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Abstract

In this study, the isotopic composition of neodymium in the marine
environment has been determined from analysis of marine ferromanganese
precipitates and seawater. An initial survey of the isotopic composition of
Nd in the marine environment was made utilizing the analyses of authigenic
ferromanganese sediments. These included ferromanganese nodules,
metalliferous sediments, and hydrothermal ferromanganese crust deposits.
Large variations in sNd(O) values are observed which exhibit a clear
separation of the ocean basin. Nd isotopic variations within an ocean basin
fall within a relatively small, well defined range which is characteristic
of the ocean basin sampled. Based on these results, the following average
143Ng/144Nd ratios for the ocean basins have been determined: Atlantic
Ocean, sNd(O) ~ -]12; Indian Ocean, eNd(O) ~ ~8:; Pacific Ocean, eNd(O) & =3,
These values are considerably lower than sNd(O) values associated sources
having oceanic mantle affinities, indicating that the REE in the oceans are
dominated by continental sources. Therefore, the variations must reflect
primarily the age and “7Sm/1%*Nd ratio of the continental masses being
sampled.

Direct measurements of the isotopic composition of Nd in seawater
samples from the Atlantic and Pacific are in excellent agreement with the
values determined from the ferromanganese sediments indicating that these
sediments accurately reflect the isotopic composition of Nd dissolved in
seawater., The results clearly demonstrate the existence of distinctive Nd
isotopic differences in waters of the major ocean basins. These values
correspond to a difference in the absolute abundance of 143Nd between the
Atlantic and the Pacific Oceans of ~ 10 atoms !%3Md per gram of seawater.

In addition to the isotopic differences observed between the ocean basins,
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smaller but distinctive variations are observed in the water column of both
the Pacific and the Atlantic, indicating different sources of REE at
different levels ithhe water column. This suggests that it may be possible
to distinguish the sources of water masses within an ocean basin on the
basis of Nd isotopic composition.

The isotopic composition of Nd was determined in seawater samples from
the Drake Passage in order to monitor the exchange of REE between the
Pacific and Atlantic Oceans. The Antarctic Circumpolar Current, which flows
eastward through this passage, represents the primary conduit through which
the major ocean basins communicate with each other. The isotopic
composition of Nd is found to be uniform with depth at all stations and
corresponds to €y4(0) = -9.0. This value is intermediate between the values
for the Atlantic and the Pacific and indicates that the Antarctic
Circumpolar Current consists of about 70 percent Atlantic water. 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 isotopic results, an upper
limit of approximately 33 million cubic meters per second is calculated for
the rate of exchange between the Pacific and the Southern Ocean.

The concentration of Nd exhibits a regular increase with depth at all
locations studied. In contrast, Nd isotopic compositions can exhibit
substantial variations in the water column which vary depending on the
location. Where isotopic differences in the water column occur, substantial
lateral transport of REE from different sources and at different levels in
the water column is required to maintain these differences. It is shown
that the concentration gradients are established without significantly
affecting the isotopic distribution, and that the enrichment of Nd in the
deep water cannot be a result of resolution of REE scavenged from surface

waters.
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The iSotopic distributions are compared to water mass analyses based on
temperature and salinity characteristics in the water colummn at the various
sampling 1ocations.\’1t is shown that differences in isotopic compositions
in the water colummn are well correlated with changes in the temperature and
salinity characteristics. Thus, the isotopic distributions are fully
consistent with the circulation of major water masses. This indicates that
while Nd is nonconservative in concentration, the isotopic composition is
conserved and can be used as a tracer for studying the origin and circula-
tion of water masses.

The results of these studies have provided some important contributions
to the understanding of trace element transport in the oceans. First, the
Nd isotopic differences in the water column clearly indicate that transport
of Nd from the surface to the deep ocean cannot account for the observed
increase in concentration of Nd with depth. These isotopic differences must
be maintained by lateral transport of the REE and indicates that the
concentration gradients of the REE and possibly other trace elements must
also be related in part to lateral transport processes. Second, the close
correlation observed between changes in Nd isotopic compositions and
temperature—salinity relationships in the water column indicates that the
lateral transport of REE in the oceans is directly related to the origin and
flow of water masses. Thus, the isotopic composition of Nd in seawater is
shown to be a useful tracer for studying the sources of injection and
transport of trace elements in the oceans.

In addition to the seawater studies, the concentrations and isotopic
compositions of Nd and Sr were determined in hydrothermal solutions
emanating from hot springs on the crest of the East Pacific Rise at 21°N and

at Guaymas Basin, Gulf of California. This study represents the first



ix
effort to measure the Nd isotopic compositions in hydrothermal solutions.
Endmember samples (T=350°C) from 21°N exhibit a small range in €g, values
from -13.4 to —15.7: Correcting to CMg=O, the pure hydrothermal solutions
are estimated to have €gy * —18. These results indicate that the fluids
have undergone extensive but not complete exchange with Sr in the depleted
oceanic crust (ESr = =30). CSr ranges from 5.8 to 8.7 ppm and is similar to
seawater (7.6 ppm) indicating that there must be buffering. Hydrothermal
solutions from Guaymas Basin (T=315°C) rise through several hundred meters
of sediment before reaching the sea floor. One sample from here has Egy =
+5.8, indicating that the solutions have reacted first with oceanic crust
and then sediments. The high Sr concentration in this sample (19.3 ppm) is
consistent with late stage interaction between the ascending fluid and
carbonate rich sediments.

Nd shows a wide range in concentration and isotopic compositions in
solutions from 21°N. Cygq ranges from 20 to 659 pg/g, indicating substantial
enrichments of Nd over typical seawater concentrations of ~3 to 4pg/g. €nd
ranges from -10.8 to +7.9. The data clearly show substantial contributions
of Nd from depleted oceanic crust to many of the samples analyzed. In spite
of enrichments in Nd of up to about 100 times seawater, none of the samples
have €nd values equal to MORB (eNd = +10). One sample from Guaymas Basin
has ey = ~11.4 consistent with leaching of Nd from sediments derived from
old, continental sources. There is some inconsistency in the Nd isotopic
data indicating that there is a possibility of contamination during sampling

and/or handling of the solutions.
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CHAPTER 1: Introduction
1.1 Objectives

There were two major objectives to this investigétion. The first
objective was to determine the isotopic composition of Nd in the warine
environment and the extent to which it is variable. Transport of the REE
into the oceans will produce isotopic compositions of Nd which directly
reflect the type of materials from which they were derived. From the
isotopic composition of authigenic marine sediments and seawater, it should
be possible to identify these sources of the rare earth elements (REE) in
the different oceans. Relative to the turnover rate for the oceans, the
residence time of Nd in seawater (defined as the total mass of Nd in the
oceanic reservoir divided by the rate of Nd input to the oceans) is believed
to be short, possibly less than 300 years [Goldberg et al., 1963; Wildeman
and Haskin, 1965]. The major consequence of a short residence time is that
the REE will not be well mixed in the oceans. Thus, Nd isotopic variations
would be expected in the world ocean which reflect isotopic variations in
possible source reservoirs of REE supply to the oceans. It is believed,
therefore, that the Nd isotopic compositioﬁ may have the possibility of
serving as a natural tracer of ocean currents and water masses for short
_time scales and as a monitor of mixingbin and between tﬁe oceans.

The second objective of this study was to apply the measurement of the
isotopic composition of Nd in ocean waters as a tracer for studying,
specifically, the problem ofyrare earth element transport in the oceans. In
addition, the isotopic composition of Nd in ocean waters is used as a water

mass tracer for studying problems related to the general circulation of the
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oceans. To this end, several areas have been studied where direct Nd
isotopic measurements of seawater have been used to elucidate the origin and
mixing of water masses and trace element transport in the oceans. Most of
the data in this study are for samples from the Atlantic Ocean where a
detailed effort has been made to determine the extent to which REE transport
can be related to the general circulation of ocean basins. In addition, Nd
isotopic and concentration determinations have been made in solutions
emanating from submarine hydrothermal springs on actively spreading mid-
ocean ridges in an effort to determine the hydrothermal fluxes of REE and
their possible influence on the isotopic composition of Nd in the oceans.
These data also have important implications for the impact on REE during the
hydrothermal exchange of seawater with the oceanic crust.

The basic approach to the problems addressed in this thesis was to
first establish the magnitude of Nd isotopic variations, if any, in the
marine environment. This was accomplished by measuring the isotopic compo-
sition of Nd in authigenic ferromanganese sediments. There were two reasons
for studying ferromanganese sediments. First, it was plausible that REE in
these sediments were precipitated from seawater and that their Nd isotopic
compositions should therefore closely represent seawater isotopic
compositions., This hypothesis is related to the growth mechanisms of
manganese nodules and was not self evident. Furthermore, ferromanganese
sediments contain REE at levels which are 6 to 8 orders of magnitude higher
in concentration than in seawater, and thus, only a small amount of sample
(<K1g) is required for the Nd isotopic analysis. The results of these data
are summarized in Chapter 3. Once the range of Nd isotopic compositions in
the ocean basins was estimated from the sediment data, it was necessary to

confirm the results by direct analysis of Nd dissolved in ocean waters.
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This required the development of techniques for the separation and isotopic
analysis of small quantities of Nd (K2 x lO_Sg) from large volumes of sea-
water without introducing significant levels of contamination. The success
of these techniques has led to the direct confirmation of the inter-ocean Nd
isotopic variations established from the ferromanganese sediment data and
demonstrated the promise of using N& isotopic measurements of seawater as an

oceanographic tracer.
1.2 Data representation

Representation of Sm, Nd and Sr data follows that given by DePaolo and
Wasserburg [1976a; 1976b]. Measured 143Nd /144 Nd ratios are presented as
fractional deviations in parts in 10* (¢ units) from 143Ng/1%%Nd in a

chondritic uniform reservoir (CHUR) as measured today:

(143Nd/144Nd)M

4
e, (0) = -1]x10 (1.1)
Nd ICHUR(O)

where M is the ratio measured in the sample today, and ICHUR(O) = 0.511847
is the !43Nd/!**Nd in the CHUR reference reservoir today [Jacobsen and
Wasserburg, 1980). Similarly, an enrichment factor for 147gn/144 Nd in a

sample relative to CHUR is given by:

(147Sm/144Nd)

Fom/na = | T g THG

Mo (1.2)
CHUR

Nd)

where (1”7Sm/1”“Nd)CHUR = 0.,1967 [Jacobsen and Wasserburg, 1980].
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Model ages, Tg%UR’ are calculated for the samples as follows:

-4
sNd(O)ICHUR(O) X 10

(147Sm/144Nd)

(1.3)

Sm/Nd CHUR

The 14%7Sm decay constant, A = 6.54 X 10712 yr_l. Sr isotopic data are

presented in a manner analogous to that used for Sm-Nd data. Thus:

7 sr/8651)
Tyr(®)

M 4

£, (0) = -1]x10 (1.4)

Sr
where IUR(O) = 0.7045 is the estimated 878r/80Sr value for the bulk earth as

determined by DePaolo and Wasserburg [1976b] and O'Nions et al. [1977].
1.3 Neodymium isotopic systematics relevant to REE in the oceans

The isotopic abundance of 143ng changes through geologic time due to
the decay of 1%7sm ( half-life = 1.06 X 1011 years ). Relative to the
oceanic residence times of the REE, the half-life of 1478m 1s extremely long
and consequently, there will be no measurable in situ decay effects on the
isotopic composition of Nd in seawater and modern marine sediments.

Observed 143Nd/1%Nd ratios will reflect the age and "7Sm/!“*Nd ratio of
the materials which are sampled. The average evolution of 143 Ng /144 Nd for
the earth has been found to approximately follow a simple growth curve which
correspoﬁds to the 147gm/1%%Nd ratio of chondritic meteorites [DePaolo and
Wasserburg, 1976a]. However, terrestrial differentiation processes have
segregated material into continental and oceanic crustal rocks with dis-

tinctive ages and Sm/Nd ratios. As a result, there is a clear difference in

the *3Nd/1%*Nd ratios in the samples of different types of crustal rocks.
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Rocks derived from an undifferentiated source (Sm/Nd = chondritic) will
be characterized by initial isotopic compositions of Nd identical to that in
a chondritic uniform reservoir (CHUR) and if they were segregated from this
source today, they would have €,,(0) = 0. The oceanic crust is derived from
a mantle source with a light REE depleted abundance pattern relative to CHUR
and, therefore, has Sm/Nd ratios which are greater than the Sm/Nd ratio of
CHUR. Consequently, the growth of 143Nd in the oceanic mantle over geologic
time has proceeded at an accelerated rate relative to CHUR resulting in
positive values of eNd(O) in rocks derived from this reservoir. Conversely,
most continental crustal rocks have light REE enriched abundance patterns
and, therefore, have Sm/Nd ratios which are less than CHUR. As a result,
the growth of 143Nd in light REE enriched continental rocks proceeds at a
slower rate than in CHUR producing, over geologic time, negative values of
€nq(0). Young continental flood basalts have isotopic compositions showing
a spread of eNd(O) values averaging near zero but with substantial
variations. DePaolo and Wasserburg [1979] hypothesized that the source of
these basalts was from a CHUR reservoir although the average value of
ENd(O) = (0 could result from an "accidental” mixing of continental crust and

oceanic mantle.

1.4 Some observations on rare earth elements and their sources in the

oceans

There are several pathways by which REE can be supplied to the oceans.
These are shown in a cartoon in Figure 1.1. The major pathways include
1) runoff from continental and oceanic island land masses, 2) submarine

hydrothermal and volcanic activity at mid-ocean ridge crests, 3) atmospheric
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Figure l.1. A cartoon depicting the major pathways by which rare earth
elements are supplied to the oceans. These include runoff from
continental and oceanic island land masses, atmospheric injections
resulting from precipitation and settling of wind blown dust over the
oceans, diffusion of REE released from sediments during diagenesis, and

submarine volcanic sources resulting from volcanic and/or hydrothermal

activity.
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dust fallout, and 4) remobilization of REE during diagenesis of marine sedi-
ments. Of these, the first three represent the primary input of new REE to
the oceans. The fourth pathway may include both new inputs and the
recycling of substantial amounts of the REE which were removed from the
oceanic reservoir by adsorption onto particulate matter and incorporated
into the sediment layer. It is difficult to assess the relative contri-
bution that REE supply from each pathway makes to the total rare earth
element budget of the oceans. This is due mainly to a lack of sufficient
data relating to each of these pathways. Based on a very small data set for
REE concentrations in rivers [Martin and Meybeck, 1979], the annual flux of
dissolved Nd from continental runoff is estimated to be ~109 grams. By
comparison, the annual submarine hydrothermal flux of Nd is estimated to be
one to two orders of magnitude lower [Michard et al., 1983; this study (see
Chap. 7)]. However, about 75% of the world's river drainage empties into
the Atlantic and its adjacent seas, whereas most of the hydrothermal fluxes
are supplied in the Pacific where the mid—-ocean ridge spreading rates are
fastest. Thus, continental fluxes would be expected to dominate in Atlantic
waters, but hydrothermal fluxes could represent a significant proportion of
the total REE flux to the Pacific Ocean. The actual fluxes of REE from
rivers could be much different than estimated above. There is increasing
evidence that most of the REE in rivers are associated with suspended matter
[Stordal and Wasserburg, 1983]. The REE fluxes could be much lower or
higher depending on whether there is significant desorption from the
suspended material after entering the oceans. Estimates for the soluble REE
fluxes from the atmosphere and diagenetic fluxes from marine sediments are

not available at the present time.
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Figure 1.2. Sm and Nd parameters in primary sources of rare earth elements
in seawater. Continental sources are shown on the left and are
dominately characterized by negative values of eNd(O). Oceanic sources
are shown on thé right side of the figure and are characterized by
vpositive values of €y4(0). The oceans will be characterized by blends
of REE from these different sources. Thus, the distinct separation of
the Nd isotopic character observed for continental sources of REE from
that of oceanic sources provides a fingerprint from which it will be

possible to identify sources of REE in the oceans.
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Sm and Nd PARAMETERS IN POSSIBLE SEAWATER SOURCES

CONTINENTAL SOURCES OCEANIC SOURCES
OLD CRUST DEPLETED MANTLE (MORB)
€ng(0)=-20 10-30 €ng(O) = +10
fsm/ng <O fsm/ng >0
UNDEPLETED MANTLE (CFB) ISLAND ARCS
€ng(0)=-2 to +2 €ng (0)=+6 10 +10
fsm/ng <O fsm/ng <O
SHALES OCEANIC ISLANDS
€na(0)=-10 10 -15 €ng(O)= +0 10 +8
fsm/na <O fsm/ng<O

€ng (0)=Q fsm/na T
A ("47Sm /'*4Nd) ey <104

| CHUR ©)

Figure 1.2.
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A sufficiently large body of data on the isotopic composition of Nd in
oceanic and continental crustal reservoirs exists making it possible to
estimate the average Nd isotopic character of the primary sources of REE
supply to the oceans. It has been shown from early studies that there is a
clear separation of the Nd isotopic characteristics of the continental and
oceanic crust [DePaolo and Wasserbuxg, 1976a, 1976b, 1977; Richard et al.,
1976; O'Nions et al., 1977]. Figure 1.2 summarizes the average Sm-Nd
characteristics for major continental and oceanic crustal reservoirs. 1In
general, continental sources of rare earth elements are found to be charac-
terized by eNd(O) < 0. 0ld continental crust, as typified by Precambrian
shield terranes, are characterized by substantial light rare earth enrich-
ments and typically have €Nd(0) values ranging from -20 to -30. Young
continental flood basalts on the average typically have eNd(O) & Q. Sedi-
mentary rocks on the continents, as represented by shales, have eNd(O) in
the range from -10 to -15, reflecting a derivation primarily from old (but
not ancient) preexisting continental crust [McCulloch and Wasserburg, 1978]
and may represent the mean Nd isotopic composition of the continental
crust. Oceanic crustal rocks as sources of REE in the oceans are generally
characterized by derivation from an old light rare earth depleted mantle.
Young mid-ocean ridge basalts (MORB) have eNd(O) # +10. DePaolo and
Wasserburg [1976b] have calculated that the mantle source region for MORB
must have undergone a depletion event and been separated from CHUR for at
least 109 years in order to account for its present day isotopic compo-
sition. Oceanic island basalts exhibit a range in sNd(O) from 0 to +8, and
island arc volcanics are found to vary from +6 to +10. . This very distinct
difference between the Nd isotopic characteristics of oceanic and conti-

nental sources of REE will allow for a relatively straightforward evaluation
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of the primary REE sources in the marine environment. The Nd isotopic
character of sources due to diagenetic remobilization of REE in marine
sediments will probably be similar to local seawater and thus may also
reflect the isotopic character of these primary sources.

