A). Station 261 is about 700 kilo- 
meters west of the coast of Chile in the 
Humboldt Plain and far north of the 
Drake Passage, and the sample has 
eNd(0) = -7.9. Station 292 is west of the 
Drake Passage in the Bellingshausen 
Plain within the Antarctic Circumpolar 
Current, and has eNd(0) = -8.2. 

These data show that the Nd isotopic 
composition of seawater in the Drake 
Passage and in the deep waters of the 
Bellingshausen Plain is nearly uniform 
with depth and geographic location and 
that the concentration increases linearly 
with depth. The Antarctic polar front, 
which divides the transect along which 
the samples were taken, has no observ- 
able effect on the distribution of isotopic 
compositions of Nd in the Drake Pas- 
sage. Further, the deep water in the 
Humboldt Plain northwest of the passage 
is indistinguishable in terms of Nd iso- 

Table 1. Sample locations and results of Sm and Nd measurements in samples from the Drake Passage and the Pacific Ocean. Errors for 
concentration measurements are - 0.05 percent for Nd and - 0.1 percent for Sm. The '43Ndi'44Nd ratio was determined in samples spiked with 
I5ONd and normalized to 146Ndi'4ZNd = 0.636151. Reported errors are 2 standard deviations from the mean. 

Station Depth 
(m) 

Location Nd Sm I4'Sm 
(10-12 gig) gig) '44Nd 

315 50 
800 

2000 
3600 

327 50 
650 

1900 
26 1 3900 
292 5050 
31 30 

2800 
4500 

17 2000 
Sediment trap 580 

*Unspiked, normalized to 1461142 as  above. +The Sm and Nd were determined in an aliquot of the total sample; errors are - 5 percent. 
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topic composition from the waters in the 
Drake Passage. 

Two profiles from the Central Pacific 
were analyzed (Table 1 and Figs. 3C and 
4C). At station 3 1, eNd(0) decreases with 
depth from 0.3 at 30 m to -8.1 at 4500 m. 
A sample from 2000 m at station 17 has 
eNd(0) = 0.0, compared to a value of 

-4.5 for a sample at 2800 m at station 3 1. 
These results show large differences in 
Nd isotopic composition between waters 
within the Central Pacific as well as 
between the Central Pacific and the 
Drake Passage. At least in the region of 
station 3 1, the Pacific now has a source 
of Nd near the sea surface which is more 

Fig. 2. Map showing 
locations of water 
sampling sites in the 
Drake Passage and 
southeast Pacific for 
Nd analysis. Stations 
for which Nd data 
were obtained in this 
study are labeled. 

I + Sta. 292 

+ Sta. 327 

+ 

radiogenic than indicated by ferroman- 
ganese sediment data in this area (4, 14) 
or from seawater in the eastern Pacific 
(7). Comparison of eNd(0) for the Central 
Pacific sample from 4500 m at station 31 
[eNd(0) = -8.11 with values from the 
Drake Passage (Fig. 3A) shows them to 
be indistinguishable and indicates that 
this sample represents Antarctic Bottom 
Water underlying middle and deep Pacif- 
ic water. This bottom water sample was 
collected with the hope of obtaining 
northward spreading Antarctic Bottom 
Water (23). 

The Nd concentration profile at sta- 
tion 3 1 (Fig. 4C) shows an approximately 
linear increase with depth, as observed 
at other stations. The sample from 30 m 
has the lowest Nd concentration yet 
measured in seawater. In addition to the 
seawater samples, a sample of particu- 
late matter from a sediment trap sus- 
pended at a depth of 580 m in the eastern 
North Pacific was analyzed for Sm and 
Nd and showed an Nd concentration of 
- 3 ppm and a '47Sm/ '44~d ratio similar 
to that in seawater. This low concentra- 
tion supports the argument that suspend- 
ed material does not contribute signifi- 
cantly to the Nd content of unfiltered 
seawater. 

Discussion 

lo 20 30 Fig. 4. Neodymium 
concentration as a 
function of depth in 
(A) the Drake Passage 
(stations 315 and 327). 
(B) the North Atlan- 
tic, and (C) station 31 
in the south central 
Pacific. North Atlan- 

D tic data are from Piep- 
gras and Wasserburg 

Drake Passage (7). Errors on data 
+ Sta. 315 South Central 

North Atlantic 
points are negligible 
compared to the size 
of the symbols. 

C N ~  (0) The eNd(0) values for the Drake Pas- 
sage shown in Fig. 1 are close to -9. 1 -9 -7 
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These values lie in the direction of more 
ancient continental sources than the Pa- 
cific and are far removed from young 
oceanic mantle-type sources, for which 
eNd(0) '= 10. They are intermediate be- 
tween North Atlantic and mid-depth Pa- 

-14 -12 -10 - 
-- = 

: T'~ 
I 
'T 

-.+ 

B 
~- 

North Atlantic 
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cific values and closer to the Atlantic 
values, and they are similar to and possi- 
bly slightly lower than the values in- 
ferred for the Indian Ocean. From these 
data we conclude that the water flowing 
out of the Pacific sector of the Southern 

:: 
Ocean and into the Atlantic sector has 
Nd which is dominantly of Atlantic or 
Indian Ocean origin rather than domi- 
nantly of Pacific origin. 

Bottom waters of the Bellingshausen 
Plain to the west of the Drake Passage 
and the Humboldt Plain west of central 
Chile far north of the Antarctic Conver- 
gence have the same eNd(0) as the Drake 

-8 -4 0 
I " '  

/: 
- 

-- 

-- 

_ I  : 
C 
South Central Pacific 

, I , ,  I , ,  

Passage. These data show a coherence in 
Nd isotopic composition for the South- 
ern Ocean and support its identification 

Fig. 3. Value of eNd(0) 
as a function of water 
depth in (A) the 
Drake Passage, (B) 
the North Atlantic, 
and (C) the south cen- 
tral Pacific (station 
31). North Atlantic 
data are from Piep- 
gras and Wasserburg 
( 7 ) .  Symbols in (A): 
(H) station 315; (e) 
station 327; (+ )  sta- 
tion 261; (A) station 
292. 

as a distinctive water body. In addition, 
a sample of cold bottom water from the 
Central Pacific has the same value of 
eNd(0) as the Drake Passage, which iden- 
tifies this bottom water with a northward 
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spreading part of the Southern Ocean. 
These results are in agreement with ob- 
servations by Reid and Lynn (24) and 
Reid (25), who showed that waters hav- 
ing physical oceanographic properties 
with Atlantic characteristics are pre- 
served in the bottom waters of the Pacif- 
ic Ocean. The oceanography of the 
Southern Ocean is reviewed in (26). 
More generally, our results support ex- 
tensive observations of physical oceano- 
graphic properties which identify the 
Southern Ocean as a distinct water mass 
that is preserved in the bottom waters 
over extensive regions of the world 
ocean [see color plates in Dietrich et  al. 
(2711. 

If we assume that the water in the 
Drake Passage consists only of mixtures 
of Atlantic and Pacific seawater (ignor- 
ing fresh water) and that the Nd concen- 
trations in these waters are equal, we can 
estimate the relative amounts of water 
contributed by these sources which 
would yield eNd(0) = -9. Using the esti- 
mates of eNd(0) for the two oceans given 
earlier, we calculate that about 70 per- 
cent of the water flowing through the 
Drake Passage into the Atlantic Ocean is 
of Atlantic origin. Allowing for errors in 
our estimates of eNd(O) for the Atlantic 
and Pacific oceans, a lower limit of at 
least 50 percent Atlantic water is re- 
quired to balance the Nd isotopic data 
for the Drake Passage. The Pacific con- 
tribution to the Nd budget appears to be 
smaller than or equal to that of the 
Atlantic. 

This balance, however, is in disagree- 
ment with some views based on physical 
oceanographic observations which indi- 
cate that the Pacific should dominate the 
water properties of this region. The sa- 
linity maximum in the Drake Passage has 
been reported to be 34.725 per mil (28, 
29), which we confirmed at our stations. 
If we use this salinity maximum for the 
Drake Passage and Montgomery's (30) 
values for the mean salinities of the 
Atlantic (= 34.9 per mil) and the Pacific 
(= 34.6 per mil), then at least 60 percent 
of the water in the Drake Passage should 
be of Pacific origin if only Pacific and 
Atlantic mixtures are considered. As 
there is a substantial contribution of 
fresh water to the Southern Ocean, it is 
not clear that Drake Passage water may 
be considered as a mixture of compo- 
nents having the mean salinity character- 
istics of the Atlantic and Pacific. Heat 
budget calculations by Hastenrath (31) 
indicate that there must be a net heat 
transfer from the Pacific to the Atlantic. 
Stommel (32), using data from Hasten- 
rath (31), indicates that the South Pacific 
Ocean supplies heat dominantly by mass 