The chemical forms of the REE in seawater are not well known. However,
all of the REE, with the exception qf Ce, occur in the +3 oxidation state in
seawater. Cerium may also occur in the +4 oxidation state which may account
for its anomalous behavior in seawater. Turner et al. [1981] used an equi-
librium speciation model to predict the speciation of the REE in seawater
and fresh waters. The results of their calculations indicated that in
seawater, the speciation of the REE should, in general, be dominated by
carbonate complexes in solution. This is substantiated by the laboratory
studies of Lundqvist [1982] which demonstrate that Eu carbonate complexes
will dominate over hydrolysis products at the pH (~8) and co%‘ concentration
(~10—4M) of seawater . The concentrations of the REE in seawater have been
well known for about two decades now, since Goldberg et al. [1963] made the
first reliable measurements. The upper limit of the absolute concentrations
of the individual rare earths vary from about 1 to 50 picomolar with a
maximum variation for any single rare earth being about a factor of three.
These concentrations are about 6 to 8 orders of magnitude lower than the
concentration limits allowed by the solubility of REE carbonates and
hydroxides, indicating that there is substantial removal of the REE from the
water column by scavenging processes, either organic or inorganic. Further-
more, Ce is more intensely scavenged from seawater than its neighboring REE,
producing a negative Ce anomaly [Goldberg et al., 1963 and others] which is
a characteristic feature of most ocean waters. Strong positive correlations

between the REE and Fe in ferromanganese nodules give evidence that
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precipitation of iron oxides and hydroxides may be controlling the removal
process [Elderfield et al., 1981]. Slow growing nodules generally have the
high REE concentrations (>50ppm Nd) and an abundance pattern which is a
mirror image of seawater, including a positive Ce anomaly [Piper, 1974],
further indicating that the growth of ferromanganese nodules on the ocean
floor plays a major role in the remgval of REE from seawater. A more
detailed discussion of the general solution chemistry of the REE and
processes affecting their distribution in natural waters is presented in

Appendix XI.

1.5 The general circulation of the oceans and the major water mass

characteristics of the Atlantic and Pacific Oceans

The purpose of this section is to provide a brief review of the general
circulation of the oceans, and because most of the seawater samples analyzed
in this study are from the Atlantic, a description of the major water mass
characteristics of this ocean basin is included. This will provide the
basis for putting the Nd isotopic data into an oceanographic framework. The
discussion follows largely from the more detailed presentations from
oceanography texts by Dietrich et al. [1980] and Pickard [1979]. As the
origin and circulation of water masses are subjects of intense study in
oceanography and theories are often changing, some of the review on water
mass origins presented below may be subject to debate. New ideas from the
results of the present study on Nd isotopes in the North Atlantic will
hopefully add to the debate.

There are two main components to the general circulation of the oceans,

the wind driven circulation and the thermohaline circulation. The wind
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driven circulation is mainly horizontal, affecting primarily the upper 200
to 300 meters of the water column. - Because of Coriolis forces, the wind
induced currents, driven primarily by the trade winds in the respective
hemispheres, form large gyres that rotate in a clockwise direction in the
Northern Hemisphere and in a counter—clockwise direction in the Southern
Hemisphe:e. The general su:face cigculation patterns that result are shown
in Figure 1.3. The Atlantic and Pacific Oceans each have two gyres which
are sepafated in part by an equatorial counter current which flows to the
east. The Indian Ocean, which has very little surface area north of the
equator has a permaﬁent gyré_south of the equator and a seasonably present
circulation gyre north of the equator. In general, warm, saline waters are
carried poleward in strong western boundary currents from the equator, and
cool, less saline waters are transported toward the equator in weaker
eastern boundary currents. The depth of penetration of the circulation in
these gyres is generally limited by the depth of the warm water sphere. All
of the major ocean basins are openly connected where they merge with the
Southern Ocean. In this region, the West Wind Drift results in a strong
eastward flowing current known as the Antarctic Circumpolar Current which
extends to the ocean bottom (~4000 meters) and completely circles the
Antarétic continent. The Antarctic Circumpolar Current has a volumetric
flow rate averaging 130 X 106m3s™! [Bryden and Pillsbury, 1977], making it
one of the largest ocean currents in the world.

The deep water circulation of the oceans is thermohaline in nature. It
is driven by density variations originating at or near the ocean surface
owing'to changes in temperature and salinity of the water. Cooling of
surface waters at high latitudes results in an increase in the density,

which if great enough, can cause the water to sink until it reaches a level
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Figure 1.3. Map showing the general circulation at the surface of the
oceans. In general, the Northern Hemisphere basins are characterized
circulation gyres rotating in a clockwise direction, and the Soutern
Hemisphere basins are characterized by circulation gyres rotating in a

counter~clockwise direction.
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where it again achieves hydrostatic equilibrium. These currents are
initiated as vertical flows, but when the new density level is reached they
become horizontal, generally flowing in a meridional direction. Thus, the
sinking of cold, dense waters in polar regions results in the southward flow
of water masses generated in the north polar regions and a northward flow of
water masses generated in the south polar regions. Only in the North
Atlantic and in the Southern Ocean ;re winter cooling conditions sufficient
to result in bottom water formation. The Pacific and Indian oceans have no
northerly sources of bottom waters, and as a consequence, the deep waters of
these basins are not as well circulated as the deep Atlantic. Deep waters
can be formed when density levels of warm waters are raised due to excess
evaporation. While waters of this type, such as formed in the Red and
Mediterranean Seas, are important, they are quantitatively small in amount
and do not significantly influence the deep circulation of the oceans.

Figure 1.4 summarizes the major water masses of the Atlantic Ocean and
shows the general flow of each mass. Descriptions of the characteristics of
these water masses follows. The deep and intermediate water masses of the
Atlantic originate in the polar seas at the northern and southern extremes
of this basin where winter cooling is sufficient to raise the density of
near surface waters which then sink until their new density level is
reached. Antarctic Bottom Water (AABW) is formed primarily in the Weddell
Sea and to a lesser extent in the Ross Sea. It is a mixture of Shelf Water
and Antarctic Circumpolar Water [Pickard, 1979]. 1In its purest form, AABW
from the Weddell Sea has a temperature of -0.9°C and a salinity of 34.65%/00
[Dietrich et al. 1980]. This water mass flows north along the bottom into
the South Atlantic as well as eastward into the Indian and Pacific sectors

of the Southern Ocean. The northward flow of AABW is impeded on the eastern
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Figure 1.4. Longitudinal section through the western Atlantic showing the
characteristic water masses of the Atlantic Ocean (after Dietrich et
al. [1980]). The general flow patterns of these water masses are

indicated by the arrows. The salinity maximum (Smax) associated with

southward flowing North Atlantic Deep Water and the salinity minimum
(Smin) associated with northward flowing Antarctic Intermediate Water

are indicated by the dashed lines.
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side of the Mid-Atlantic Ridge by the Walvis Ridge. As a result, the
northward flow occurs on the western side of the Atlantic. AABW finally
enters the eastern basin near the equator where it flows through the
Romanche Fracture zone. From here, AABW can spread both north and south in
the eastern basin. Although greatly mixed, evidence of AABW can be traced
from its high silica content [Broecker, 1979] as far north as 45° in the
Atlantic. Total production of AAB& in the Weddell and Ross Seas appears to

1 at mid

be sufficient to support northward fluxzes of about 20 x 106m35ec_
latitudes [Gill, 1973].  In the Atlantic, this should be in approximate
balance with southward flowing deep waters.

Another major water mass of Antarctic origin found in the Atlantic
Ocean is Sub-Antarctic Intermediate Water (SIW). This water mass is
generated in regions just poleward of the oceanic polar front, a zone of
convergence of wind—-generated surface currents stretch all around
Antarctica. It is a region where precipitation greatly exceeds evaporation,
thus salinities tend to be low (~ 33.8%°/00). This water sinks to a depth of
about 900 meters and flows northward. It can be identified in the Atlantic
Ocean up to a latitude of about 25°N [Dietrich et al. 1980] as an inter-—
mediate depth salinity minimum in the water column. From the results of the
Drake Passage Study discussed in Chapter 3, it is estimated that the iso-
topic composition of Nd in AABW and SIW should correspond to eNd(O) 2 -9 at
the point of origin of these water masses. As these water masses flow
northward, the temperature and salinities are modified due to diffusive and
advective mixing with southward flowing water masses. This mixing would

presumably affect the Nd isotopic compositions as well, a point which will

be addressed later in this thesis.
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In the North Atlantic, only small areas at the sea surface are
available for bottom water production. The most favorable locations for the
formation of Arctic Bottom Water (ABW) are in the Arctic Ocean and Norwegian
Sea. Bottom waters produced here have T ~ -1,2°C and S ~ 34.92%/00
[Dietrich et al. 1980]. The high salt content of this water mass gives it
the highest density of any water mass in the world. Most of the ABW
produced is restricted to the area of its formation because submarine ridges
separate the Arctic and Norwegian basins from the deep Atlantic. Overflow
of ABW occurs intermittently over these ridges through the Faeroe Channel,
Iceland~-Faeroe Ridge and Denmark Strait where the sill depths are deepest
though still quite shallow (< 1000 meters). Lee and Ellett [1965] have
traced ABW as far south as 43°N in the Atlantic.

The dominant water mass in the Atlantic is North Atlantic Deep Water
(NADW). The major components of this water mass are believed to be
generated in regions north of the polar front in the Norwegian, Greenland
and Labrador Seas. According to Wist [1936, as referenced in Dietrich et
al. 1980] this water mass has three levels, upper, middle and lower. The
upper NADW receives injections of warm, high salinity Mediterranean Sea
water having low oxygen content. Middle and lower NADW have higher oxygen
content owing to being derived from waters recently at the surface in the
north polar seas. The middle layer of NADW contains admixtures of inter-
mediate water formed in the Labrador and Irminger Seas, while the lower NADW
contains admixtures of ABW. NADW spreads southward and eventually ascends
above northward spreading AABW. Upon reaching the Southern Ocean, NADW is
entrained into the Antarctic Circumpolar Current and spread into other ocean
basins., Reid and Lynn [1971] have identified the spreading of NADW, though

highly diluted, into the North Indian and North Pacific Oceans on the basis



22
of observational data of temperature and salinity. In general, NADW is
characterized by temperatures less than 6°C and salinities below 35°/00.

The Mediterranean outflow, though not generally considered as a
separate water mass in the Atlantic, is important in that it has a profound
influence on the overall temperature and salinity characteristics of the
Atlantic Ocean. The high evaporation rate in the Mediterranean Sea produces
water masses with salinities greatér than 38%/00. Some of this dense,
saline water spills into the Atlantic over the Gibraltar sill at a rate of
about 1.04 X 100m3sec™! [Tchernia, 1980]. This outflow is replaced by an
inflow of less saline Atlantic surface water at a rate of about 1.11 X
1O6m3sec_1, which balances the outflow and net evaporation losses of water
in the Mediterranean. The dense Mediterranean outflow water moves downward
along the continental slope, mixing with Atlantic water as it sinks to a
depth of about 1000 meters, where it reaches water of the same density. At
this level it spreads out across the Atlantic mixing with the upper layer of
NADW. This results in an intermediate—depth salinity maximum which is
considered to be a characteristic feature of upper NADW. As such, the
tongue of water which flows out from the Mediterranean is considered to be a
source of one component of upper NADW rather than a separate water mass in
the Atlantic. Of major consequence, though, is that the relatively high,
overall salinity of the Atlantic is directly attributable to the
Mediterranean outflow. In addition, the Mediterranean outflow results in
the Atlantic having a warmer median temperature relative to the Pacific or
Indian Oceans [Knauss, 1978]. The isotopic composition of Nd in this
outflow and its implication for REE distributions in the Atlantic will be a

major subject of this chapter.
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Intermediate water is only formed in limited areas along the polar
front in the North Atlantic, primarily in the Labrador and Irminger Seas.
The salinities are much higher than in intermediate waters of Antarctic
origin averaging about 34.8%/00. This high salihity makes Arctic
Intermediate Water (AIW) less conspicuous from other water masses in the
region and it descends to greater depth than its southern counterpart due to
its higher density. As a result, AIW mixes with NADW and spreads southward
as a component of NADW.

Lying above the deep water masses is the warm water sphere. The
thermohaline characteristics of the warm water sphere are strongly
iﬁfluenced by several factors including latitude, climate and the wind
driven circulation of surface waters. In the tropiecs, a strong thermocline
and pycnocline is developed year round. At the higher latitudes of the
subtropics these features become seasonal as winter cooling tends to cause
convection and mixing of the thermocline region with cooler water below. At
high latitudes where the weather is cooler year round, strong stratification
does not develop in summer months., The high latitude boundaries of the warm
water sphere correspond to the locations of the polar fronts. The lower
boundafy is denoted by an oxygen minimum and is deepest (~ 800 m) in the
fegions of subtropical convergences and is shallowest (~ 250 m) in the
vicinity of the equatorial divergences.

The major water masses of the Pacific are depicted in Figure 1.5.

Below the warm water sphere there are four major water masses, two
intermediate water masses, deep watér, and Antarctic Bottom Water. One of
the intermediate water masses is sub-Antarctic Intermediate Water (SIW)

which forms in the same manner as in the Atlantic. This water mass spreads
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Figure 1.5. Longitudinal section through the Pacific Ocean at 160°W showing
the characteristic water masses (after Dietrich et al. [1980]). The
general flow patterns of these water masses are indicated by the
arrows., The salinity minimums (Smin) associated with northward flowing
Antarctic Intermediate Water and southward flowing Arctic Intermediate

Water are indicated by the dashed lines.
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northward tb about the equator and is identified as a salinity minimum
(S = ~34.3°/00). The other intermediate water mass in the Pacific is of
sub-Arctic origin and is referred to here as Arctic Intermediate water
(AIW). This water mass, also identified by a salinity minimum, flows
southward in the North Pacific to the equator where it encounters SIW.
Underlying the intermediate water masses is Pacific Deep Water (PDW). As
there is no production of deep water within the Pacific as in the Atlantic,
it is generally assumed that the Pacific deep water complex comes from other
oceans. This water mass. has fairly uniform temperature (T = 1.1 to 2.2°C)
and salinity (S = 34.65 to 34.750/00). Below the deep water lies Antarctic
Bottom Water (AABW) which, according to Dietrich et al. [1980], can be

traced as far north as 50°N latitude.
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Chapter 2. Samples: expeditions and descriptions, collection methods, and

chemical analysis

2.1 Descriptions of ferromanganese sediment samples

Samarium and neodymium concentrations and Nd isotopic compositions were
measured in a variety of authigenicﬂferromanganese sediments from the major
ocean basins and one freshwater body. Marine ferromanganese sediments were
used in this study because they (1) occur in relative abundance over a wide
geographic range allowing for a broad sampling of the ocean basins, (2) form
in a variety of depositional environments, (3) apparently form primarily by
authigenesis, so that REE incorporated in these sediments may be derived
from seawater, and (4) have high REE concentrations, thus requiring only a
few milligrams of sample for analysis. Samples were selected from major
ocean basins and mid-ocean ridge spreading centers. Locations are shown on
a map in Figure 2.1 and include locations of samples for which Nd isotopic
data is available from other studies. Exact locations of samples analyzed
as part of this study can be found in Table Al in the appendix section.

There are several types of ferromanganese sediments which are
classified according to their depositional environment as summarized by
Bonatti et al. [1972]. Hydrogenous deposits result from the slow precip-
itation of Fe and Mn from seawater in oxidized environments generally in
areas of low sedimentation such as abyssal plains. Deposits of this type
include manganese nodules and ferromanganese pavements, the latter generally
forming in areas with strong bottom currents. Hydrogenous precipitates are
characterized by Mn/FE = 1. Hydrothermal deposits result from the fairly

rapid precipitation of Fe and Mn from hydrothermal solutions injected into
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Figure 2.1. Locations of ferromanganese sediment and seawater samples
analyzed in this study. Also included are manganese nodule and
metalliferous sediment sites from O'Nions et al. [1978], Goldstein and
O'Nions [1981], and Elderfield et al. [1981]. Symbols identifying
sample types are as follows: (squares) manganese nodules; (diamonds)
hydrothermal crusts; (triangles) metalliferous sediments; (circles)

seawater samples.
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seawater in areas of submarine volcanism occurring primarily along mid-ocean
ridge crests. These deposits include metalliferous sediments on the flanks
of active mid-ocean ridges and as coatings (crusts) on basalts at mid-ocean
ridges. Because of differences in the kinetics of oxidation of dissolved Fe
and Mn, hydrothermal deposits are characterized by extremes of Fe and Mn
fractionation. Halmyrolytic deposits are formed in limited areas such as
seamounts where Fe and Mn are supplied by the submarine weathering of
basaltic debris. Much of the Fe and Mn in these deposits are probably
derived from precipitation out of seawater. Diagenetic deposits result from
the precipitation of Mn which has been diagenetically remobilized from the
sediment column. These types of deposits may be most important in
hemipelagic areas of the oceans where sediments often have a high enough
organic content to establish reducing conditions. 1In general, diagenetic
ferromanganese deposits are characterized by Mn/Fe >> 1, reflecting lower
mobility of iron in deep sea sediments.

It is probable that a combination of precipitation mechanisms are
active during the formation of ferromanganese sediments and may preclude
classification by the simple scheme of Bonatti et al. [1972]. A single man-
ganese nodule on the ocean floor may form by both hydrogenous precipitation
and precipitation of diagenetically remobilized Mn. A key to the origin of
the Mn may be in the mineralogy. There are three major manganese minerals
recognized in the marine environment which are distinguished primarily by
their x-ray diffraction patterns. These are birnessite: (Na, Ca, K)(Mg,
Mﬂ)Mn6014'5H20, todorokite: (Ca, Na, K)(Mg, Mn) MnSOIZ'XHZO, and S—MnOZ:
MnOZ'nHZO-m(RZO, RO, R203) (R = Na, Ca, Co, FeMn) [Burns and Burns, 1979].
Birnessite and todorokite are virtually Fe free, whereas 6—Mn02 contains

abundant Fe in its structure which is presumed to be due to the association



31
of this phase with colloidal Fe oxyhydroxides in seawater. Birnessite is
most commonly associated with hydrothermal deposits. Todorokite is found in
both hydrothermal sediments and in manganese nodules. 6—Mn02 is primarily
associated with manganese nodules. Usui [1979] has suggested that todoro-
kite in manganese nodules is associated with diagenetic sources of Mn from
underlying sediments and that it precipitates primarily on the bottom sides
of nodules. G—Mnoz, on the other hand, is formed by precipitation out of
seawater and is deposited on the top sides of nodules. Thus, it appears
that mineralogical variations within a nodule could be used to separate out
fractions with different sources of Mn. Whether the source of Ma in a
particular mineral phase has any bearing on the source of the REE within the
same phase is unclear. Arguments on the sources of REE in ferromanganese
sediments are presented below. In this study, no chemical or mineralogical
analyses were made, As a comsequences, it was not possible to compare the
Nd data to chemical and mineralogical parameters.

In this study, manganese nodules, hydrothermal crusts, and metal-
liferous sediments were analyzed. Manganese nodules comprise the bulk of
hydrogenous ferromanganese sediments. The primary reason for selecting
manganese nodules for this study was the assumption that their REE were
precipitated directly out of seawater, and therefore, their Nd isotopic
composition should represent that of the seawater from which they were
derived. Support for the hypothesis of seawater derivation for REE in
manganese nodules comes from many authors who have observed consistent
relationships between patterns of REE in seawater and in manganese nodules,
the most significant of which is the opposite behavior of Ce in these two
reservoirs [Goldberg et al., 1963; Bonatti et al., 1972; Piper, 1974;

Glasby, 1972; Glasby, 1972-73]. Ehrlich [1968] and Bender [1972], however,
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preferred a mechanism of diagenetic remobilization of REE from underlying
sediments as a source for these elements., The Nd isotopic data presented in
this work are critical to this debate. Elderfield et al. [1981] argued in
favor of diagenetic processes for the incorporation of REE in manganese
nodules, but concluded that the REE were ultimately derived from seawater
based on Nd isotopic considerations which will be discussed in Chapter 3.
Many nodules are also characterized by the presence of clay and other
particles dispersed throughout their structures [Sorem and Fewkes, 1977].
These latter features, if detrital, could have a significant effect on
elemental composition, possibly including Nd. In addition to Nd dissolved
in seawater, other possible sources which could affect the Nd isotopic
composition in the samples include continental detritus, oceanic basalts and
sediments, and juvenile material.