flow to the South Atlantic and that the 
transfer takes place through the Drake 
Passage [see figure 1 in (32)l. However, 
the available heat budget data are subject 
to large uncertainties and may not be a 
reliable indicator of the mass flow and 
hence the relative sources of water in the 
Drake Passage. We also considered the 
possibility that the Nd isotopic composi- 
tions in the Southern Ocean are con- 
trolled by contributions of dissolved Nd 
from Antarctica. Using an estimate for 
the runoff from Antarctica of 0.075 Sv 
(33) and an upper limit of 40 nanograms 
per liter for the Nd concentration in fresh 
water (lo), we estimated the transport of 
dissolved Nd to the Southern Ocean 
from Antarctica as 3 grams per second. 
Gordon (26) estimates a rate of exchange 
of - 20 Sv between the Atlantic and 
Southern oceans. If deep water has an 
average Nd concentration of 3 nglliter, 
the transport of dissolved Nd from the 
Atlantic to the Southern Ocean is - 63 
glsec. The value calculated for the Nd 
flux from Antarctica is only 5 percent of 
this, indicating that runoff from Antarcti- 
ca is not an important source of Nd in the 
Southern Ocean. We conclude that, un- 
less there is another source of rare earths 
in the Southern Ocean (possibly atmo- 
spheric dust), less than 50 percent of the 
water flowing through the Drake Passage 
is from the Pacific and the salt and heat 
budgets of the region should be reconsid- 
ered. 

Figure 3 shows rather uniform values 
of eNd(O) with depth in the Drake Pas- 
sage, in contrast to the data for the North 
Atlantic (7) and the south central Pacific. 
This indicates that the addition of Nd to 
Southern Ocean waters from other 
source regions (Pacific, Indian, and At- 
lantic oceans) must be slow relative to 
the residence time and vertical mixing 
rates of Nd in the Southern Ocean. 

The changes in Nd isotopic composi- 
tion with depth in the profiles from the 
North Atlantic (Fig. 3B) and south cen- 
tral Pacific (Fig. 3C) indicate that the 
profiles consist of water layers with dif- 
ferent sources. The Atlantic data suggest 
a sill of water, possibly Mediterranean, 
underlain by North Atlantic deep water 
with some mixing. The Pacific data ap- 
pear to represent mixtures of Southern 
Ocean water with what we infer to be 
more typical shallow or intermediate Pa- 
cific water. The limited data do not per- 
mit better identification of the sources of 
water in the profiles, but they indicate 
well-defined isotopic characteristics 
which may be used to characterize water 
masses and which are unaffected by 
changes in salinity due to evaporation or 
dilution with rainwater. 

Box Model 

We constructed a six-box model in 
order to characterize the mixing of the 
Southern, Atlantic, Indian, and Pacific 
oceans. Figure 5 depicts the model and 
the exchange paths. We divided the 
Southern Ocean into boxes 1 ,  2, and 3, 
adjacent to the Atlantic, Indian, and Pa- 
cific oceans, represented by boxes l ' ,  2', 
and 3', respectively. This subdivision is 
to account for interactions with the other 
oceans. [Georgi (28) presented data for a 
series of transects of the Southern Ocean 
including the Drake Passage and regions 
south of Africa and New Zealand, which 
have boundaries between the Southern 
Ocean and major ocean basins to the 
north. He showed that salinity in the 
Southern Ocean decreases from a maxi- 
mum south of Africa to a minimum in the 
Drake Passage and interpreted this as 
resulting from successive interactions 
with the Atlantic, Indian, and Pacific 
oceans.] Flow between the Southern 
Ocean boxes is constrained to be unidi- 
rectional and toward the east by the 
Antarctic Circumpolar Current. Flow 
between the Southern Ocean and the 
major oceans to the north is two-direc- 
tional and constrained to be between 
adjacent primed and unprimed boxes 
only, as shown in Fig. 5. If we assume 
that there are no sources of Nd within 
the Southern Ocean, then for box 1 at 
steady state we have 

where the E'S are the Nd isotopic compo- 
sitions, the C's are Nd concentrations, 
and the $ are rates of volume transport 
of water from box i to box j. Taking the 
flow of the Antarctic Circumpolar Cur- 
rent to be uniform, we have w12 = %3 = 