Manganese nodule samples were chosen to achieve two main objectives:
(1) to establish differences or similarities in Nd isotopic composition
between various water bodies, and (2) to determine if variations exist
within a body of water, which may be related to differences in provenance.
To meet these objectives, broad geographic sampling of nodules within the
Atlantic, Pacific, and Indian Oceans was made (Fig. 2.1). Samples from the
Scotia Sea and Antarctic Ocean were chosen as representing locations where
mixing between two different water masses may be taking place. A manganese
nodule and an associated red clay from the Indian Ocean (RC-1 and MN-15)
were analyzed to compare the Nd isotopic composition between manganese
nodules and the underlying sediment substrate in the same area. 1In
addition, one lacustrine nodule from Lake Oneida, New York, was analyzed.
This latter sample was chosen on the assumption that all of its REE were

continentally derived.
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Two types of hydrothermal samples have also been sampled, hydrothermal
crusts and metalliferous sediments. These samples were chosen to determine
if there were effects due to hydrothermal activity on the Nd isotopic compo-
gsition. The direct association of these deposits with hydrothermal activity
and their relatively rapid rate of deposition [Bender et al., 1971; Scott et
al., 1974; Moore and Vogt, 1976] make them genetically distinct from man-
ganese nodules. These deposits are ‘now known to form by direct precip-
itation of Fe and Mn out of hydrothermal solutions upon injection into
oxygenated seawater [Edmond et al., 1979b]. Crust samples form as coatings
on exposed basalts along ridge crests, whereas metalliferous sediments
contain Fe and Mn which has been more widely dispersed along the flanks of
ridge crests. Metalliferous sediments are most abundant on the flanks of
the East Pacific Rise reflecting the active hydrothermal system associated
with this ridge. Crust deposits have been discovered in relative abundance
from Pacific and Atlantic ridge systems. While iron and manganese have been
shown to have a source related to hydrothermal alteration of basalts, this
has not been clearly established for the rare earth elements. Corliss
[1971] studied altered oceanic basalts and concluded that REE in marine
sediments could be accounted for by derivation from the basalts. However,
REE patterns for hydrothermal deposits are similar to seawater REE patterns
and not basalt, leading many authors to conclude their REE were derived from
seawater [Bender et al., 1971; Corliss et al., 1978; Toth, 1977]. The
isotopic composition of Nd was determined for metalliferous sediments from
the East Pacific Rise and for hydrothermal crusts from the Galapagos
hydrothermal mounds and the FAMOUS site on the Mid-Atlantic Ridge in an

attempt to clarify their origin.
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2.2 Seawater sampling

Seawater samples have been collected from several locations in the
Atlantic and Pacific Oceans and in the Drake Passage to achieve a variety of
objectives. For many of the sampling sites, vertical profiles of the water
column were collected. Locations of all seawater samples analyzed during
this study are shown in Figure 2.1 along with the ferromanganese sediment
sample locations. Exact locations and cruise identifications for the
seawater samples are listed in Table A2 in the appendix. A listing of all
the cruises from which samples were collected for this research is given in
Table 2.1 along with the collection methods which will be described later in
this chapter. Unless otherwise stated, all samples were collected by
myself.

The initial objective for the seawater sampling was to compare the
isotopic composition of Nd dissolved in seawater to that determined for
ferromanganese sediments from the respective basins. To meet this
objective, samples were collected for our use by K. Bruland from the
Northeast Pacific during the CEROP II expedition of the R/V Wecoma in July
1978. One other sample was collected from the Galapagos Rise by L. Gordon
during the University of Miami Galapagos expedition (R/V Gillis 7901-139) to
explore hydrothermal springs in March, 1979. Samples from the Atlantic were
collected from four closely spaced stations in May 1979 during Cruise 63 of
the R/V Oceanus in the Sargasso Sea south of Bermuda. In addition to
allowing a direct comparison between seawater and ferromanganese sediment
results for this basin, the Atlantic samples were collected from several
depths to determine the depth dependency of the concentration and isotopic

composition of Nd.
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Table 2.1. Seawater sampling expeditions and collection methods.
Ship Cruise Sampling Sampling
and date area method
R/V Wecoma CEROP-TII Northeast Niskin
July, 1978 Pacific
R/V Gillis 7901-139 Galapagos Niskin
March, 1979 Rise
R/V Oceanus OCE 63 Sargasso Niskin
May, 1979 Sea
R/V Atlantis IT A-I1I 107-11 Drake Passage GO-FLO
Sept.—-Oct., 1980 and S.E. Pacific
R/V T. Thompson Marine Chem. 80 Central GO-FLO
Sept.-Oct. 1980 Pacific
R/V Atlantis II A-IT 109-1 N. Atlantic GO-FLO and
June-July, 1981 (36°N) Niskin
R/V Knorr TTO/NAS Leg 5 Norwegian—Greenland Niskin
July, 1981 and Irminger Seas
R/V Knorr TTO/TAS Leg 2 Equatorial GO-FLO
January, 1983 Atlantic
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Subsequent seawater sampling was oriented towards specific problems
related to the distribution and transport of rare earth elements in the
oceans. In an effort to study the exchange of rare earths between the
Pacific and Atlantic Oceans, samples from vertical profiles of the water
column at several locations in the Drake Passage and the Southeast Pacific
were collected during Cruise 107-11 of the R/V Atlantis II in September and
October, 1980. The importance of this area is that it is the major conduit
through which the waters of these two oceans communicate. The flow rate
between the Pacific and the Atlantic through the Drake Passage is about
130 x 10%m3s™! [Bryden and Pillsbury, 1977], about 100 times greater than
through the Arctic Ocean. During this same period of time, samples from two
profiles in the central Pacific were collected by K. Bruland during an
expedition of the R/V T. Thompson. These samples represented the first
vertical profiles of the Pacific for Nd isotopic analysis and included
bottom water samples of Antarctic origin which would allow for a comparison
with isotopic results for waters from the Drake Passage area close to the
sources of Antarctic Bottom Water.

The remaining seawater sampling has been limited to the Atlantic Ocean
where efforts to determine the detailed distribution characteristics of Nd
isotopes have been made. The major objectives of this sampling have been to
determine the sources and transport mechanisms of REE in the Atlantic by
collecting samples in a vertical profile through the thermocline to the
bottom at selected sites. Furthermore, the data afford a comparison to be
made between the distribution of Nd isotopes and the circulation and water
mass characteristics of this ocean basin. In addition to the initial
sampling from OCE 63, samples have been collected during three other

expeditions. In June and July, 1981 samples were collected from several
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stations on a transect across the North Atlantic at 36°N during cruise 109-1
of the R/V Atlantis II. This sampling included a second detailed profile of
the western basin of the North Atlantic to compare with results from the
1979 sampling, and the first detailed profile of the eastern basin of the
North Atlantic including the Mediterranean outflow. During the same time
period, samples were collected from major overflows from the Arctic seas by
T. Takahashi during the Transient Tracers in the Oceans North Atlantic Study
(TTO/NAS). These samples, which did not include vertical profiles, are
presumed to represent the major components of North Atlantic Deep Water and
were collected for comparison to Nd isotopic values of NADW at other
locations farther south in the Atlantic. The last expedition made in the
Atlantic was during the TTO Tropical Atlantic Study in January, 1983 in the
equatorial North Atlantic. These samples were collected to study the
possible southward transport of REE in NADW and to determine if REE in

northward spreading AABW can be identified this far north in the Atlantic.

2.3 Seawater collection and storage methods

Much of the success of this work has depended on the ability to collect
seawater samples and to extract the REE from these samples without intro-
ducing significant levels of contamination. Great care has been taken in
this regard to keep blanks at a minimum. During the course of this work,
two types of water sampling devices have been used, Niskin bottles and
GO-FLO bottles, both of which are manufactured by General Oceanics Inc. In
both cases, the water samplers are attached to a stainless steel cable and
lowered over the side of the ship to the desired sampling depth by means of

a winch., WNiskin bottles are constructed of PVC tubing of various diameters
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depending on the capacity of the bottle. When closed, the bottles are
sealed at each end by means of beveled caps which are comnected to each
other by a Teflon coated spring running through the inside of the bottle.
In the open position, the ends are pulled back and held in place by a spring
loaded pin mounted on the side of the bottle. This pin is released by a
sliding weight, or messenger, delivered down the wire after the desired
sampling depth has been reached. GO-FLO bottles are also constructed of PVC
tubing, but the ends are sealed by rotating balls which are operated by
external rubber elastics, thus eliminating exposure of the sample to an
internal spring. In addition, the interior surfaces of the GO-FLO bottles
have been coated with Teflon to provide non-stick surfaces in an effort to
reduce the possibility of contamination between samples. Closing of the
GO-FLO bottles at the desired depth is done by the same method as with
Niskin bottles. The bottles are designed to be lowered through the water
column in an open position to avoid collapse of the bottles resulting from
the hydrostatic pressures encountered in the deep ocean. The GO-FLO
bottles, however, are designed to go through the upper ten meters of the
water column in a closed position. At about ten meters depth, a pressure
switch opens the bottle to the flushing position. The purpose of this is so
that the inside surfaces of the samplers are not exposed to possible
contaminants in the surface layer of the ocean such as those derived from
the research vessel. Any number of sampling bottles desired can be mounted
to the wire making it possible to collect a profile of the entire water
column in a single cast. The samplers can also be mounted in a rosette and
closed at the desired depth by means of an electronic release mechanism
actuated from the vessel. Both methods have been employed during the course

of this work. No determinations of sampling blanks have been made, but
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compatible results for samples collected by the different methods and the
general consistency of the overall data sets indicate that contamination
during sampling is not a serious problem.

Immediately after collection, water samples which are to be returned to
the laboratory are transferred to acid cleaned 10-liter polyethylene con-
tainers for storage. Fach sample is acidified with sufficient ultrapure HCl
to bring the pH of the sample down to ~2. The purpose of this is to prevent
any rare earths from plating out onto the walls of the containers during
storage. The sample bottles are then put into plastic bags and stored in
wooden crateé until their return to the laboratory. With the exception of
the Pacific samples collected by K. Bruland, the seawater samples used in
this study have not been filtered to remove particles. As discussed in
Appendix III, it is apparent that only minor amounts of REE (< 20%) reside
on particles greater than O.4um in diameter. As a result, filtering should
have a negligible effect on the measured REE concentrations and Nd isotopic
compositions. The possibility of contamination during filtering at sea was

also a consideration in choosing not to filter the samples.

2.4 Extraction of REE from seawater

Two techniques have been employed for the extraction of the REE from
seawater samples. For most of the samples analyzed in this study, the REE
were extracted by coprecipitation on to iron hydroxides. This method has
been widely used for the extraction of REE from seawater since first
employed for this purpose by Goldberg et al. [1963]. It is a fairly simple
technique to perform, the overall chemical yields are quite high (generally

greater than 95%), and can be carried out under clean lab conditions with
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very low blanks (<25 x 10712

grams per sample). A complete description of
this technique is presented in the papers in Appendices I and II.

There are two major drawbacks to the coprecipitation method. First, it
requires the need for transport and storage of large volumes of water.
Second, it requires a lengthy period of time (usually two to three days) to
perform the bulk extraction. Because of the need for clean lab conditions
due to the necessary exposure of thes sample to the air at various times
during the extraction and the need for a still environment to allow the
precipitates to settle out, it is not practical to perform this type of
separation at sea. In an effort to get around these problems, a ship board
extraction technique was developed which could be carried out with virtually
no exposure of the sample to the local atmosphere. The method involves the
extraction of the REE in the sample onto a chelating resin. Immediately
after collection the samples are transferred to acid cleaned plastic
aspirator bottles and spiked with preweighed 147gm and 150N spikes. The
samples are connected to 1.5 cm x 15 cm columns containing the chelating
resin and the water is pumped through the resin by means of a peristaltic
pump positioned downstream from the column. The REE are extracted onto the
resin and the water is discarded. After the extraction procedure the
columns are sealed in plastic until their return to the land based labor-
atory. The columns, being light weight, are easily hand carried back to the
laboratory. The REE are stripped from the resin using ~25 ml 4N HNO3. The
REﬁ vields for this extraction are ~ 100%Z with typical blank levels of 25 x
10712 grams per sample. A detailed description of this procedure is
Presented in Appendix X where a comparison to the Fe(OH)3 coprecipitation

method is made.
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2.5 Chemical separation and mass spectrometry of Sm and Nd

For sediment samples and REE concentrates from seawater samples, Sm and
Nd are separated and purified from other rare earths using standard ion
exchange procedures which are described in Appendices I and IT. Overall
chemical yields for Sm and Nd are better than 85% and total Nd blank levels
are typically < 50 x 10712 grams. Mass spectrometric analyses are generally
performed with 5 to 15 ng Nd for seawater samples. For sediment samples
which generally have high concentrations of Nd, 100 to 200 ng are used.
Duplicate Nd isotopic analyses of many samples generally agree within % 0.5
€ units, well within the 20 errors of the measurements, indicating the
reproducibility of the methods. The details of the mass spectrometry
including descriptions of the ion beam characteristics are presented in
Appendix I and II.

In this laboratory, Nd is oxidized and analyzed in the Ndo' form in the
mass spectrometer. The measured ratios are then corrected for the isotopic
composition of oxygen. During the course of this work, two different oxygen
corrections were used. Originally, the isotopic composition of oxygen as
determined by Nier [1950] was used for these correctionms. A new deter-—
mination of the isotopic composition of oxygen was made from Nd isotopic
measurements [Wasserburg et al., 1981] and is now being used for the oxygen
corrections. The new corrections yield 143Ng/144Nd ratios which differ
slightly from values determined from the old corrections, however, the
€Nd(O) for the two different corrections are identical. As an internal
check of the consistency of the two methods, the nonradiogenic isotopes of
Nd were monitored and found to yield consistent results with both methods.
All of the data presented in this thesis have been corrected for the new

oxygen isotopic composition
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CHAPTER 3: The Isotopic Composition of Neodymium in Ferromanganese Sediments

and Seawater

3.1 Introduction

It is the objective of this chapter to establish the nature of the
isotopic composition of Nd in the marine environment in order to identify
the sources of the REE in the oceans and to determine the extent to which
the isotopic composition of Nd in seawater may be useful as a tracer in
oceanography. A preliminary attempt to estimate the isotopic composition of
Nd in seawater was made by DePaolo and Wasserburg [1977] using fossilized
fish debris and was presumed to be representative of Nd in the Pacific
Ocean. A more extensive study was presented by 0'Nions et al. [1978] who
measured Nd in manganese nodules and metalliferous sediments. While
substantial variations were found, O'Nions et al. inferred that seawater had
a uniform !43Nd/!*%Nd ratio and that variations were dominantly due to the
inclusion of detrital components. 1In this chapter, it will be shown that
there is a wide spread in 143Ng/14%Nd in authigenic ferromanganese sediments
in agreement with the more limited data base of O'Nions et al. [1978], but
that there is a distinct clustering of the isotopic data within a given
ocean basin which is manifested as a clear separation in the Nd isotopic
character of the ocean basins It will be further demonstrated from the
direct analysis of Nd in seawater samples from the Atlantic and Pacific
Oceans that the variations reported for ferromanganese sediments are due
largely to isotopic differences of Nd dissolved in seawater which reflect
the ages and 147gm/14%Nd ratios of the continental mass supplying Nd to a
given seawater mass and not to addition of detrital components as suggested

by O'Nions et al. [1978].
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3.2 Results of ferromanganese sediment measurements

Results of Sm and Nd concentration measurements and Nd isotopic
analyses for ferromanganese sediment samples are given in the appendix in
Table Al. The Nd isotopic results are also shown on the middle level of the
histogram in Figure 3.1 along with data from O'Nions et al. [1978],
Goldstein and O'Nions [1981], and Elderfield et al. [1981]. For reference,
the ranges in eNd(O) for possible REE sources in the oceans are shown at the
bottom of the histogram in Figure 3.1. All samples measured have sNd(O)
less than 0 and range as low as —-14. Figure 3.1 clearly shows that these
samples lie well below typical values observed for oceanic igneous rocks
such as mid-ocean ridge, oceanic island, and island arc basalts. It is
noted, however, that the data lie between (and overlap to some extent)
typical values for average crustal rocks and many continental flood
basalts. Clearly, these data show that the dominant contribution to the REE
in these samples is from the continents and not from rocks with oceanic
crust or mantle affinities. Furthermore, it is observed from Figure 3.1
that there is a distinct clustering of isotopic data from the Pacific,
Indian, and Atlantic Oceans. Samples associated with each water mass occupy
an isotopically distinct range, with the Atlantic Ocean data having the most
negative values of €Nd(0), the Pacific Ocean the least negative, and the
Indian Ocean having intermediate values. There is only a slight overlap of
values for ferromanganese sediments between the Atlantic and Indian Oceans,
and there are no overlapping data with Pacific values. This regular pattern
is found to be independent of the nature of the material analyzed. The Nd
isotopic results for all ferromanganese sediment data from this study and

the literature are summarized below.
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Figure 3.1. Histograms of eNd(O) values of seawater (top) and ferro-
manganese sediments (middle). Possible sources of rare earth elements
in seawater and their typical eNd(O) values are indicated at the bottom
of the histogram. The stippled portion of the oceanic island range
represents the relatively rare occurrence of €Nd(0) values in these rock
types which are below zero. There are three important observations to
note in this figure. First, all-of the data have isotopic compositions
which lie in the direction of continental sources. Second, there is a
clear separation in the isotopic compositions observed for ferroman-
ganese sediments for each of the major ocean basins. Third, there is a
close correspondence between the values of eNd(O) in ferromanganese
sediments and seawater from the respective oceans, indicating that
ferromanganese sediment data accurately reflect the isotopic composition
of Nd in the dissolved load of an ocean basin. Data for ferromanganese
sediments are from O'Nions et al. [1978], Piepgras et al. [1979],
Goldstein and O'Nions [1981], and Elderfield et al. [1981]. Seawater
data are all from this study. The ranges in isotopic compositions of
crustal rocks were adapted from DePaolo and Wasserburg [1977] and White

and Hoffman [1982].
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Pacific Ocean. Samples analyzed from the Pacific Ocean occupy a narrow

range of eNd(O) from -0.2 to -4.6. Manganese nodules range from -2.9 to
-4,6, including data from other studies mentioned above. Top and bottom
material from an apparently unturned manganese nodule (MDl1-1~1, Table Al)
have identical Nd isotopic compositions, although the topmost sample has
about a factor of 2 higher concentration of both Sm and Nd. It is noted
that two metalliferous sediment samples from the East Pacific Rise
(0C73-3-12P, Table Al, and V-19-53(40), O'Nions et al. [1978]) and the
Galapagos hydrothermal crust (52DR5, Table Al) exhibit the least negative
values observed and are distinctly separated from the bulk of Pacific
samples. All other hydrothermal ferromanganese sediment data lie entirely

within the range exhibited by the manganese nodules.

Atlantie Ocean. sNd(O) values for Atlantic samples are distinctly different

from Pacific samples. Values range from -8.4 to -14.0, with the bulk of the
samples lying between -10.0 and -12.1. The most radiogenic value of eNd(O)
determined for Atlantic ferromanganese samples in this study was -10.0. One
sample (CYP74-12) is a manganese rich hydrothermal crust from the project
FAMOUS site in the North Atlantic. It has €Nd(0) = —-11.,5 and it is
indistinguishable from most other Atlantic samples which consist of

manganese nodules.