W31. Letting WI1, = WIal and taking the 
C's to be approximately equal, we find 
that Eq. 1 reduces to 

Similarly, for boxes 2 and 3, respectively 

With the available data base this box 
model is underdetermined, but we esti- 
mated eNd(O) for the undetermined 
Southern Ocean boxes in order to calcu- 
late an upper limit for the rate of ex- 
change between the Southern Ocean and 
the Pacific ( w ~ ~ , ) .  We may obtain bounds 



on the unknown e values by assuming that 
0 5 w ~ ~ , ~ w ~ ~  5 1. This yields equations of 
the form 0 5 (ei - ej)l(ej - el) 1. Tak- 
ing e3 = -9, e3, = -3, and €2' = -8, we 
get -9.25 2 e2 2 - 10.5. Using this result 
in Eq. 4 and taking ~ 1 2  = 130 Sv, we 
calculate an upper limit of ~ 3 3 ,  = 33 Sv 
for the flow rate between the Pacific and 
Southern oceans. From this we obtain a 
lower limit of - 800 years for the mean 
time for exchange between the Atlantic 
and Pacific. The most sensitive parame- 
ters are the values of eNd(0) associated 
with the different segments of the South- 
ern Ocean. If the difference between 
these values goes to zero, then mixing, 
as constrained by these approximations, 
cannot occur, and it would be necessary 
to consider concentration differences as 
well. 

Transport of Neodymium in the 

Water Column 

In contrast to the differences in eNd(0) 
in the water column at different loca- 
tions, Nd concentration profiles all ex- 
hibit approximately linear increases with 
depth. Samples where the Sm concentra- 
tion whs measured yielded a constant 
'47Sm/'44Nd of - 0.1 1 at all levels. This 
is similar to '47Sm/ '44~d in continental 
crustal rocks but much lower than the 
ratio (0.1967) in a chondritic uniform 
reservoir (34), indicating that the same 
processes control the vertical transport 
of Sm and Nd in the water column at 
the different sampling locations in the 
oceans. 

Potential temperature versus salinity 
(T-S) diagrams for stations 315 and 327 in 
the Drake Passage and station 31 in the 
Pacific are shown in Fig. 6. The diagrams 
for stations 3 15 and 327 indicate that four 
components of water having distinctive 
temperature and salinity characteristics 
are involved in mixing. In general, these 
T-S relations indicate that lateral as well 
as vertical transport must play an impor- 
tant role. The points in Fig. 6 represent- 
ing the sampling for Nd do not lie on 
straight-line segments in the T-S dia- 
gram. The samples from the three lower 
depths at station 315 appear to be on a 
linear segment, while those from the 
other stations lie on divergent trends. As 
pointed out by Craig (337, colinearity on 
the T-S diagram is a necessary condition 
for treating element distribution in terms 
of a two-component mixing model. How- 
ever, eNd(0) is uniform at stations 315 
and 327, indicating only one component 
of Nd in the water column in the Drake 
Passage. From the T-S diagram for sta- 

Fig. 5. Box model for mixing in the Southern 
Ocean. The Southern Ocean is divided into 
three boxes (1, 2, and 3) adjacent to the 
Atlantic (l ' ) ,  Indian (2'), and Pacific (3') 
oceans, respectively. 

tion 31 we infer that there are at least 
four components of water involved in 
mixing at this location, whereas the 
eNd(0) data indicate mixing of two com- 
ponents of Nd, one with eNd(0) = -8 
and the other with eNd(0) = 0. The dif- 
ferent T-S relations at these stations are 
also in contrast with the linear Nd con- 
centration profiles at all stations ana- 
lyzed. These observations indicate that 
the distribution and transport of Nd in 
seawater are not dependent on the fac- 
tors that directly influence local tem- 
perature and salinity variations. 