Indian Ocean. The total range in sNd(O) for Indian Ocean samples is from

~7.3 to -12.5. Most of the ferromanganese sediments analyzed from this
ocean basin have values between -7.3 and -8.5, approximately midway between
Pacific and Atlantic sample values. Samples which fall outside this narrow

range all have €y4(0) values more typical of Atlantic samples. A deep-sea
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clay (bulk sample) from the Indian Ocean (DODO 62D Sed.) is also more

negative than the bulk of the reported data for this ocean (eNd(O) = -9,5).

Other samples. Two nodules from southern oceans, the Scotia Sea (E28-5) and

the Antarctic Ocean (BT-14-3), have €y ;(0) values which lie between those
observed for the Pacific and Indian Oceans. One lucustrine manganese nodule
from Lake Oneida, New York was analyzed. Because of the isolation of this
lake from the oceans, all of the REE in this nodule must be derived from the
weathering of continental materials, eliminating the ambiguities which exist
regarding possible sources of REE in seawater. The value of €Nd(0) = -10.9
for this sample indicates that the REE were indeed derived from an old (but

not ancient) light rare earth enriched continental source region.

3.3 Results of Nd isotopic measurements of seawater samples

Results of Nd isotopic measurements made on seawater samples are
presented in Table A2 in the appendix. These data are also plotted on the
top level of the histogram in Figure 3.1. It is seen that the Atlantic and
Pacific seawater samples lie in two distinct groups, the Atlantic samples
having the most negative €y;(0) values. The Pacific seawater samples
exhibit a total range in eNd(O) values from +0.3 to -8.1, a substantially
greater spread than observed for ferromanganese sediments from this Ocean,
although the majority of samples do lie within the range exhibited by
Pacifiec ferromanganese samples. Atlantic samples exhibit a range in €Nd(0)
values from -9.4 to —l4.1. All of the Atlantic seawater samples lie within
the range of Nd isotopic values determined for Atlantic ferromanganese

sediment samples. Samples from the Drake Passage area have eNd(O) values
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which lie in a restricted range from -7.9 to -9.2. These values are inter-
mediate between the bulk of Atlantic and Pacific seawater data and are
similar to the Indian Ocean ferromanganese sediments. Samples from Arctic
overflows exhibit a wide range in eNd(O) from -7.7 to -l4.1. These values
generally are close to or within typical Atlantic values. As shown for
ferromanganese sediment samples, the sNd(O) values for seawater samples lie
well below sources of REE having an oceanic mantle affinity but within the
range exhibited by continental sources.

Within an ocean basin there are substantial variations in the isotopic
compositions of Nd in seawater samples. These variations are observed to
occur both as a function of water depth and geographic location indicating
stratification of the REE in the oceans. The significance of these
variations will be discussed in later chapters of this thesis.

Concentrations of Sm and Nd have also been determined for seawater
samples. Where measured, Sm exhibits a total range from 0.347 to 0.800 X
10_12g/g and Nd ranges from 1.14 to 9.01 X 10-12g/g. In general, the
concentrations are found to increase with depth. The values reported here
are of the same order of magnitude as reported by Goldberg et al. [1963] and
Hfgdahl et al. [1968], but the large spread observed here is a result of the
broader sampling done during this study. Concentration data will also be

discussed in more detail in later chapters.
3.4 Results of strontium isotopic measurements
Six ferromanganese sediment samples, two Atlantic, one Indian, and

three Pacific were analyzed for 87Sr/80Sr. 1In addition, two seawater

samples, one Atlantic and one Pacific, were analyzed for 879r/86Sr. Results
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of the sediment sample measurements are given in Table Al. The seawater
results are listed in Appendix 2 (Table 1). The Sr data are also plotted as
a function of their Nd isotopic composition in Figure 3.2. As shown in
this figure, all samples have eSr(O) values which are very close to or
indistinguishable from seawater (ssr(O) ~ +65.0) in spite of geographic
separation of the samples and in sharp contrast to the wide range of Nd
isotopic compositions in these samples . 0C73-3-12P (Table Al) has a
slightly lower ESr(O) value of +63.5, but is clearly dominated by a seawater

source of Sr.

3.5 Discussion

Neodymium isotopic data for ferromanganese nodules, hydrothermal
crusts, and metalliferous sediments exhibit distinctive and tightly
clustered eNd(O) values within each of the major oceans analyzed. This is
in sharp contrast with the 87gr/86sr isotopic composition of these sediments
which is uniform in all samples studied and is identical to that of
dissolved Sr in modern seawater. The ENd(O) values of all the ferro—
manganese sediment samples analyzed are less than O. The Atlantic Ocean has
the most negative values (average ENd(O) 2 -12), the Indian Ocean has
intermediate values (average eNd(O) 2 -8), and the Pacific Ocean has the
least negative values (average eNd(O) 2 ~3). Data for samples from each
ocean show relatively small dispersion about the respective average ENd(O)
values regardless of the sediment type (ie. hydrogenous and hydrothermal
sediments) and other factors such as growth rate and rare earth concen-
trations. The maximum spread in each ocean is about *2 € units. The Nd

isotopic data for ferromanganese sediment samples from all oceans clearly
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Figure 3.2. ESr(O) versus eNd(O) for a variety of ferromanganese sediments
and seawater from the Atlantic, Indian, and Pacific Oceans. Note the
uniform €Sr(0) values in all samples in spite of a wide variation in
eNd(O) values. The uniform values of €g (0) reflect the homogenization
of the oceans with respect to 8739r/86sr as a result of a long residence
time for Sr relative to the mixing rate of the oceans. Conversely, the
wide variation of sNd(O) reflects a very short residence time for Nd

relative to the mixing time for the oceans.
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indicate that these sediments are dominated by continental sources of rare
earth elements (€Nd(0) € 0) and not oceanic sources (eNd(O) = +10) as shown
in Figure 3.1. This is true in spite of the fact that some of the samples
were formed by precipitation of Fe and Mn in a hydrothermal environment on
mid-ocean ridges. Only small shifts toward more radiogenic 143Nd/1%% Nd
values from average Pacific values are observed in some of the hydrothermal
sediments from this basin. The most radiogenic sample (0C73-3-12P) may have
as much as a 35% contribution from MORB relative to other Pacific samples.
The mechanisms for the incorporation of the REE in ferromanganese sediments
could include the precipitation of REE dissolved in seawater and the
trapping detrital materials. A small variation in the proportions of these
individual components between samples may be responsible for the limited Nd
isotopic variations in ferromanganese sediments within an ocean. However,
the observed Nd uniformities in each ocean indicate that contributions to
this element from different sources are relatively well mixed within an
ocean basin but distinctly different for each major water mass.

It was originally suggested by O'Nions et al. [1978] that Nd isotopic
variations in manganese nodules analyzed by them were possibly due to a
detrital component in the nodules. To assess the effects of detrital
contributions, consider mixtures (m) of two components A and B. The Nd

composition is given by:

(x,] [CA T Teh (01 + 11 = X,][CR;1 [, (0)]

m
e 1(0) = (3.1)
Nd A B
(X (€ + (1 = X (C)
. . . A B
where XA is the weight fraction of component A and CNd and CNd are the

concentrations of Nd (in ppm) in components A and B. Taking the shift

between Atlantic and Pacific samples to represent a detrital component (B)
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added to seawater component (A) with egd(O) = -3, one can calculate the
value of egd(O) in the detrital component. Using (1 - XA) = 0.2 as a
reasonable limit on the weight fraction of detrital material in a manganese
nodule (based on world averages for Al and Si abundances in nodules [Cronan,

1977]1) and a low value of CA = 100 ppm Nd in the uncontaminated nodule,

Nd
this yields:
B m B %% A
epg @ = £xg @) Sy = 7= x,) Ea® g (3.2)

3.6 X 103 (units of ppm)

H

for the Atlantic Ocean where €§d(0) = -12. For Cid 2 35 ppm, a high value
for most crustal rocks, this yields egd(o) =z ~115 which is close to the
total growth of Nd over the history of the earth. The lowest observed
€xa(0) is about -30 and yields C;d 2 200 ppm which is an excessively high
value for possible detrital sources. It follows that the presence of
detrital material in the manganese nodules cannot reasonably explain the
observed differences between Pacific and Atlantic samples. If 20% by weight
of a nodule is derived from an oceanic basalt with €,,(0) = +10 and Cyyq = 10
ppm, a shift of 0.36e units is obtained. Some contributions from oceanic
basalts and detrital material must obviously take place, but the above
considerations show that the magnitude of their effects is likely to be less
than an € unit for manganese nodules. On the basis of these considerations,
it is most reasonable that the variations between the ocean basins reflect
the dissolved content of Nd in different waters draining off of the various

continental masses which are not completely mixed over the time scale for Nd

deposition, and only a small contribution comes from oceanic magma
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sources. Variations within an ocean basin may also be due dominantly to
variations in the dissolved load of Nd within the given ocean basin, but the
detrital components of ferromanganese sediments may also be important
contributors to these smaller variations.

The results of direct analyses of Nd in seawater shown at the top of
Figure 3.1 further demonstrate that there are distinctive Nd isotopic
variations between the oceans. The isotopic compositions of Nd in Pacific
and Atlantic waters are found to be clearly separated and lie in the same
general ranges as observed for ferromanganese sediments from these basins.
From this it is concluded that the isotopic composition of Nd in ferro-
manganese sediments does indeed closely reflect the isotopic composition of
Nd dissolved in seawater, and it confirms the distinctive Nd isotopic
separation of the major ocean basins determined from ferromanganese
sediments. It is reasonable to assume, therefore, that the average isotopic
composition of Nd in Indian Ocean waters, though not measured directly, can
be accurately inferred from the ferromanganese sediment data for this ocean
basin. The isotopic variations can best be explained by a relatively short
residence time for Nd in the oceans relative to the rates of exchange
between the oceans coupled with the necessity for an older (>1.5 AE)
continental source for the Nd in the Atlantic samples relative to Pacific
samples. The fact that ocean waters and ferromanganese sediments in each
ocean appear to lie in a rather restricted range suggests a rather thorough
mixing of Nd within each ocean basin and indicates that the residence time
of Nd is comparable to the mixing rate within isolated ocean basins.

The bottom of Figure 3.1 indicates typical ENd(O) values of possible
sources of REE in the oceans. Comparison of seawater and ferromanganese

- sediment data in Figure 3.1 with possible sources clearly shows that
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substantialvcontributions from continental sources are necessary to produce
the observed SNd(O) values in the marine environment. Assuming North
American Shale (eNd(O) = ~14.,1 [DePaolo and Wasserburg, 1976b]) to represent
average continental crust, then it is determined that contributions from
continental sources account for at least 80% of the Nd in the Atlantic Ocean
and a minimum of 50% in the Pacific Ocean. Differences in the €Nd(0) values
between the Pacific and Atlantic Oceans may be due to differences in the
sNd(O) values of the continental sources directly supplying REE to each of
these oceans and without significant transport of REE between the oceans.
Another possibility is that the eNd(O) values in the continental sources are
the same for both oceans, with the Pacific Ocean having much larger contri-
butions (as much as 50%) from oceanic mantle sources with eNd(O) 2 +10.
Continental drainage patterns indicate a far greater drainage for fresh
water into the Atlantic Ocean relative to the Pacific Ocean [Budyko, 1974],
whereas mid-ocean ridge inputs in the Pacific may be much greater than in
the Atlantic due to the much faster ridge spreading rates in the Pacific
[Rona, 1984]. Consideration of these observations suggest that the observed

€Nd(0) values for Pacific water may reflect a large contribution of oceanic

in

mantle sources (sNd(O) % +10) mixed with Atlantic waters (ENd(O) -12) with
only small, direct contributions into the Pacific basin from older conti-
nental sources. However, no marine sediments or seawater have been analyzed
as yet which have sNd(O) values significantly greater than zero. The best
place to look for positive eNd(O) values in the marine environment may be in
waters emanating from deep-sea hydrothermal springs associated with mid-
ocean ridge spreading centers such as those observed at the Galapagos Rift

[Corliss et al., 1979] and 21°N on the East Pacific Rise [Rise Project

Group, 1980]. Submarine hydrothermal fluids have been investigated and
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found to ha?e positive sNd(O) values. These data are discussed in detail in
Chapter 7. However, the fact that positive values of eNd(O) have not been
observed for sediments and seawater surrounding ridge crest areas indicates
that submarine volcanic sources (or hydrothermal systems) cannot play a
dominant role as a source of rare earth elements. Some contributions from
oceanic mantle sources with positive €Nd(0) values are likely, however, to
account for the Nd isotopic differences between the Atlantic and Pacific
Oceans. The data suggest that Nd is derived dominantly from continental
sources draining into each ocean basin to produce the negative aNd(O) values
but that this component is diluted with with Nd having eNd(O) > 0 from
oceanic mantle sources primarily in the Pacific to produce the large
isotopic difference between the Atlantic and Pacific.

In an attempt to determine paleo—-isotopic variations of Nd in seawater
over short time scales (<30 m.y.), surface and central layers of a Pacific
manganese nodule (MN139) have been analyzed. The growth rate of this nodule
has been determined by 10Be and uranium series methods to be 1 to 2 mm/10°
years [Ku et al., 1979]. From this information, the time span represented
by this nodule is estimated to be at least 19 m.y. Results of Nd isotopic
analyses are given in Table 3.1. The ENd(O) values for the 0 tol mm and
36 to 37 mm layers are not significantly different to indicate changes in
the REE sources in the Pacific Ocean during this time interval.

Neodymium isotopic variations over longer time scales would be
expected, however. Sr isotopic variations in seawater during Phanerozoic
time have been documented [Peterman et al., 1970; Dasch and Biscaye, 1971]
and a similar approach as used for Sr paleo-isotopic research could be
applied to Nd isotopic studies. If one considers the hypothetical Pangean

super-continent, the surrounding Panthalassa Ocean should have had a fairly
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TABLE 3.1. Results of Nd isotopic measurements in two layers of
a Pacific Ocean manganese nodule (MN139) recovered from a
depth of 3916 m at 20°01'N,136°36'W. This nodule has been
dated by radiometric methods [Ku et alé, 1979] and found to
have a growth rate of 1.3 to 1.9 mm/10°yr.

Depth of Age 143Nd/ll*l’Nd €5 (0)
layer (mm) (m.y.)
0-1 0 - 0.8 0.511662 + 20 -3.6 + 0.4

36 - 37 19 - 28 0.511608 + 24 -4.6 t 0.5
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uniform Nd isotopic composition as there would have been no isolation of
water masses by continental barriers which would prevent mixing. Authigenic
and pelagic sediments deposited in this ocean should reflect this, and the
isotopic compositions may be preserved in the sedimentary record. Isolation
of water masses by the formation of interior seas and new oceans (i.e., the
Tethys Sea and the Atlantic Ocean) as a result of continental drift and
seafloor spreading rearranging the configuration of the continental land
masses would produce drainage patterns which are unique for each body of
water into which they flow. These isolated seas would have Nd isotopic
compositions characteristic of the waters issued from the adjacent
continental drainage systems and would not be mixed with the larger
oceans. The isotopic composition of individual seas would most likely be
different from one water mass to another as observed in today's oceans as
well as being different from Panthalassa. The Nd isotopic composition of
paleo—~seas, if preserved in the sedimentary record, should provide a crude
reconstruction of surface drainage patterns and the degree of isolation of
ocean basins at times in the geologic past corresponding to changes in the
configuration of the continents.

There do appear to be small differences between Nd isotopic data from
seawater and values determined for ferromanganese sediments within the same
ocean basin. For example, one sample from the Scotia Sea (E28-5) has €,,(0)
= -5,3, whereas seawater in the nearby Drake Passage has €Nd(0) = -9, This
and similar discrepancies are hard to explain in view of the more general
similarity between seawater and ferromanganese sediment isotopic results and
suggests that ferromanganese sediments may derive part of their REE from
sources other than the direct precipitation from seawater. Elderfield et

al, [1981] made detailed comparisons between REE in manganese nodules and
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underlying sediment substrates. Based on correlations between REE concen-
trations manganese nodules and associated sediments, they concluded that the
REE in nodules were derived at least in part by diagenesis of the underlying
sediments. However, they pointed to an original seawater source for the REE
in both the nodules and the sediments based on Nd isotopic arguments
resulting primarily from the findings of this study. The available data
base for Nd in deep sea sediments is small. While there is often a close
similarity between Nd isotopic results for deep sea sediments and seawater
or ferromanganese sediments from a given ocean basin, data from Goldstein
and O'Nions [1981] indicate that pelagic sediments can have very different
isotopic compositions from overlying seawater. For example, they report one
Atlantic deep sea sediment sample as having €Nd(0) = -3, Their results
indicate that diagenesis of deep sea sediments could supply Nd of diverse
isotopic composition to manganese nodules and other authigenic sediments

growing on sediment substrates.

3.6 Conclusions

Authigenic ferromanganese sediments indicate sharp and clear Nd
isotopic compositional differences between the Atlantic, Pacific, and Indian
Oceans. The composition of Nd measured in Atlantic and Pacific Ocean waters
is very close to that of ferromanganese sediments in these respective ocean
basins indicating that the isotopic composition of Nd in authigenic ferro-
manganese sediments accurately reflects seawater values in the basin
sampled. The data firmly establish that there are distinct Nd isotopic
variations in seawater and that the isotopic composition of Nd in ocean

water is characteristic of the individual ocean basins. These differences
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are directly reflected in the ferromanganese sediments. The clear
distinction between the ocean basins should permit the application of the Nd
isotopic composition of ocean water and chemical precipitates as a general
tracer in oceanography. This characteristic difference between the Atlantic
and Pacific Oceans corresponds to a difference in the relative abundance of
143Nd between these water masses of only 10° atoms/g seawater.

The Nd isotopic composition of medern ambient seawater appears to be
rather accurately reflected in ferromanganese sediments. It is possible
that this may prove to be more generally true for a wider variety of
chemical sediments including carbonates. If the isotopic composition of
ambient "local” seawater is preserved in ancient chemical sediments, it may
be possible to use the 143§ isotopic abundance in paleo-oceanographic
studies and in testing models of the geometrical configurations resulting
from continental drift.