Any explanation for the observed dis- 
tribution of Nd in the water column must 
be considered in the context of the nu- 
merous studies of other trace element 
distributions in the oceans. We therefore 
outline some key observations related to 
the problem of trace element transport. 
A number of stable elements (Zn, Ni, 
Cd, and Ba) increase with depth in a 
complex fashion (36-39). For example, 
Ba increases to a maximum at about 2 
km and then remains relatively constant 
or decreases toward the bottom (38, 39). 
These elements are found to correlate 
with nutrient profiles in the oceans, indi- 
cating that their distribution is controlled 
by uptake into planktonic organisms in 
surface waters with subsequent re-solu- 
tion in deep waters. The sources of the 
individual elements and their transport 
have been subjects of study for three 
decades. A key to some of the transport 
processes that may occur in the marine 
environment has come from study of 
abundances of the decay products of U 
and Th (40). These decay series are 
important because some of the nuclides 
are at extremely low concentrations due 
to their removal from solution. For ex- 
ample, from the near absence of 2 3 2 ~ h  in 
seawater and the presence of the daugh- 
ter 228Th (7112 = 1.9 years) it is inferred 
that the more soluble intermediate 
daughter 228Ra = 5.7 years) is trans- 
ported from coastal waters into the sur- 
face ocean waters to provide the source 
of 228Th with a lateral transport time 
scale of - 20 years. Dissolved U has a 

relatively high and uniform concentra- 
tion in seawater (- 3 kgiliter) (41), but 
one of its daughters, 230Th = 7.7 X 

lo4 years), has a very low concentration, 
well below secular equilibrium (- 
(42). Recent experiments (43) showed 
the dissolved 230Th to increase regularly 
with depth in an approximately linear 
manner. These data can be explained by 
constant production of 230Th throughout 
the water column from 2 3 8 ~  decay [238U 
(71i2 = 4.5 X lo9 years) + 2 3 4 ~ h  = 24 
days) + 2 3 4 ~  = 2.4 X lo5 years) + 

230Th (7lI2 = 7.7 X lo4 years) + 226Ra 
(qi2 = 1.6 X lo3 years)] with subsequent 
adsorption of 2 3 0 ~ h  on particulate mat- 
ter, which settles to the bottom (40, 42). 
For some nuclides from this decav series 
such as 210Pb there are direct observa- 
tions of the proportions associated with 
particles (- 10 percent) and in solution 
(- 90 percent) (44). In addition to scav- 
enging from solution and particle set- 
tling, there is evidence for element trans- 
port from the sediments into the water 
column over at least a few hundred me- 
ters from the bottom. This is demonstrat- 
ed by the presence of excess 2 2 2 ~ n  (71i2 

= 3.8 days) (45) as well as 2 2 8 ~ a  and 
228Th (from decay of dissolved 228Ra) 
(46) in the lower levels of the deep sea. 
There is in general no direct connection 
between the processes controlling these 
short-lived nuclides and the more abun- 
dant stable elements; however, Chan e t  
al. (39) showed an excellent correlation 
between Ra (- 6 x grams per 
kilogram) and Ba (- low5 grams per 
kilogram) in regions above a bottom lay- 
er for basins in widely different areas. 

These observations indicate that the 
concentration and isotopic composition 
of Nd may depend on scavenging by 
particles, re-solution from particles, and 
re-solution from sediments at the sea 
bottom. The regular change of Nd con- 
centration with depth [similar to that of 
Cu (36) and 230Th (43)] cannot be due 
simply to scavenging as there is no 
steady source such as that for 2 3 0 ~ h .  
Removal of Nd from near-surface waters 
by settling particles with continuous re- 
solution during settling coupled with ver- 
tical transport or circulation might pro- 
vide a net effective local source. Some 
workers have formally used an arbitrary 
constant source function for elements 
such as Ba (which has a long residence 
time) in the water column in order to 
explain the concentration as a function 
of depth. The source term presumably 
results from dissolution of particles 
(CaC03) containing Ba, a mechanism 
suggested by Turekian et a / .  (22). We do 
not find an a priori basis for assuming a 
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uniformly distributed source for Nd 
(which has a short residence time) in the 
water column. In addition, if the time 
scale for removal is short [20 years, as 
indicated from Th data (43)], this would 
result in rapid removal of Sm and Nd 
during the history of a water mass. 

Theoretical analyses of element distri- 
bution in ocean water due to these pro- 
cesses are primarily based on transport 
models that involve diffusion (with eddy 
diffusion parameter K - 1 square centi- 
meter per second and upward advective 
velocity w - cmlsec). These phe- 
nomenological transport models are 
based on the view that there is an up- 
ward component of velocity in the ocean 
from the cold deep waters that balances 
the downward diffusion of heat from the 
warm surface layers (47). This approach 
has led to a set of abyssal recipes (48). 
Craig has discussed this class of models 
(35) as well as the problem of scavenging 
for the case of Cu (49). 