Besides serving as a tracer for studying rare earth element transport
in the oceans, several aspects to the observations made here lead to the
conclusion that the isotopic composition of Nd in seawater may serve broadly
as a tracer for studying a variety of oceanographic problems unrelated to
the rare earth elements. The large difference in €Nd(0) between the
Atlantic and Pacific Oceans indicate that the isotopic composition of Nd may
be useful as a tracer to monitor the exchange of water between these two
oceans through the Drake Passage. Isotopic differences observed between
surface waters and deep waters in the Atlantic and Pacific Oceans suggest
that the Nd isotopic composition may also be useful for distinguishing the
origin and mixing of water masses in an ocean basin. These aspects to the
isotopic measurements presented here are a major focus of remaining chapters

in this thesis.
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CHAPTER 4: Isotopic Composition of Neodymium in Waters from the Drake

Passage and Central Pacific

4,1 Introduction

Because of the difference in ENd(O) between the Atlantic and Pacific
Oceans, it should be possible to use the Nd isotopic composition to monitor
the exchange 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 entrained into the Atlantic after entry through the Drake Passage, where
there is a net eastward flow of water at ~ 130 sverdrups (1 Sv = 10° cubic
meters per second) [Brydem and Pillsbury, 1977; Nowlin et al., 1977]. The
isotopic composition of Nd in water flowing through the Drake Passage has
been determined and is compared with the results for the Atlantic and
Pacific Oceans discussed in Chapter 3. Because of the eastward transport
through the Drake Passage, it was expected that there would be Pacific
signatures in the Nd isotopic composition of water flowing through this
region. In this chapter some ideas will be put forward that are derived
from limited data on Nd isotopic variations which appear to be pertinent to
the problems of large-scale transport and mixing of the oceans. This
represents an initial exploration of these problems with a new isotopic
tracer. The data presented are a small supplement to the extensive and
diverse observations made by oceanographers for many decades and can only be

interpreted within the larger framework of oceanographic studies.
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4.2 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. ZLocations of the sampling sites are
shown in Figure 4.1. Exact sampling locations and depths of individual
samples are listed in Table A2 in the appendix. Stations 292 and 315 are
south of the Antarctic polar front, which was located at about 58°S in the
Drake Passage during this cruise [McCartney, in preparation]. Stations 261
and 327 are both to the north of the polar front. The Antarctic polar front
results from convergence of cold, northward flowing Antarctic surface waters
with warmer, southward flowing subantarctic surface waters and is
characterized by a relatively large meridional surface temperature gradient
of 3° to 5°C. This polar frontal zone is sometimes considered to represent
the northern boundary of the Southern Ocean, although a more northerly
boundary defined by the subtropical convergence (located at approximately
50°S) is also used as this includes the subantarctic zone of surface
water., The deep waters of the subantarctic zone include components derived
outside of the Antarctic, whereas waters south of the Antarctic polar front
are entirely of Antarctic origin [Gordon, 1967].

Samples from two central Pacific locations (Marine Chem. 80, Stations
17 and 31) including one vertical profile (Station 31) are also presented
here. The locations of these samples are listed in Table A2 and are shown
in Figure 2.1 of Chapter 2. The bottom water sample from Station 31 of this
expedition was collected with the intent of obtaining northward spreading
Antarctic Bottom Water and will be compared with the results for the Drake

Passage area samples.
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Figure 4.1.v Map showing locations of water sampling sites in the Drake
Passage and southeast Pacific for Nd anmalysis. Stations for which Nd

data were obtained in this study are labeled with station numbers.
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4.3 Results

Results of the Nd isotopic measurements on seawater samples from the
Drake Passage and the Central Pacific are listed in Table A2 and are shown
in the histogram in Figure 3.1. The isotopic data are also shown in Figure
4,2 where they are plotted as a function of water depth. 1In addition to
isotopic measurements, Sm and Nd concentrations were measured, and these
results are shown in Table A2 and Figure 4.3.

The results for samples from the Drake Passage show ENd(O) values which
are fairly uniform at all depths, ranging from -8.2 to - 9.2 (Fig. 4.2A).
The Antarctic polar front, which divides the transect along which the
samples were taken, has no observable effect on the distribution of isotopic
compositions of Nd in the Drake Passage. Two bottom water samples from
stations in the general vicinity of the Drake Passage in the Southeast
Pacific were also analyzed (Fig. 4.2A). Station 261 is about 700 kilometers
west of the coast of Chile in the Humboldt Plain and far north of the Drake
Passage, and the sample has eNd(O) = —7.9, Station 292 is west of the Drake
Passage in the Bellingshausen Plain within the Antarctiec Circumpolar
Current, and has eNd(O) = -8.,2. These deep waters are indistinguishable in
terms of Nd isotopic composition from the waters in the Drake Passage.

At station 31 in the South Central Pacific, eNd(O) decreases with depth
from 0.3 at 30 m to -8.1 at 4500 m (Figure 4.2C). A single sample from 2000
m at station 17 in the North Central Pacific has eyg4(0) = 0.0, compared to a
value of -4.5 for a sample at 2800 m at station 31. Unlike the Drake
Passage samples which exhibit uniform ENd(O) values with depth, the central
Pacific samples exhibit substantial depth variations. Comparison of ENd(O)

for the Central Pacific sample from 4500 m at station 31 (eNd(O) = -8,1)
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Figure 4.2. Value of eNd(O) as a function of water depth in (A) the Drake
Passage, (B) OCE 63 in the North Atlantic, and (C) the south central
Pacific (Station 31). The isotopic data for the Drake Passage and
nearby Pacific stations have very uniform €y;(0) values with both depth
and location indicating that the waters in this region are very well
mixed with respect to Nd isotopic composition. In contrast, both the
Pacific and Atlantic profiles shown here have distinet variations in
€ng(0) with depth indicating the lateral transport of Nd from different
and isotqpically distinct sources. 1In the case of the Pacific profile,
the bottom water value is interpreted to represent northward spreading
AABW. Symbols in (A): (square) Station 315; (circle) Station 327;

(diamond) Station 261; (triangle) Station 292,
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Figure 4.3. Neodymium concentration as a function of depth in (A) the Drake
Passage (Stations 315 and 327), (B) OCE 63 in the North Atlantic, and
(C) Station 31 in the south central Pacific. In contrast to the
isotopic data, the Drake Passage samples show distinct increases in Nd
concentration with depth indicating that while these waters are
isotopically well mixed, they are chemically stratified. The similarity
of the Drake Passage profiles to the Atlantic and Pacific profiles
indicate that the transport mechanisms which generate Nd concentration

gradients are similar everywhere in the oceans. Errors on the data

points are negligible compared to the size of the symbols.
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with values from the Drake Passage (Fig. 4.2A) shows them to be indistin-
guishable and indicates that this sample represents Antarctic Bottom Water
underlying middle and deep Pacific water.

Where measured, both Sm and Nd concentrations are found to increase
with depth at all locations. The Nd concentration profiles for several
'stations including one from the North Atlantic are shown in Figure 4.3 All
stations show an approximately linear ;ncrease in- - Nd concentration with
depth. The sample from 30 m at Station 31 has the lowest Nd concentration

yet measured in seawater.
4.4 Discussion

The eNd(O) values for the Drake Passage shown in Figure 3.1 (Chapter 3)
and Figure 4.2A are close to -9. These values lie in the direction of more
ancient continental sources than the Pacific and are far removed from young
oceanic mantle-type sources, for which eNd(O) 2 4+10. They are intermediate
between North Atlantic and mid-depth Pacific values and closer to the
Atlantic values, and they are similar to and possibly slightly lower than
the values inferred for the Indian Ocean. From these data it is concluded
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 dominantly 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 Convergence have the same €Nd(0) as the Drake Passage. These data
show a coherence in Nd isotopic composition for the Southern Océan and

support its identification as a distinctive water body. In addition, a
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sample of cold bottom water from the Central Pacific has the same value of
eNd(O) as the Drake Passage, which identifies this bottom water with a
northward spreading part of the Southern Ocean. These results are in
agreement with observations by Reid and Lynn [1971] and Reid [1981], who
showed that waters having physical oceanographic properties with Atlantic
characteristics are preserved in the bottom waters of the Pacific Ocean.
More generally, the results presented here support extensive observations of
physical oceanographic 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. [1980]).

It should be noted here that only the bottom water samples from
stations 261 and 292 were analyzed. It is not known from the present data
base whether or not the water column at these two stations is uniform with
respect to sNd(O) values as in the Drake Passage. Station 292 is located
south of the Antarctic polar front, and for this reason it may be expected
that the water columm will be isotopically uniform. Station 261, on the
other hand, is considerably north of the polar front and the surface waters
are much warmer and saltier than in the Drake Passage. This condition might
also be reflected in the Nd isotopic composition. Until further work is
done on these waters, conclusions regarding the origin and transport of Nd
in the waters of this region of the Southeast Pacific must be limited to
bottom water transport.

If it is assumed that the water in the Drake Passage consists only of
mixtures of Atlantic and Pacific seawater (ignoring fresh water) and that
the Nd concentrations in these waters are equal, estimates of the relative
amounts of water contributed by these sources which would yield ENd(O) 2 -9

can be determined. Using the estimates of €yy(0) for the two oceans given
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in Chapter 3, it is calculated that about 70 percent of the water flowing
through the Drake Passage into the Atlantic Ocean is of Atlantic origin.
Allowing for errors in the estimates of SNd(O) for the Atlantic and Pacific
oceans, a lower limit of at least 50 percent Atlantic water is required to
balance the Nd isotopic data for the Drake Passage. The Pacific
contribution to the Nd budget appears to be smaller than or equal to that of
the Atlantic.

This balance, however, is in disagreement with some views based on
physical oceanographic observations which indicate that the Pacific should
dominate the water properties of this region. The salinity maximum in the
Drake Passage has been reported to be 34.725 °/oo [Georgi, 1981; Bainbridge,
1980], which is confirmed at our stations (see Fig. 4.4A). TUsing this
salinity maximum for the Drake Passage and Montgomery's [1958] values
for the mean salinities of the Atlantic (* 34.9 °/oo) and the Pacific
( 34.6 °/oo mil), then at least 60 percent of the water in the Drake
Passage should be of Pacific origin if omly 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 con-
sidered as a mixture of components having the mean salinity characteristics
of the Atlantic and Pacific. Heat budget calculations by Hastenrath [1980]
indicate that there must be a net heat transfer from the Pacific to the
Atlantic. Stommel [1980], using data from Hastenrath [1980], indicates that
the South Pacific Ocean supplies heat dominantly by mass flow in the South
Atlantic and that the transfer takes place through the Drake Passage (see
figure 1 in [Stommel, 1980]). 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. The
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possibilityvthat the Nd isotopic compositions in the Southern Ocean are
controlled by contributions of dissolved Nd from Antarctica has also been
considered. Using an estimate for the runoff from Antarctica of 0.075 Sv
[Kozoun et al., 1974] and an upper limit of 40 nanograms per liter for the
Nd concentration in fresh water [Martin and Maybeck, 1979], the transport of
dissolved Nd to the Southern Ocean from Antarctica is estimated to be 3
grams per second. Gordon [1971] estimates a rate of exchange of ~ 20 Sv
between the Atlantic and Southern oceans. If deep water has an average Nd
concentration of 3 ng/liter, the transport of dissolved Nd from the Atlantic
to the Southern Ocean is ~ 63 g/sec. The value calculated for the Nd flux
from Antarctica is only 5 percent of this, indicating that runoff from
Antarctica is not an important source of Nd in the Southern Ocean. It is
concluded that, unless there is another source of rare earths in the
Southern Ocean (possibly atmospheric 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 reconsidered.

Potential temperature versus salinity for stations 315 and 327 from the
Drake Passage and station 31 in the Pacific are shown in Figure 4.4. The
diagrams for stations 315 and 327 indicate that four components of water
having distinctive temperature and salinity characteristics are involved in
mixing. TIn spite of samples representing these different components, the
uniform Nd isotopic values for the Drake Passage indicate only one component
of Nd in the water column. The T-S diagram for station 31 also indicates
four components of water involved in mixing, but only two components are
indicated for Nd from the isotopic data. 1In general, these T-S relations
indicate that lateral and vertical transport must play a role in mixing.

These observations indicate that the distribution and transport of Nd in
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Figure 4.4.v Potential temperature versus salinity diagrams for (A) two
stations from the Drake Passage (stations 315 and 327) and (B) station
31 in the central South Pacific. (A) Drake Passage. The T-S charac~
teristics in the water column at station 315 are observed to lie along
the curve represented by the points A (surface), B (~1900m), and C
(~3600m). Squares labeled 1 to 4 correspond to the Nd samples analyzed
from this station (see Figure A.Zawand 4,3a) at 50, 800, 2000, and 3600
m, respectively. The temperature and salinity characteristics of the
water column at station 327 are observed to lie along the curve between
points D (surface) and B (~1900m). Circles labeled 5 and 6 correspond
to Nd samples (see Figures 4.2a and 4.3a) at 650 and 1900 m, respec-
tively. The T-S data are for 50 m intervals from CTD casts.
(B) Central South Pacific, station 31. Points 1 to 3 correspond to Nd
samples (see Figures 4.2c and 4.3c¢c) at 30, 2800, and 4500 m, respec-
tively. The shape of this curve is inferred from eight T-S measurements

made at this station.
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seawater may not be dependent on factors that directly influence local
temperature and salinity variations.

The uniform values of 8Nd(0) in the Drake Passage (Fig. 4.2A) also
contrast with the vertical distribution of E:Nd(O) observed elsewhere, such
as seen for a typical North Atlantic profile (Fig. 4.2B, from OCE 63 data)
and the south central Pacific profile (Fig. 4.2C). The changes in Nd
isotopic composition with depth in thekprofiles from the North Atlantic and
south central Pacific indicate that the profiles consist of water layers
with different sources and that the vertical mixing rates must be slow
relative to the horizontal transport. This suggests that the addition of Nd
to Southern Ocean waters form other source regions (Pacific, Indian, and
Atlantic oceans) must be slow relative to the vertical mixing rates of Nd in
the Southern Ocean. The more rapid vertical mixing of Nd in the Drake
Passage must be related to the weak density stratification in this region
resulting from convective overturn in the water column by cold, dense
surface waters.

In contrast to differences in eNd(O) in the water column at different
locations, Nd concentration profiles all exhibit approximately linear
increases with depth as shown in Figure 4.3. A similar distribution is
observed for Sm, indicating that the same processes control the vertical
transport of these two elements in the water column. The data indicate that
while Nd is isotopically well mixed in the Drake Passage, it is not
chemically well mixed. The concentration data require some sort of vertical
transport to explain the observations. This presumably involves
sequestering by particles to deplete the surface layers and allow for an
enrichment in the deep waters. This problem will be dealt with in greater

detail in a later chapter.
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4.5 Box Model

A six-box model is constructed in order to characterize the mixing of
the Southern, Atlantic, Indian, and Pacific oceans. Figure 4.5 depicts the
model and the exchange paths. The Southern Ocean is divided into three
boxes, 1,2,and 3, adjacent to the Atlantic, Indian, and Pacific oceans,
represented by boxes 1', 2', and 3', rgspectively. This subdivision is to
account for interactions with the othe? oceans. (Georgi [1981] 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 maximum 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 unidirectional
and toward the east by the Antarctic Circumpolar Current. Flow between the
Southern Ocean and the major oceans to the north is two-directional and
constrained to be between adjacent primed and unprimed boxes only, as shown
in Figure 4.5. 1If it is assumed that there are no sources of Nd within the
Southern Ocean, then for box 1 at steady state the relation is

ClWyyy — &, W, (4.1)

0 = e3Cq M2 e

3CqW3; €€

where the €'s are the Nd isotopic compositions, the C's are Nd

concentrations, and the wij are rates of volume transport of water from box

i to box j. Taking the flow of the Antarctic Circumpolar Current to be



78
Figure 4.5. Box model for mixing in the Southern Ocean. The Southern Ocean
is divided into three boxes (1, 2, and 3) adjacent to the Atlantic (1'),
Indian (2'), and Pacific (3') Oceans, respectively. The equations at
steady state governing the exchange of Nd between each box are given in
the text. Note that the flow between adjacent Southern Ocean boxes is
constrained to be in one direction only. From this model and the Nd
isotopic data, an upper limit for Fhe exchange of water between the
3

Pacific and the Southern ocean has been calculated to be 33 x 105 m3s71,
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1 W =. =. 1 v = 3 1
uniform, yields ‘le W23 W31. Letting Wll’ Wl'l and taking the C's to

be approximately equal, Eq. 4.1 reduces to

0= (83 - sl)w12 - (el - 81,)Wll, (4.2)

Similarly, for boxes 2 and 3, respectively

L0 = (el - sz)ﬁlz - (e, — €. W (4.3)

0~ (e, = &)Wy = (63 = €300y, (4.4)

With the available data base this box model is underdetermined, but
€yqg(0) was estimated for the undetermined Southern Ocean boxes in order to
calculate an upper limit for the rate of exchange between the Southern Ocean

and the Pacific (ﬁ Bounds may be obtained on the unknown € values by

33')'

assuming that 0 < W /le < 1. This yields equations of the

11!
_form 0 < (ei - sj)/(sj - sj,) < 1. Taking €4 = -9, €4, = -3, and €5, = -8,
 vields -9.25 > €, > -10.5. Using this result in Eq. 3.4 and taking W , =
130 Sv, an upper limit of ﬁ33, = 33 Sv is calculated for the flow rate

_ between the Pacific and Southern oceans. From this a lower limit of ~ 800
__years is obtained for the mean time for exchange between the Atlantic and

~ Pacific. The most sensitive parameters are the values of eNa(O) associated

with the different segments of the Southern 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

Ncentration differences as well. Actual estimates for the rate of
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exchange of water between the Southern Ocean and the Atlantic is on the
order of 20Sv. At this rate of exchange, the calculated values for each of
the Southern Ocean boxes would be nearly identical and could not be
distinguished at the present levels of resolution for Nd isotopic
measurements. The analysis of water samples from other Southern Ocean
locations for Nd isotopic composition will be necessary to verify the

approach used in this model.

4.6 Conclusions

Water flowing through the Drake Passage has an average Nd isotopic
composition corresponding to ENd(O) 2 -9, The eNd(O) values reported here
indicate that about two—-thirds of the Nd in these waters is of Atlantic
origin. Considering the uncertainties, at most one-half can be 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 Circumpolar
Current is dominated by Atlantic water, which it spreads to other ocean
basins and recirculates back into the Atlantic. These observations are in
qualitative agreement with those of Reid and Lynn [1971] and Reid [1981],
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 estimates 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. In
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contrast to Nd isotopic data for the Drake Passage which is relatively
uniform at all depths, the concentration data suggest that the Drake
Passage, while isotopically well mixed, is not chemically well mixed. The
concentration gradient requires some means of transport and replenishment of
these elements in the water column on a short time scale. This transport
may be governed by settling and resolution of particles. If replenishment
of Nd in the bottom waters is due to resolution of the underlying sediments,
the Nd isotopic composition must reflé;t materials previously deposited
rather than recent continental drainage.

An upper limit of 33 Sv for the rate of exchange between the Pacific
and Southern 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 composition 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(O) between the Atlantic and
the Pacific reflect the rate of water exchange between these oceans, then
this must be controlled by the flow through the Drake Passage. It may be
assumed that as the passage was opened in late Oligocene time [Rennett,
1977], the degree of isotopic difference decreased. If the Nd isotopic
composition of seawater is preserved in sediments over geologic time, it may
be possible to study the degree of isolation of earlier oceans under
different arrangements of the continents. This has considerable 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, it is believed 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.



83
CHAPTER 5: The Concentration and Isotopic Composition of Nd in Oceanic
Profiles: Constraints on the Transport of Rare Earth Elements

in the Oceans

5.1l Introduction

The determination of trace elemeqt distributions in the water column of
the oceans has been an area of considerable interest to oceanographers over
the past decade. The primary thrust of these studies has been to determine
the processes controlling the distribution of trace elements and how they
relate to the knmown biological, physical, and geochemical processes in the
oceans. In a recent review of this field, Bruland [1983] has summarized
several distinct types of trace element concentration profiles. These

are: (1) Conservative Those elements for which the concentrations exhibit

a linear covariation with salinity are considered to be conservative. (2)

Nutrient—type Elements in this category exhibit a linear covariation with

either Poz— and NOS, or 5i0,. These elements are involved in the biogeo-
chemical cycles of the oceans, and their vertical profiles are characterized
by surface depletions and various types of deep water enrichments resulting
from regeneration at depth due to dissolution of settling particles. Dis-
solved POZ- and N03_ are consumed by organisms in surface waters and are
excreted with organic fecal material. They are then dissolved back into the
water column during the oxidation of the settling organic material. These
nutrients reach a concentration maximum within the oxygen minimum zone
(generally above 1000 meters) and remain fairly constant below this depth to
the bottom. That POZ_ and NOB- are involved in the same cycles is indicated

by the linear correlation between the concentrations of these two species.
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This is illustrated in Figure 5.1a where Poz_ is plotted as a function of
Nog for two North Atlantic profiles. Thus, elements whose distributions are
controlled by the same biological cycles will have profiles similar to Poz_
and Nog. Silica is consumed in surface waters by organisms which secrete
silica tests. When these organisms die, silica dissolves as the tests
settle, but unlike POZ_ and NO3_, silica dissolution is not connected to
oxidative processes, so it may continue to dissolve below the oxygen
minimum. As a result, elemental distributions controlled by the silicate
cycle generally have deeper concentration maxima than those correlated with
phosphate and nitrate. This difference between silicate and either
phosphate or nitrate is illustrated in Figure 5.1b where POZ_ is plotted as
a function of SiOz. The curvature in this plot results from the continued

release of biogenic silica into the water column below the phosphate

maximum. (3) Surface enrichment and depletion at depth Those elements

which are injected primarily at the ocean surface and scavenged throughout
the water column exhibit this sort of concentration profile. This pattern
is observed for Pb which is known to be injected from the atmosphere, and
for Mn and 228Ra which are remobilized from coastal sediments and trans-
ported seaward by horizontal advection in surface waters. (4) Surface or

mid-depth minima, bottom water maxima These elements generally show a

nearly linear increase in concentration with depth. A surface maximum
sometimes results if there is a high input at the surface. The mechanism
generally appealed to for explaining the this type of distribution is a
process involving scavenging of the element at all levels in the water
column, coupled with the need for a source at the bottom to maintain the

high deep water concentrations. (5) Mid-depth maxima This refers to maxima

Tesulting from mid-depth injections such as from hydrothermal activity on
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Figure 5.1. The concentration of dissolved phosphate vs. (a) dissolved
nitrate and (b) dissolved silicate in two North Atlantic profiles. The
linear correlation between phosphate and nitrate indicate similar trans-
port and regeneration cycles in the water column for these two species.
The lack of a linear correlation between phosphate and silicate
indicates that these two species have very different transport and

regeneration cycles in the water column.



86

15 T T T T o
®
x x
<®
X
3_1.0- @ X 7]
PO} .
pmol x
( kg ) _
0.5 =
x = A-I 109-1 Stn 30
x e = A-T1 109-1 Stn 95
0 % | 1 ] |
0 5 10 ) 15 20 25
NO3 (pmol/kg)
15 l l 1 T p
L
X
o x X
-1 ~x -
P03
( /,Lmol)
kg
0.5~ -
x = A-I1109-1 Stn 30
o = A-I1109-1 Stn 95
obe 1 | ] 1
0 10 20 30 40 50
Si0, (pmol/kg)

Figure 5.1.



87

mid-ocean ridges. Examples include Mn and 3He. (6) Mid-depth maxima or

minima in sub-oxic and anoxic waters Elements which commonly occur in more

than one oxidation state can exhibit local maxima or minima in waters of
very low oxygen content. Maxima result if the reduced form is more soluble
such as for Mn(II) and Fe(II). Minima result if the reduced form is less
soluble such as for Cr(III).

A key to some of the transport processes that may occur in the marine
environment has come from study of abuﬁdances of the decay products of
uranium and thorium. These decay series are important because some of the
nuclides are at extremely low concentration due to their removal from
solution. For example, from the near absence of 2327Th in seawater and the
presence of the daughter 228Th (Tl/Z = 1.9 years) it is inferred that the
more soluble intermediate daughter 228Ra (11/2 = 5.7 years) is transported
from coastal waters into the surface ocean waters to provide the source of
2287h with a lateral transport time scale of ~ 20 years [Moore, 1969].
Dissolved U has a relatively high and uniform concentration in seawater
(~ 3ug/kg) [Rona et al., 1956; Turekian and Chan, 1971; Amin et ai., 197617,
but one of its daughters, 230Th (T1/2 = 7.7 X 10" years), has a very low
concentration, well below secular equilibrium (~ 1073) [Moore and Sackett,
1964]. Recent experiments [Nozaki et al., 1981] 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 238U decay (238U [Ty = 4.5 X 10% years] » 234Th [ty/y = 24
days] » 234y [Tl/2 = 2.4 X 10° years] » 230 [Tl/2 = 7.7 X 10* years] »
226pq [Tl/é = 1.6 X 103 years]) with subsequent adsorption of 230Th on
Particulate matter, which settles to the bottom [Moore and Sackett, 1964;

and others]. For some nuclides from this decay series such as 210pp there
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are direct observations of the proportions associated with particles (about
10%) and in solution (about 90%) [Somayajulu and Craig, 1976]. 1In addition
to scavenging from solution and particle settling, there is evidence for
element transport from the sediments into the water column over at least a
few hundred meters from the bottom. This is demonstrated by the presence of
excess 222Rn (1, = 3.8 days) [Key et al., 1979; Sarmiento et al., 1976] as
well as 228Ra and 228Th (from the decay of dissolved 228Ra) [Moore, 1969;
Cochran, 1980] in the lower levels othhe deep sea. There is in general no
direct connection between the processes controlling these short-lived
nuclides and the more abundant stable elements; however, Chan et al. [1976]
showed an excellent correlation between Ra (about 6 X 10714 grams per
kilogram) and Ba (about 107° grams per kilogram) in regions above a bottom
layer for basins in widely different areas.

Theoretical analyses of trace element distribution in ocean water are
primarily based on one dimensional transport models that involve diffusion
(with eddy diffusion parameter k ~ 1 square centimeter per second and upward
advective velocity w ~ 107> cm/sec.). These phenomenological transport
models are based on the view that there is an upward component of velocity
in the ocean from the cold deep waters that balances the downward diffusion
of heat from the warm surface layers [Stommel, 1958]. This approach has led
to a set of abyssal recipes [Munk, 1966]. Craig [1969] has discussed this
class of models as well as the problem of scavenging for the case of Cu
[Craig, 1974]. A review of the vertical advection-diffusion model of Craig
[1969] including a modification to the general equation to explicitly
account for the role of particulate scavenging is presented in Appendix IIT.

Any explanation for the observed distribution of the REE in the water

column must be considered in the context of these numerous studies of other
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trace and radioactive element distributions in the oceans. The observations
presented above indicate that the concentration of the REE may depend on
scavenging by particles, re-solution from particles, re-solution from
sediments at the sea bottom, and advective and upward transport from deep
waters. A distinct advantage can be realized for studies of rare earth
element distributions in the oceans if the concentration data are
complemented with Nd isotopic measurements. The isotopic composition of Nd
provides crucial information regarding“the sources of rare earth elements in
the water column. Thus, any model for the transport of REE in the water
column must satisfy both the concentration and isotopic distributions. From
the data presented in the previous two chapters, it is clear that the
isotopic composition of Nd exhibits substantial variations in the water
column at many locations indicating transport from different sources at
different levels in the water column. Unequivocal information regarding
sources in the water column is generally lacking for most other trace
elements. In this chapter, Nd isotopic profiles are compared to
corresponding Nd and Sm concentration profiles. These observations will be
used to put constraints on transport models for REE and other trace elements
in the oceans. Detailed discussions of the isotopic profiles in relation to

other oceanographic observations will be deferred to Chapter 6.
5.2. Nd concentration and isotopic profiles

Concentration profiles. During the course of this work, Nd and Sm

Concentration profiles were determined for a total of seven sampling loca-
tions, including four in the Atlantic Ocean, two in the Drake Passage, and

One in the Pacific. These data are reported in Table A2 in the appendix.
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Four of these profiles for Nd were shown in Figure 4.3. Although these
profiles covered the entire water column, only three or four depths were
analyzed at each location. Two more detailed profiles from the Atlantic are
gshown in Figures 5.2 and 5.3. All profiles exhibit the same general trend
of increasing Nd concentration with depth, and this is also found to be true
for Sm as shown for an eastern North Atlantic profile in Figure 5.3. The
detailed profiles shown in Figures 5.2 and 5.3 indicate, however, that the
concentration gradients can be much more complex and diverse thaﬁ indicated
from profiles shown in Figure 4.3. This general trend of increasing
concentration of Nd and Sm with depth has been extended to all of the rare
earths in seawater regardless of the sampling location [Elderfield and
Greaves, 1982; DeBaar et al., 1983; Klinkhammer et al., 1983]. Surface
samples generally yield the lowest REE concentrations at a given location.
Only one example of a profile showing substantial surface enrichments for
REE has been reported [Elderfield and Greaves, 1982].

The regular change of REE concentrations with depth is found to be
similar to Cu {Boyle et al., 1977; Bruland, 1980], Pd [Lee, 1983], Ag
[Martin et al., 1983], Al [Moore, 1981; Stoffyn and MacKenzie, 1982], and
230Th [Nozaki et al., 1981] and indicates that they fit best in group (4) of
Bruland's [1983] classification scheme. The usual explanation for copper-
like profiles is that there is scavenging of the element at all levels in
the water column coupled with the necessity for a strong source at the
bottom to maintain the deep water concentrations. It is generally assumed
that diffusion from deep sea sediments provides the primary source at the
~ bottom. Craig [1974] suggested that Cu transported in Antarctic Bottom
Water might also provide the deep water source.

It can be shown that the rare earth distributions in the water column
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Figure 5.2 Nd‘concentration as a function of depth at A-IT 109-1, Station
30 in the western North Atlantic. The data show a general increase in
concentration with depth with a substantial increase in concentration
near the bottom. The high bottom water concentration may possibly
include Nd stripped from particles resulting from acidification of the
samples after collection. An expanded scale plot of the concentration
in the upper 3km of the water column is also shown. A sharp increase in
concentration is observed betweenJSOO and 1100 meters depth which is
coincident with the base of the thermocline at this station., The errors
on the measurements are smaller than the size of the dots used to denote

the samples in both figures.
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Figure 5.3.v Concentration of Sm (open circles) and Nd (solid circles) as a
function of depth at A-II 109-1, Station 95 in the eastern North
Atlantic in the vicinity of the Mediterranean outflow. Both Sm and Nd
show a regular increase in concentration with depth. These data
illustrate the very similar nature of the distribution of Sm and Nd.
Note that both elements exhibit perturbations in their concentration
gradients at depths corresponding to the level of the Mediterranean

outflow.
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are not associated with the regenerative cycles of the nutrients. If the REE
distributions in the oceans are related to the nutrient transport in the
water column, then a linear correlation between Nd and one or more of the
nutrients would be expected such as that shown for phosphate and nitrate in
Figure 5.3. Figures 5.4 and 5.5 show the Nd concentrations from the two
Atlantic profiles shown in Figures 5.2 and 5.3 as a function of the nutrient
concentrations in these water samples. If Nd distributions were controlled
by the biogeochemical cycles, then a ébrrelation should be observed for the
data points in these diagrams. Instead, each of the curves exhibit a sharp
pend which corresponds to depths near the base of the thermocline. The
continued rapid increase of Nd below the bends indicates that Nd is not
correlated with the nutrients. These considerations indicate that there is
another source of Nd in the deep water.

Nd isotopic profiles. In contrast to the fairly regular distribution

of M and other REE in the water column, Nd isotopic distributions in the
water column can exhibit very diverse patterns depending on the location.
Three types of distribution profiles for eNd(O) were shown in Chapter 4 in
Figure 4.2. A western North Atlantic profile (OCE 63, Fig. 4.2B) has
€Nd(0) = -9,6 in the near surface waters and decreases to -13.1 at 1000 m.
Below 1000 m, the isotopic composition remains fairly constant. This
distribution pattern has been observed in a second western North Atlantic
station (about 800 km north of OCE 63) corresponding to the concentration
profile in Figure 5.1 (A-II 109-1 Stn. 30) and indicates that there is an
abrupt shift of 2 to 3 e-units in the interval from 800 to 1000 m (see
Figure 6.2). Two stations in the Drake Passage (Fig. 4.2A) exhibited
uniform isotopic compositions at all levels in the water column. One

Pacific station exhibited a linear decrease in eNd(O) from 0.0 at the
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Figure 5.4. Nd concentrations vs. (A) POZ", (B) NOS, and (C) 810, for
A-ITI 109-1, Station 30 in the western North Atlantic (see Fig. 5.2). 1In
all cases, it is seen that there is a relatively abrupt change in the
slope of the nutrient vs Nd concentrations which occurs at or near the
mid~depth nutrient maximum (see Table A3). This nutrient maximum is

found to be coincident with the base of the thermocline
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7igure 5.5. Nd concentrations vs. (A) PO3_, (8) Nog, and (C) 8102 for
A-II 109-1, Station 95 in the eastern North Atlantic (see Fig. 5.3).
For reference, the points labeled a, b, and c correspond to the depths
200, 1000, and 4000 m, respectively. Although this figure is plotted
with different axes than in Figure 5.4, the features of this profile are
essentially the same as for the Station 30 profile in the western
basin. In this figure, the change in slope of the Nd vs. nutrient
correlation occurs below the Meditérranean outflow. All of these plots
exhibit irregular behavior in the region of the outflow, the core of

which is near the point b on each of the figures.
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surface to -8.1 at 4500 m. Two additional distribution patterns from the
Atlantic have been observed. The eastern North Atlantic isotopic profile
which corresponds to the concentration data in Figure 5.2 is shown in Figure
6.7 of the next chapter and has eNd(O) ~ —12 at all depths except for a
shift toward more radiogenic values between 800 and 1000 meters. eNd(O)
reaéhes a maximum of -9.8 at 1000 m.

The final example of an Atlantic Nd isotopic profile is for TTO/ TAS
Station 63 shown in Figure 6.6 in the ;ext chapter. 1In this profile, sNd(O)
exhibits a gradient in the deep waters, increasing with depth from a minimum
at 2000 m of eNd(O) = -13.3 to -11.9 at 4850 m. In waters above the eNd(O)
minimum at 2000 m, eNd(O) is also observed to increase to a more radiogenic
value. One sample has been analyzed (from 790 m) and found to have eNd(O) =
-11.8. Although not shown, the concentration gradient for this station is

similar to that observed at other locations.
5.3 Nd isotopic constraints on the vertical transport of the REE

The Nd concentration data all exhibit a regular pattern of increasing
concentration with depth. This phenomenon requires a vertical transport
mechanism which will deplete the surface concentrations and allow for the
relatively constant rate of increase in concentration with depth to the
ocean bottom. It is likely that sequestering of REE by particles will play
a major role in producing the observed distributions in the oceanic environ-
ment and would be entirely consistent with the studies of U series decay
products discussed above. By contrast, the Nd isotopic.distributions in the
water column exhibit no regularity. The vertical isotopic variations

observed at many locations indicate that the water column is layered with
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respect to sNd(O) values, indicating that different layers have different
sources of Nd. This must require substantial lateral transport of the rare
earth elements from more than one source region, and further, it indicates
that replenishment of the REE at a given level in the water column by hori-
zontal transport must occur at a rate which is significantly greater than
for the time scales of removal and/or vertical mixing in order to preserve
the water column isotopic differences. Thus, two competing processes are
occurring, a lateral advective transpoft process which supplies REE from
different sources to different levels in the water column, and a vertical
transport or removal process which will establish a concentration gradient.
The concentration gradient must be established without significantly dis-
turbing the isotopic distribution. Furthermore, the very regular nature of
the concentration profiles at all locations strongly indicates that the
transport processes which establish these gradients are the same everywhere
regardless of the isotopic distribution.

The Nd isotopic data put two fundamental constraints on the vertical
transport of the rare earth elements in the oceans. First, deep water REE
concentration levels cannot be maintained by simple resolution of REE
scavenged from the surface waters onto settling particles. This follows
from the indisputable observation that isotopic differences are preserved in
the water column for most locations studied. The regular behavior of the Nd
concentration suggests continuous mixing or exchange between the surface and
bottom waters on a short time scale, but such a process would be expected to
produce changes in the isotopic composition of Nd with depth which lie oﬁ a
smooth, well defined mixing curve. If deep water concentrations were
supported by significant contributions from redissolved surface Nd, then
abrupt isotopic shifts such as observed in the western basin of the North

Atlantic should not occur.
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Conversely, the second constraint prohibits the upward advective and
diffusive transport from being the REE source in surface waters. As
discussed above, upward transport of trace elements which have diffused from
bottom sediments is generally considered an important source to maintain the
concentration gradients for elements such as Cu which have depth profiles
similar to Nd. It is not even clear that upward advection or diffusion
could transport REE more than a few hundred meters from the bottom in the
Atlantic. For diffusion, the transpor£ distance x is approximated by the
expression x% = Dt, where D is the diffusion coefficient and t is time. In
the oceans, D = 1 cmz/s. For advection, x = vt, where v is the upward
advective velocity which is estimated to be 10-5 cm/s in the oceans. When
the advective transport equals the diffusive transport, XZ/Dt = x/vt. Using
the values for D and v above, the distance, x = 1000 meters, and the time
scale for transport across this distance is ~300 years. For distances less
than 1000 meters, diffusion will dominate the transport, and for longer
distances advection will dominate. Thus the time required to transport Nd
across 4000 meters from abyssal sediments to the base of the thermocline in
the Atlantic is about 1200 years. This is considerably longer than the
estimated residence time of the deep water in the Atlantic of only 250 years
[Worthington, 1976], suggesting that there must be other sources of REE
besides that supplied by diffusion from sediments. Horizontal transport in
the deep waters may provide an effective source. There is strong evidence
for this from the isotopic profiles which will be discussed in more detail
in the next chapter.

The processes by which vertical concentration gradients such as
observed for the REE are not yet understood in terms of the isotopic

tonstraints which must also be satisfied. 1In Chapter 6 it will be shown
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that changes in the isotopic composition are well correlated with changes in
temperature and salinity characteristics. For the concentrations though,
there are no obvious changes across these boundaries indicating that the
gradients are formed without regard to water mass transport boundaries. If
a scavenging process 1is responsible for the concentration gradients, then
there can be no significant resolution in deeper waters. If the REE were
not in true solution, but rather associated ﬁith particles which are
small enough to undergo brownian motioﬁ, then a concentration gradient
similar to that observed could be produced. The distribution of such
particles in a column of water under the influence of gravity is given by
Ch/CO = exp(-mgh/«T) where CO is the concentration of particles at the base
of the water column, C;, 1s the concentration at height h above the base
level, m the mass of the particles, k is Boltzman's constant, and T is the
absolute temperature. This relation shows that to a first order the concen-
tration of particles in the column of water will increases with depth in a
linear fashion. It is not clear that this is the proper approach to take,
since it is restricted by the isotopic data to regions in the water column
with uniform eNd(O). Any layered model using this approach would have to
account for the regular increase in the concentration across the boundaries

of adjacent layers which are characterized by significant isotopic shifts.
5.4 Conclusions

The vertical distributions of Nd and other rare earths exhibit a
tegular trend of increasing concentration with inecreasing water depth. This
trend is similar for all oceanic profiles studied, regardless of location,

and indicates that the mechanisms responsible for establishing these
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gradients are the same at all locations. Some form of scavenging and trans-
port on particulate matter may be necessary to maintain these concentration
gradients. 1In contrast, Nd isotopic distributions in the water column vary
from one location to another, and the vertical changes indicate horizontal
transport at different levels in the water column from different sources.
The horizontal components of transport must also be more rapid than than
vertical mixing rates in order to maintain these isotopic differences.