The usual form of the one-dimensional 
equations at steady state for 6 (either 
temperature or salinity) is 

For the concentration of species i in 
solution (C,) the equation becomes 

Here z is the height upward from the 
ocean bottom, P, is the local generic 
production rate of species i, and A, + 6, 
are the decay constant plus adsorption 
rate. These transport equations, which 
require layers at the upper and lower 
boundaries to satisfy continuity, have 
been used extensively as a basis for 
discussing observational data. By fitting 
either temperature or salinity to Eq. 5 
over regions where temperature and sa- 
linity are linearly correlated, the parame- 
ter (K/w) is determined, and by using the 
known concentration of species i the 
source term P, can be explicitly calculat- 
ed (35) (it is usually taken to be a con- 
stant). 

In explicitly considering transport 
with sequestering on particles that are 
raining out, we derive the one-dimen- 
sional equation for species i 

ac, + amPCP, a2c, aC, - = K -  - w- 
a7 a7 az2 az 

where Cpi is the concentration of i on 
particulate matter, m, is the mass of 

Salinity (per m~l)  

Fig. 6. Potential temperature versus salinity 
diagrams for stations 315, 327, and 31. (A) 
Drake Passage. Station 315 follows points 
ABC. Boxes labeled 1 to 4 correspond to Nd 
samples at 50, 800, 2000, and 3600 m, respec- 
tively. Station 327 follows points DB, and 
circles labeled 5 and 6 correspond to Nd 
samples at 650 and 1900 m, respectively. The 
T-S data are for 50-m intervals from CTD 
casts. (B) South central Pacific, station 31. 
Points 1 to 3 correspond to Nd samples at 30, 
2800, and 4500 m, respectively. The shape of 
this curve is inferred from eight T-S measure- 
ments made at this station. 

particles per gram of seawater, and v is 
their characteristic settling velocity in 
the rising advective stream. We have 
neglected particle diffusion, but if it were 
included C, in the first term on the right 
should be Ci + mpCpi. For 2 3 4 ~ h ,  which 
is dominantly associated with particles, 
C, + 0 (50). 

If there is quasi-equilibrium partition- 
ing between the adsorbed and dissolved 
species of the form C,,IC, = a (a con- 
stant), the settling velocity v is constant, 
there is no true in situ source, and the 
species are stable, then the steady-state 
equation becomes 

The expression in brackets is the down- 
ward net flux, which is constant at 
steady state. 

Comparison of this result with Eq. 6 
shows that the coefficient of aC,laz in 
Eq. 8 is -w + avm, rather than -w. If 
avm, is comparable to w, then the ad- 
vective velocity terms are not the same 
for species whose transport involves par- 
ticle settling and the transport equations 
for salinity and temperature. In such 
cases Eqs. 5 and 8 may be decoupled. If 
we use a Stokes velocity of 8 x D~ 
cmlsec for particles of diameter D micro- 
meters and take am, - lo-' (9 percent 
adsorbed on particles), then for 3-ym 
particles we get avm, - 7 X cmi 
sec. The advective velocity in Eq. 5 is 
usually taken as w - cmisec. It 
follows that if only a few percent is 

adsorbed in equilibrium on grains, the 
settling term may govern the transport. 
The characteristic length then becomes 
~/<(avm, - w)> (< > indicates the 
average value). For attenuation by a 
factor of e for a depth of 4 km and K - 1 
cm2isec we obtain <(avm, - w)> - 3 x 

cmisec. For (avrn, - w)C, = con- 
stant, the concentration is a linear func- 
tion of depth, and the distribution of 
particles is hyperbolic. According to this 
model (Eq. 8), the Nd data require that 
the net downward flux be less than 
(avrn, - w)C,. If equilibration is not 
achieved, then C,,IC, is not constant and 
the falling grain may continue to seques- 
ter material from solution. In this case 
d(m,C,,) = -+,m,C,dziv if the particu- 
late mass is constant. Substituting this in 
Eq. 7 at steady state gives a result analo- 
gous to Eq. 6 and does not yield an 
advective term that competes with w. 
The Nd isotopic and concentration data 
are not yet sufficient to test these models 
or to establish whether linear mixing 
requires linear behavior between T and 
S. It appears that, in order to understand 
the distribution of Nd and related ele- 
ments, a detailed comparison of experi- 
mental data, taking into account the ver- 
tical distribution of particles, will be 
needed to assess the validity of the class 
of models described by Eq. 7. 