One conclusion of major significahce regarding the vertical transport
of the REE in the water column can be drawn from the Nd isotopic data. The
variations of ENd(O) clearly indicate that the deep water concentration
enrichments cannot be supported by the downward transport and resolution of
REE scavenged from the surface waters into the deep waters. Thus, any
scavenging processes in the water column which result in the surface
depletions must be essentially irreversible. these processes are not well
understood in view of the isotopic constraints and will require detailed
study of REE interactions with particulate matter in the oceans for further
elucidation. The similarity of REE profiles to Cu, Al and several other
trace elements indicates that the processes controlling the distribution of
these elements are similar. Thus, the Nd isotopic constraints on the rare
earth element transport should apply to these other elements as well.

The strong evidence presented here for the lateral transport of the
rare earth elements indicates the Nd isotopic signatures of water masses
might be preserved over large distances. In the next chapter, a detailed
comparison of the isotopic data will be made to the general water mass
characteristics of the oceans, with particular emphasis on the Atlantic

distributions.
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Chapter 6: The Transport of Rare Earth Elements in the Atlantic Inferred

from Nd Isotopic Observations
6.1 Introduction

In previous chapters it has been shown that not only are there sub-
stantial Nd isotopic differences in seawater between the ocean basins, but
that significant variations exist within ocean basins as well. 1In addition
to the geographic variations that are observed within an ocean basin it was
shown that very pronounced changes in the isotopic composition of Nd could
also occur as a function of depth in the water column at a single location.
It was further demonstrated that there was a regular increase in the concen-
tration of Nd with depth regardless of the nature of the isotopic distri-
bution. It was concluded that in order to maintain isotopic variations in
the water column at a given location, significant lateral transport of REE
from more than one isotopically distinct source region is required. 1In this
chapter, I will attempt to demonstrate that the general distribution of
143Nd within an ocean basin is consistent with rare earth transport within
the framework of the general circulation of major water masses, and that
isotopic compositions associated with a flowing water mass can be preserved
during the transport of the water mass over long distances. Much of the
discussion will focus on the transport in the western basin of the North
?Atlantic. Three water column profiles collected between 7°N and 36°N have
been studied and will be compared to the water mass circulation in this

;iegion. In addition to providing valuable information on the transport of

xrare earth elements in the oceans, the Nd isotopic data presented here will
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demonstrate that the isotopic composition of Nd can serve as a general

tracer for water masses in the oceans.
6.2 Results

The results of Nd isotopic measurements for all seawater samples is
given in Table A2 in the appendix along with the sampling locations for each
station. Seawater sampling sites werezalso shown on Figure 2.1. A general
presentation of the isotopic results was given in the histogram in Figure
3.1. Hydrographic measurements of salinity, dissolved oxygen, and nutrients
are given in Table A3 for those samples for which determinations were
made. Brief descriptions of the temperature, salinity, and Nd isotopic
characteristics of the water column at three western basin loéations in the
North Atlantic (A-II 109-1 Stn. 30, OCE 63, and TTO/TAS Stn. 63) are

presented below.

6.2.1 A-II 109-1, Station 30

The 6-S (6 = potential temperature) diagram generated from CTD
measurements for Station 30 is plotted in Figure 6.1. The portion of the
-8 curve between points A and B represents a thin surface layer about 5
meters deep which is characterized by constant temperature (~22°C) and a
rapid increase in salinity from ~35.8 to 36.2°/00. Between points B and C
(C = 250 m), salinity is observed to increase with decreasing potential
temperature until a salinity maximum of ~ 36.5°/00 is reached which occurs
between 50 and 200 meters in the water columm. Below the salinity maximum
at point C, both 6 and S decrease to the bottom. A slight bend in the ©-S

curve occurs at point D (= 1000 m) and coincides with the base of the
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Figure 6.1. Potential temperature vs. salinity for A-I1 109~1 Station 30 in
the western North Atlantic. The labeled points represent depths in the
water column as follows: A = surface, B=5m, C= 200 m, D = 1000 m, E
= 4900 m. The segment of this curve between points C and D represents
the temperature and salinity characteristics in the main thermocline in
this region of the Atlantic. Temperatures and salinities between points

D and E are representative of North Atlantic Deep Water.
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thermocline. The linear T-S segment between points C and D is represen-
tative of upper waters as classified in Chapter 1 and lie within the main
thermocline. The linear T-S segment between points D and E (= 4950 m)
represents waters below 1000 meters has T-S characteristics which identify
this mass as NADW according to the classification discussed in Chapter 1.
The shape of this T-S diagram indicates that at least five components are
involved in mixing at this location. If Mediterranean outflow water were
present one would expect to see a saliﬂity maximum at a temperature of about
6 to 10°C and corresponding to a depth of ~ 1000 to 1200 meters. However,
this is not observed, and it is concluded that there is no identifiable
Mediterranean component at this westerly statiom.

The Nd isotopic data are plotted as a function of depth in Figure 6.2.
For comparison, the points labeled B through E on this diagram correspond to
the depths labeled on the 6-S diagram in figure 6.1. Samples were not col-
lected from the thin surface layer corresponding to component A. eNd(O) is
observed to have a uniform maximum of ENd(O) ~ -9,5 from 5 meters (B) to 200
meters (C). Between 200 and 800 meters eNd(O) exhibits a small range from
-10.3 to -10.9 (between C and D). This is followed by a sharp decrease of
3.1 e—units to eNd(O) = -14,0 at 1100 meters. Below 1100 meters (between D
and E), sNd(O) remains fairly uniform to the ocean bottom, although there is
some hint of a mid-depth maximum at 3000 meters of ENd(O) = -13,0. The
samples in this depth range are all associated with NADW. Inspection of
Figure 6.1 shows that shifts in the isotopic compositions occur at similar
levels in the water column as do changes in the 8-S curve. Nd concen-
trations at this station were shown in Figure 5.1 and found to increase
regularly with depth. There do not appear to be major shifts in the con-

centration in this profile at the depths observed for the isotopic shifts.
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Figure 6.2. ENd(O) as a function of depth at A-IT 109-1 Station 30 in the
western North Atlantic. The depths which are labeled (A, B, C, D, and
E) correspond to the depths labeled on the T-S curve in Figure 6.1 where
distinct changes in the temperature and salinity characteristics are
observed. (The depth interval between points A and B is not resolvable
at the scale of this figure, so they are shown on the same line at the
surface). It can be seen from comparison of this figure with Figure 6.1
that there are distinct shifts in éhe isotopic composition of Nd at
depths corresponding- to bends in the T-S curve. (The surface sample
corresponds to the depth represented by point A, but no sample was
analyzed from a depth corresponding to point B). The close correlation
of the Nd isotopic shifts to changes in the T-S relationships indicates
that the isotopic shifts reflect changes in the water mass character-
istics and, therefore, the sources of the REE., This observation also
provides a clear indication that the REE undergo substantial horizontal
transport from more than one source region the Atlantic. It is evident
that the Nd below 1000m is not derived from the material above this
depth. The Nd concentrations for the samples shown in this figure were
shown in Figure 5.2. The error bars represent the 20 errors on the

isotopic measurements.
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6.2.2 OCE 63

No temperature, salinity, oxygen, or nutrient measurements were made
for water samples collected during this expedition. Figure 6.3 is a temper-
ature vs. salinity for Crawford 17, Stn 316 [Fuglister, 1960] located at
approximately 28°N, 66°W and should closely represent the T-S conditions at
the sampling locations of the OCE 63 samples. There are two nearly linear
segments of the T-S diagram, one between points labeled A (100 m) and B
(1000 m) and the other between points b (1400 m) and D (4500 m). The first
segment (A to B) corresponds to temperatures in the main thermocline between
~ 20°C and 6°C and salinities between ~ 36.5°/00 and 35.0°/00 and is
representative of upper water. The point B is located at the base of the
main thermocline at 1000 meters. The second linear segment (C to D) lies
between temperatures of ~5°C to 2°C and salinities of ~ 35.1%°/o0o0 to
34.90/00. On the basis of general water mass classifications for the
Atlantic as discussed in Chapter 1, this segment of the T-S diagram is
interpreted to be representative of NADW. The slight bend below the second
T-S segment from D to E indicates the intrusion of a cooler, less saline
water mass at the bottom, and may be a diluted form of AABW. Between the
points B and C there is a slight rise in the salinity which reaches a
maximum at about 1400 meters depth. This maximum corresponds to the core of
upper NADW and, as discussed in Chapter 1, is a direct result of the
Mediterranean outflow. The upperv100 meters of the water column is iso-
thermal and indicates the presence of a surface mixed layer. With the
exceptions of the small Mediterranean influence and the small sill of cooler
water aF the sea bottom, this T-S diagram is nearly identical to that for
A-IT 109-1 Station 30 shown in Figure 6.1 and it is concluded that the major

Water mass characteristics of these two sampling localities are similar.
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Figure 6.3. A temperature versus salinity diagram for Crawford Station 317
in the Sargasso Sea. This diagram is taken to represent the approx-
imate conditions of temperature and salinity in the water colummn at the
OCE 63 sampling locations. Data are from Fuglister [1960]. The points
labeled represent depths in the water column as follows: A = 100m,
B = 1000m, C = 1400m, D = 4500m, and E = 5100m. The segment between
A and B represents T-S5 conditions the main thermocline. The salinity
maximum at point C is interpreted ;s resulting from westward spreading
of a diluted component of the Mediterranean outflow and is considered to
be a characteristic feature of upper NADW (see discussion in Chapter 1).
The segment of the T-S curve between points D and E is characterized by
a shift towards lower temperatures and salinities than is typical of
NADW and may indicate the presence of a diluted component of AABW

underneath the North Atlantic Deep Water complex.
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Figure 6.4. eNd(O) as a function of depth for OCE 63 samples in the
Sargasso Sea in the western North Atlantic. These data represent a
composite of samples from several closely spaced stations. Depths
labeled A, B, C, and D correspond to the points labeled on the T-S curve
in Figure 6.3. This isotopic profile is very similar to that shown in
Figure 6.2 for A-II, 109-1 Station 30. Once again, note the close
correspondence between shifts in the isotopic composition in the water
column with changes in the T-S chéfacteristics. If Nd of Mediterranean
origin were present at the depths associated with the salinty maximum at
point C, then a shift toward more radiogenic values of €,4;(0) would be
expected (see Figure 6.7 for e,y(0) in the Mediterranean outflow).
Since there is no isotopic shift in the vicinity of point C, it is
concluded that there is either no Mediterranean component of Nd at this
westerly location or it has become very diluted as indicated by the
temperature and salinity in Figure 6.3. The error bars represent the 20

errors on the isotopic measurements.
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The eNa(O)bvalues for these samples are plotted in Figure 6.4 as a
function of water depth. For reference, the depths corresponding to the
points A through D in the T-S diagram in Figure 6.3 are also shown in this
figure. Deep water samples (> 1000 meters) have very uniform Nd isotopic
compositions corresponding to eNd(O) 2 ~13,5. Three of these samples lie
between points C and D and within NADW. The fourth sample lies at point B
at the base of the thermocline. At depths less than 1000 meters €Nd(0)
values are found to become increasingly more radiogenic toward the surface.
One sample lies between points A and B at 300 meters and has eNd(O) =
-10.9. The other lies above point A at 50 meters and has eNd(O) = -9,6.
For the depths analyzed, this profile is nearly identical to that at A-II
109-1 Stn. 30 shown in Figure 6.2 and is consistent with the similarity of
the T-S characteristics of these two localities. The concentration of Nd at
this station‘exhibits a regular increase with depth as reported earlier.

These data are shown in Figure 4.3B.

6.2.3 TTO/TAS Station 63

The 6-S diagram generated from CTD measurements for this station is
shown in Figure 6.5. The surface salinity is about 36.0°/0o and temperature
about 27°C and are represented by point A on the diagram. These values
remain constant to 65 meters. Between A and B, the 6-S diagram shifts
toward higher salinity but lower temperature reaching a salinity maximum of
about 36.5°/00 at a depth of about 80. The interval between B and C
encompasses the salinity maximum region to 120 meters. Below point C, the
0-S segment is linear with both salinity and temperature decreasing to a
salinity minimum (~34.6°/00) at a depth of about 800 meters denoted by the

point D. On the basis of conventional water mass classifications, this
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Figure 6.5. Potential temperature vs. salinity at TTO/TAS Station 63 in the
equatorial western North Atlantic. These are preliminary results from
CTD measurements and ‘have not been calibrated for instrumental drift.
These corrections woﬁld not be sufficient to alter the major -8
features shown in this diagram. The depths at the labeled points are as
follows: A=65m B=8m C=120m, D =800 m E=1500m F =
3100 m, and G = 4810 m. The salinity minimum at point D is interpreted
to represent the core of northward flowing Antarctic Intermediate
Water. Point E represents the salinity maximum associated with the
upper layer of NADW. Below point F, a diluted component of Antarctic
Bottom Water flowing northward underneath NADW is indicated by the low

temperatures and salinities. below point F,
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salinity minimum corresponds to the core of northward spreading Sub-
Antarctic Intermediate Water (SIW) as shown in Figure l.4. Below the
salinity minimum another linear segment of the 6-S diagram continues along a
trend of decreasing ¢ and increasing S. A mid-depth salinity maximum is
reached at a depth of about 1500 meters (S = 35.0°/00) denoted by the point
E. This salinity maximum corresponds to the upper layer of NADW shown in
Figure 1.4. Below point E, both ® and S decrease to the bottom. A slight
bend in the lower portion of this 8-S segment at point F (= 3100 m) is
observed. This is interpreted to be due to the intrusion of a thin layer of
northward spreading Antarctic Bottom Water (AABW) at this level. The
temperature (8 = 1.23°C) and salinity (34.82°/00) at the sea bottom
(G = 4810 m) are significantly lower than would be expected if only NADW
(6 = 2°C and S ~ 34.9°/00) was present in the deep water.

Results of Nd isotopic measurements for this station are shown in
Figure 6.6. For reference, the depths corresponding to the points labeled C
through G in Figure 6.5 are shown on this figure. €Nd(0) = -11.9 at 790
meters which is at the core of SIW as defined by the salinity minimum at
point D in Figure 6.5. The next lower depth analyzed is 1990 meters and
this has ENd(O) = ~13,3 which is similar to other western basin isotopic
compositions at this depth. Below this depth, sNd(O) is observed to
increase with depth to a bottom water value of ENd(O) = -11.8. As shown in
Figure 6.6, this increase is approximately linear and the difference between
the 1990 meter sample and bottom sample is clearly resolvable. As with
other locations, there is a regular increase in concentration observed with

depth for these samples.
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Figure 6.6. 8Nd(0) as a function of depth at TTO/TAS Station 63. The
depths which are labeled (C, D, E, F, and G) correspond to the depths
labeled on the T-8 curve in Figure 6.5. This profile is interpreted to
result from the northward flow of Nd in water masses of Antarctic origin
at depths above and below NADW. The sample at 2000m has ENd(O) which is
inferred for undiluted NADW (see Figures 6.2 and 6.4). The shifts
toward more radiogenic values of €y (0) at depths both shallower and
deeper than the 2000m sample are in the direction inferred for the
isotopic composition of Nd in waters of Antarctic origin (eNd(O) ® =09,
see Figure 4.2). This interpretation is entirely consistent with the
analysis of the T-S diagram in Figure 6.5 and further demonstrates the
close correlation between Nd isotopic shifts in the water column and
changes in the T-S characteristics. The concentration data for these
samples have not benn plotted but show a fairly regular increase in
concentration with depth. The error bars represent the 20 errors on the

isotopic measurements.
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6.3. Discussion

6.3.1 REE Transport in the Western Basin

Nd isotopic data for three profiles of the water column in the western
basin of the North Atlantic indicate that there are both vertical and hori-
zontal variations within this region of the Atlantic. The eNd(O) versus
depth profiles for the OCE 63 sites (Figure 6.4) and A-II 109-1 Station 30
(Figure 6.2) are nearly identical, indicating that these two locations are
seeing the same distribution of REE sources in the water column. The
similarities between the T-S properties of these two stations indicate that
it would be justifiable to combine the isotopic data for these two profiles
and consider them as representing a single profile. 1In the analysis below,
the combined data set is considered for sake of brevity.

The profiles exhibit nearly uniform deep water (1000 m to the bottom)
isotopic compositions corresponding to eNd(O) = -13.5. There is a rela-
tively large and abrupt shift in sNd(O) of 2 to 3 e-units observed for the
depth interval between 800 and 1000 meters. Samples analyzed from depths of
less than 1000 meters at these locations are distinctly more radiogenic than
the underlying deep waters, having ey3(0) = -10.9 to -9.4. There is indi-
cation of another, but smaller, shift in ENd(O) of about 1 €-unit between
200 and 300 meters as shown in Figure 6.2. Samples from these two stations
at depths between 300 and 800 meters have €y;(0) in a limited range from
-10.3 to - 10.9. Between 0 and 200 meters the range is from -9.4 to -9.6.
These differences clearly indicate that there are at least two sources of
REE in the water column having distinctly different Nd isotopic compo-
sitions, and possibly a third source, being supplied by horizontal

transport. The sharp difference in eNd(O) between 800 and 1000 meters depth
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indicates that there may be only limited exchange of Nd across this 200
meter interval of the water column, and indicates that the water masses
above and below this interval must be decoupled from each other as a result
of the horizontal flow between them. If there were significant exchange of
Nd across this boundary then a smooth change in isotopic composition between
the surface and deep waters should occur instead of the abrupt shift
observed. The data for the interval between 800 meters and the surface do
not appear to lie on a smooth curve either. The smaller isotopic shift
between 200 and 300 meters may also be indicative of a tramsport boundary
between two sources. It appears from these observations that intervals in
the water column characterized by distinctive Nd isotopic compositions may
be reflecting Nd isotopic signatures corresponding to a specific water
mass. If this is the case, then the isotopic data should be consistent with
identification of water masses based on temperature (T) and salinity (S)
relationships in the water column. Three water masses can be identified in
the water column from the T-S diagrams for the OCE 63 and A-ITI 109-1 sites
shown in Figures 6.1 and 6.3 (a water mass is defined by a linear segment of
the T-S diagram). These were identified above on the basis of general
classifications of Atlantic water masses discussed in Chapter 1. A deep
water mass in waters below 1000 m is identified as NADW. (AABW may be
present below 4500 m at OCE 63 but no samples were analyzed from these
depths at this location). A second water mass is observed within the main
thermocline between 1000 m and about 200 m and is loosely referred to as
"upper water”. Though the T-S segment corresponding to the upper 200 meters
of the water column is ﬁot linear, a third water mass (or surface mixed
layer) may be indicated by the departure of the T-S characteristics of this

surface layer from the more regular T-S character of "upper water.” The
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thickness of this surface layer depends on both the latitude and season and
may account for the difference in the T-5 character in this depth region at
these two locations.