If Nd and other rare earth elements 
were injected from bottom sediments, 
they would be distributed over a scale of 
only a few hundred meters from the sea 
floor on an appropriate short time scale, 
as indicated by the transport coefficients 
from Rn and Ra studies (45, 46). The 
time for Nd injected from the bottom to 
reach the surface must be - 1000 years. 
The isotopic differences observed in 
some profiles indicate preservation of 
intrinsic differences in Nd. In contrast, 
the regular behavior of the Nd concen- 
tration suggests continuous mixing or 
exchange between surface and bottom 
waters on a short time scale. A complex 
transport mechanism involving precipi- 
tation of Nd from solution, scavenging 
by particles, and re-solution of bottom 
materials is suggested above. Layering 
of mid-depth water masses is known to 
occur in the ocean and must play an 
important role. A large contribution from 
the sediments wotlld imply that the ob- 
served Nd in solution was not directly 
related to the dissolved Nd from the 
continents but resulted from a dissolu- 
tion-precipitation-saltation process. Such 
considerations could alter the model of 
simple uniform ocean basins that we 
proposed on the basis of the isotopic 
composition data. 
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Conclusions 

Water flowing through the Drake Pas- 
sage has an average Nd isotopic compo- 
sition corresponding to eNd(0) = -9. 
The eNd(0) values reported here indicate 
that one-half to two-thirds of the Nd in 
these waters is of Atlantic origin and at 
most one-half is of Pacific origin. These 
sources of the water mass do not agree 
with those based on the estimated salt 
budget for the Drake Passage or on heat 
transport considerations. From the Nd 
data reported here, the Antarctic Cir- 
cumpolar Current is dominated by Atlan- 
tic water, which it spreads to other ocean 
basins and recirculates back into the 
Atlantic. These observations are in qual- 
itative agreement with those of Reid and 
Lynn (24) and Reid (25) ,  who inferred 
the presence of Atlantic water in the 
Indian and Pacific oceans from physical 
properties of the water and concluded 
that the Antarctic Circumpolar Current 
spreads the Atlantic water to other ocean 
basins, but made no quantitative esti- 
mates of the amount of Atlantic water in 
the Circumpolar Current. 

Concentrations of Sm and Nd in the 
water column show an approximately 
linear increase with depth in the Drake 
Passage and at other locations. This is 
similar to results for Cu (36). The con- 
centration gradient requires some means 
of transport and replenishment of these 
elements in the water column on a short 
time scale. This transport appears to be 
governed by settling and re-solution of 
particles. If replenishment of ND in the 
bottom waters is due to re-solution of the 
underlying sediments, the Nd isotopic 
composition must reflect materials previ- 
ously deposited rather than recent conti- 
nental drainage. The concentration data 
are difficult to cxplain by the simple 
model used to discuss the isotopic data. 
Further advances will require an under- 
standing of transport characteristics of 
rare earth elements in the ocean. 

Anupper limit of 33 Sv for the rate of 
exchange between the Pacific and South- 
ern oceans has been calculated on the 
basis of a box model describing Nd 
transfer between the oceans. At present, 
the model is underdetermined, but with 
more data for the Nd isotopic composi- 
tion of Southern Ocean waters, it may be 
possible to put further constraints on the 
rates of exchange between the Southern 
Ocean and ocean basins to the north. 

Insofar as the differences observed in 
eNd(0) between the Atlantic and the Pa- 
cific reflect the rate of water exchange 
between these oceans, then this must be 
controlled by the flow through the Drake 
Passage. We may imagine that as the 

passage was opened in late Oligocene 
time (51). the degree of isotopic differ- 
ence decreased. If the Nd isotopic com- 
position of seawater is preserved in sedi- 
ments over geologic time, it may be 
possible to study the degree of isolation 
of earlier oceans under different arrange- 
ments of the continents. This has consid- 
erable interest in terms of determining 
the disposition of earlier ocean basins 
and may possibly be used to trace the 
flow of major paleo-ocean currents. In 
the case of the Southern Ocean, we 
believe that the dominant source must be 
North Atlantic deep water. The changes 
of such flow over the past few million 
years may be of use in understanding 
climate change. 
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