The Nd isotopic data for this region are clearly consistent with the
water mass analysis based on the T-S properties discussed above. The
isotopic shift between 800 and 1000 meters also marks the boundary between
two linear segments of the T-S diagrams, and indicates that the very uniform
deep water Nd isotopic composition at these locations is representative of
North Atlantic Deep Water. It is not clear from the data whether the REE in
NADW are derived from a single source or from several sources which have
been well homogenized. This point will be considered a bit later, however.
The upper waters may have two sources of REE as indicated by the small
isotopic shift between 200 and 300 meters. The location of this shift in
the water column coincides with the boundary between the T-S segments
representing the upper water and surface water at these stations and is
therefore consistent with there being a third source of rare earths being
transported in waters flowing under the surface layer. Rare earths in such
a source may be associated with transport by the Gulf Stream. Although no
samples have been analyzed from the Gulf Stream, data from Stordal and
Wasserburg [1983] for a sample from the loop current in the Gulf of Mexico
which feeds into the Gulf Stream has eNd(O) = —~10 and is consistent with
these observations. The lower sNd(O) values below 200 meters could simply
be the result of exchange with Nd in the deep waters. One source of REE in
the upper waters clearly must result from injections at the surface having
€ng(0) ® -9.5. These REE are most likely supplied by river runoff from

North and South America.
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Data for a third western basin location indicate that there are also
horizontal variations in the isotopic composition of Nd in this basin which
can be related to lateral transport phenomena. The aNd(O) versus depth
profile for TTO/TAS Station 63 (Figure 6.6) in the western equatorial
Atlantic differs from other western basin profiles discussed above in that
there is a gradient in the isotopic composition of Nd in the deep waters
instead of a uniform composition. The 143Nd/ll’l’Nd ratio increases from a
minimum of eNd(O) = —13.3 at ~ 2000 meters to a bottom water maximum of
ENH(O) = ~]11.8 at ~ 4800 .meters. From T-S considerations, the 2000 meter
sample is clearly representative of NADW as described above, and its Nd
isotopic composition is identical to that inferred for this water mass. The
gradual increase in €y,(0) with depth below this minimum must be due to the
injection of REE from another source region with a more radiogenic source of
Nd. The relatively high 5i0, content (Table A3) and relatively low
temperature and salinity of the bottom waters at this location indicate the
presence of a diluted component of AABW. These observations indicate that
the gradual increase in eNd(O) below 2000 meters is consistent with the
mixing of southward spreading NADW with northward spreading Antarctic Bottom
Water (AABW). 1In its purest form, AABW has eND(O) =~ -9 (see Chapters 3 and
4), but at this location it has presumably been diluted with Nd in NADW.
Above the deep water eNd(O) minimum, only one other sample from this profile
has been analyzed. This sample is from the core of Sub-Antarctic Inter—
mediate Water (SIW) which is defined by the salinity minimum (Fig. 6.5) and
nutrient maxima (Table A3) at ~ 800 meters. This sample has eNd(O) = ~11.9
and is significantly different from the underlying sample at ~2000 meters.
It is also very different from eNd(O) values for a similar depth at the more

northerly western basins discussed above indicating it represents a
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different source of REE. The Nd isotopic composition of this sample lies in
the direction of values which would be expected for waters of Antarctic
origin.

The Nd isotopic data for the western basin clearly establish that there
is significant lateral transport of the REE in this part of the Atlantic.
The results are compatible with a conventional water mass analysis for the
western basin of the North Atlantic in which NADW is spreading southward
from northern polar regions passing below northward spreading upper waters
which are being transported in the Gulf Stream system. Further south, NADW
begins to encounter and flow between northward spreading AABW and SIW. The
more gradual shifts in Nd isotopic composition between NADW and AABW at the
TTO/TAS sampling site indicates that the boundaries separating these water
masses are more diffuse than observed between NADW and upper waters at the
locations farther north. This may be related to differences in the relative
velocities at which water masses are flowing past one another, suggesting
that relative water mass flow rates in the equatorial region are slower and
thus allow for more extensive vertical exchange between water masses.

Nd isotopic data contrast sharply with the concentration data. The
concentration data exhibit the same approximate distribution pattern every-
where. The concentration gradient implies removal from the water column and
points to a nonconservative behavior for the REE. The isotopic distri-
bution, which appears to correlate reasonably well with the T-S relation-
ships, exhibits a conservative behavior. This clearly indicates that the
removal process does not significantly affect the isotopic distribution, but

as indicated in Chapter 5, the mechanism for this is not understood.
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6.3.2 REE Transport in Other Areas

The relationship between Nd isotopic distributions in the water column
and corresponding water mass characteristics demonstrated above for the
western basin of the North Atlantic can also be demonstrated for other
areas. One such area that has been studied is a region in the eastern North
Atlantic in the vicinity of the Mediterranean outflow. As discussed in
Chapter 1, the outflow ffom the Mediterranean has a profound influence on
the temperature and salinity characteristics of the Atlantic Ocean. The
most pronoun;ed feature is a salinity maximum near 1000 meters which in the
eastern basin reaches salinities as high as 36.5%/ oo, about 1.5%/00 higher
than corresponding depths in the western basin. The isotopic composition of
Nd was determined in this outflow in the eastern North Atlantic (A-II 109-1
Station 95) to determine the influence it may have on the isotopic
composition of Nd in Atlantic waters it flows into.

The results of Nd isotopic measurements made for this station are shown
as a function of water depth in Figure 6.7. As can be seen from this
figure, there is a clear shift in the isotbpic composition of about 2
e-units at 1000 meters towards more radiogenic values of eNd(O) relative to
waters above and below this level. This shift occurs within the salinity
maximum corresponding to the core of this outflow indicating that Nd was
transported from the Mediterranean Sea. Though Mediterranean water was not
analyzed, it is estimated that the eNd(O) value of undiluted Mediterranean
water is about —-6. This is somewhat surprising in view of the fact that 99%
of the Mediterranean water budget is derived from inflowing Atlantic water.
This finding indicates that there are substantial sources of REE in the
Mediterranean Sea which dominate the REE budget of this basin. These
problems, as well as a comparison between the isotopic composition of Nd in

eastern and western basin waters, are discussed in detail in Appendix 4.
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Figure 6.7. eNd(O) as a function of depth at A-IT 109-1, Station 95 in the
eastern North Atlantic near the Mediterranean outflow. Notice the
maximum in sNd(O) at 1000 m. This is interpreted as resulting from the
injection at this depth of Mediterranean water having €Nd(0) ® -6, As
shown for westernm North Atlantic sampling locations, the Nd isotopic
distribution observed here is consistent with water mass observations
made from T-S characteristics. The Sm and Nd concentrations corre—
sponding to these samples were shown in Figure 5.3. The error bars

represent the 20 errors on the isotopic measurements.
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Detailed water column profiles of eNd(O) have not been made in the
Pacific. Only one profile consisting of samples from three depths has been
measured. These results were discussed in Chapter 4 along with the Drake
Passage results. It was concluded that the the isotopic composition of Nd
in the bottom water from this location was representative of northward
spreading Antarctic Bottom Water. The other two samples from this profile
are associated with two separate water masses from the bottom water (upper
water and Pacific Deep Water). All three samples have distinctly different
isotopic compositions, but the lack of adequate vertical sampling density
prohibits a strict interpretation of these results in the framework of well
known water mass characteristics of this region. The data would appear to
be consistent, however, with transport processes similar to those

demonstrated for the Atlantic.

6.3.3 The Source of Nd in NADW.

The source of relatively non-radiogenic Nd in the deep waters of the
North Atlantic remains to be determined. The data discussed above indicates
that the REE are transported over large distances within the NADW mass while
still maintaining the isotopic characteristics of the source suppling the
REE to this water mass. It seems likely, therefore, that isotopic
characteristics of the REE should be imparted at the source of this water
mass. As discussed in Chapter 1, the major sources of the North Atlantic
deep water complex are from overflows from Arctic seas. These seas receive
extensive fresh water drainage from Precambrian terranes of North America
and Asia. Based on data for composite samples from the Canadian Shield
[McCulloch and Wasserburg, 1978], runoff from Archean terranes would be

expected to have eNd(O) < -25. 1If fresh water injections from North America
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and Asia into the Arctic are characterized by such low values of eNd(O),
then this component should be easily identified in Arctic Ocean waters.

In order to test the possibility of a northerly source of REE in NADW,
samples were collected from water masses in the Irminger, Greenland and
Norwegian Seas which are believed to represent the major components of
NADW. The results of Nd isotopic analyses made on these waters are given in
Table A2 and on Figure 3.1. The data exhibit a wide range in ey4(0) from
-7.7 to -14.1. Most of these samples yielded €Nd(0) values which are
clearly too radiogenic (eNd(O) > =11) to be the source of the Nd in NADW.
The present data base is limited, however, and as a result the data are not
easily understood. Of all these samples, only one representative of
Labrador Sea water (€Nd(0) = =14,1) appears to have an isotopic composition
similar to NADW. Labrador Sea water is estimated to account for a maximum
of only 307 of the budget for NADW (J.W. Swift, personal communication).
From mass balance considerations, a more negative eNd(O) value than -l4.1 is
clearly necessary for the undiluted Labrador Sea component if it is a major
source of the non-radiogenic Nd in NADW. A recent expedition to the
Labrador Sea and Baffin Bay was made to collect more water samples to study
this possibility further. Results from this expedition are forthcoming and

should provide further insight to this problem.

6.4. Conclusions

Nd isotopic measurements for vertical profiles of the water column at
several localities in the North Atlantic demonstrate that the REE are under-
going extensive lateral transport from several different sources. In con-

trast to the nonconservative behavior of Nd, eNd(O) appears to be conserved
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within a water mass, correlating well with temperature and salinity distri-
butions in the water column. In the western basin, the distribution of Nd
isotopes in the water column is shown to be consistent with the general
circulation of water masses in the Atlantic. One source of rare earth
elements is associated with NADW and is found to have an average ey4(0) =
-13.5. Deep water with this isotopic signature is found at all western
basin locations sampled. However, in the equatorial North Atlantic, water
of this composition is underlain by waters having a more radiogenic source
of REE. The bottom water at this equatorial region is concluded to be
diluted AABW based on temperature, salinity, and nutrient data. The
observed €Nd(0) = -11.8 is fully consistent with this bottom water being a
mixture of southward flowing NADW and northward flowing AABW (eAABW 2 -9)
and provides the first direct evidence of lateral transport of rare earths
in the deep ocean below 1000 meters. Waters in the upper 1000 meters of the
water column in the western North Atlantic have a third source of REE which
are presumably being transported northward within the Gulf Stream system and
which may reflect major injections of REE in runoff from the Mississippi and
Amazon drainage systems.

Nd isotopic results presented here from the eastern basin of the North
Atlantic have established that the outflow of Mediterranean water into the
Atlantic is characterized by a shift in isotopic composition relative to
inflowing Atlantic waters corresponding to eNd(O) 2 -9.8 for Mediterranean
waters. This outflow is seen as a shift toward more radiogenic values of
1L*3Nd/1L’L‘Nc1 in the water column of the eastern North Atlantic at a water
depth of 1000 m relative to overlying and underlying waters which have
ENd(O) # —12. This shift of two € units coincides with the core of the

Mediterranean outflow as identified from salinity measurements. The
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isotopic composition of Mediterranean water is estimated to be €,;(0) ~ -6.
The source of Nd with this isotopic composition may be runoff from a
relatively young continental terrane or injection of Nd from deep-sea
sediments having significant young volcanogenic components. The total flux
of Nd from this outflow to the Atlantic is about 107% of that estimated for
rivers and may in part account for differences in the isotopic compositions
of the deep waters of the eastern and western basins.

The bulk of waters in the North Atlantic are characterized by lower
values of €Nd(0) (-11.5 to -14.0) indicating that there must be a major
source of REE injections which has not been identified. It is expected
that the isotopic signatures associated with deep waters should be imparted
at the sources of the deep water masses. An attempt was made to investigate
the role of overflows from the Norwegian, Greenland, and Labrador Seas in
providing the source of REE in the deep waters of the North Atlantic. It is
into these northern seas that most of the fresh water runoff from
Precambrian shields of Asia and North America drain. The data indicate that
only the overflow from the Labrador Sea has an isotopic composition which is
compatible as a source of REE in NADW. The sampling of these oﬁerflows
appears to be inadequate, however, to draw any firm conclusions from the

data set at the present time.
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Chapter 7: A Strontium and Neodymium Isotopic Study of Hot Springs on the
East Pacific Rise at 21° North and Guaymas Basin, Gulf of

California

7.1. Introduction

The presence of metal rich sediments on the flanks of the East Pacific
Rise led to the suggestion that submarine hydrothermal activity could be the
principle source of metals in these deposits [Bostrom and Peterson, 1966;
Bonatti and Joensuu, 1966]. Hydrothermal input of manganese was suggested
to account for the high accumulation of manganese in surficial sediments
[Lyle, 1976]. The hydrothermal flux of Mn was estimated to be about three
times higher than the continental flux. The discovery of submarine thermal
springs on the Galdpagos Rift [Corliss et al., 1979] and later on the East
Pacific Rise [Rise Project Group, 1980] led to the direct confirmation of
these theories [Edmond et al., 1979al]. Ridge—crest hydrothermal systems
have since been shown to be the major sink for magnesium and sulphate and a
major source for lithium, rubidium and manganese in the oceans [Edmond et
al., 1982] as well as a substantial source of other elements.

It was shown in Chapter 3 that the oceanic budget of the rare earth
elements (REE) is dominated by continental sources having sNd(O) < 0, but
they suggested that the Nd isotopic differences between the Atlantic and
Pacific Oceans may be due in part to a submarine hydrothermal source of REE
(REE) having radiogenic Nd. The Pacific Ocean has an average Nd isotopic
composition corresponding to sNd(O) # =3 compared to an-Atlantic value of
eNd(O) # =12, A study of Nd in the suspended loads of rivers [Goldstein and

0'Nions, 1982] suggests that continental drainage to the Pacific may be
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characterized by similar Nd isotopic compositions as supplied to the
Atlantic from continental sources. Mid-ocean ridge basalts (MORB), however,
are characterized by positive values of eNd(O) (~ +10 to +13 {[Richard et
al., 1976; DePaolo and Wasserburg, 1976a; O'Nions et al., 1977]. The
presence of active hydrothermal systems along mid-ocean ridge crests in the
Pacific may, therefore, be a major source of the more radiogenic Nd observed
in Pacific waters.

In this study, solutions collected from hot springs from the East
Pacific Rise at 21°N and from Guaymas Basin, Gulf of California have been
analyzed for Nd and Sr isotopic composition and Sm, Nd, and Sr
concentrations. The samples from the East Pacific Rise represent fluids
emanating at the crest of a sediment starved ridge, whereas the samples from
Guaymas Basin have ascended through several hundred meters of sediment
before emanating on the sea floor. The data have important implications for
the geochemical cycles of Sr and the REE in ridge crest hydrothermal
systems. These analyses represent the first measurements of Nd isotopes in

submarine hydrothermal solutions.
7.2. Sampling and analytical methods

Hydrothermal solutions from 21°N on the East Pacific Rise and Guaymas
Basin, Gulf of California were collected from the DSRV Alvin by J. Edmond
using specially designed titanium samplers. The inlet port of the sampler
was positioned in clear water inside the top of the vents as the samples
were being drawn. Samples of various dilution resulted from the entrainment
of ambient seawater during the sampling procedure. The fluids‘were

acidified to pH ~ 2 with 6N HCl immediately after recovery and filtered
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through 0.45um filters in the laboratory at the Massacheusetts Institute of
Technology (MIT). Sr, Nd and Sm were determined by techniques described in
Appendix 1. Mg concentrations were determined by flameless atomic
absorption at MIT by K. Von Damm and B. Grant.

In addition, one sample of a fresh basaltic glass was collected from an
outcrop of pillow basalts at 21°N using the mechanical arm of the Alvin.
This sample was analyzed under the assumption that its Sr and Nd isotopic
compositions would be representative of the bulk composition of the oceanic
crust at this location. . The sample was hand picked under a microscope in an
effort to obtain clean, unaltered fragments of the glass which were then
crushed to a fine powder using a polished stainless steel mortar and
pestle. The sample was dissolved and the Sr, Sm, and Nd were separated

using procedures described by DePaolo and Wasserburg [1976a]

7.3. Results

7.3.1 21° North

Mg, Sr, Nd and Sm results from the hydrothermal solutions and one
basalt glass sample from 21°N are listed in Table 7.1. The Mg content of
the purest hydrothermal end-member samples is quite uniform, averaging about
2umol/g. The index of "hydrothermal purity” is based on the Mg content of
the solutions. The Mg present in the samples is due to the addition of
"fresh" seawater, generally as a result of sampling artifacts. A pure
hydrothermal solution has CMg = Oumol/g compared with pure seawater which
has CMg = 52,7umol/g [Edmond et al., 1982]. The percent hydrothermal given

in Table 7.1 for the solutions analyzed in this study assumes an ideal
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linear mixing relationship for Mg (no Mg removal) between seawater and pure
hydrothermal end-members upon injection of the hydrothermal plume into the
overlying water column. ¥From this, it is observed that the purest solutions
analyzed in this study contain about four percent seawater.

The Nd content in the hydrothermal end-member samples is found to be
quite variable, ranging from 20 to 659 pg/g. These are significantly higher
than deep ocean water concentrations of 3 to 4 pg/g [Piepgras and
Wasserburg, 1980, 1982, 1983; Elderfield and Greaves, 1982; DeBaar et al.,
1983; Klinkhammer et al., 1983]. The Nd concentration data are plotted
versus Mg content in Figure 7.1. With the exception of #1155-18, samples
collected from the hydrothermal vent at the NGS site have Nd concentrations
which exhibit a fairly linear array between the hydrothermal end-member and
local ambient seawater when plotted against the magnesium concentration.

The Sm content, where measured, is also variable and me/Nd values are
negative (-0.393 to -0.477), indicating that the solutions are light rare
earth enriched. The sample of basalt glass has a positive me/Nd value
(+0.170) typical of light rare earth depleted mid-ocean ridge basalts.

The Nd isotopic compositions of the hydrothermal solutions are also
variable. These data are shown in Figure 7.2 as a function of Mg concen-
tration. TIn the purest hydrothermal end-member samples, SNd(O) is found to
range from -10.8 to +7.9. Two of these end-member samples, 1155-14
(eNd(O) = +2.6; Cyq = 336pg/g) and 1155-18 (eNd(O) = -10.8; Cpy = 659pg/g),
are from the same vent at the NGS site but were collected in different
sampling devices. The large disparity in isotopic composition and Sm and Nd
concentrations between 1155-18 and other samples from the same vent
indicates that it may have been contaminated during collection and/or

subsequent handling. Two other samples, 1151~14 and 1154-6, were collected
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Figure 7.1. Nd concentrations as a function of Mg concentrations in hydro-

thermal solutions from 21°N, East Pacific Rise and Guaymas Basin, Gulf
of California. The concentration of Nd for hydrothermal solutions is
observed to be variable and enriched over seawater concentrations by
factors of 5 to 300. The solid line represents a linear regression of
the concentration data for NGS (excluding 1155-18). The good fit to a
straight mixing line of hydrothermal water from this vent with ambient
seawater (as represented by 1159-9) indicates that mixtures of these
solutions with seawater follow the mixing model described by Equation
7.1. The high concentration observed for 1155-18 is believed to be
related to contamination of this sample as discussed in the text. The
large differences between vents may be related to subsurface precipi-

tation of the REE or to differences in the plumbing of individual vents.



140

€86/ bunqiassom puo soibdaig

T°/ @2an81g

(6/1owl) BNy
09 05 05 o - o_ 0
i h-6bh # e
6-6G11# . \.
! G-UI# o
| 13/0MD3S 80" oo
Haqlly N 9-8GH #

D

=
{0z 3¢
o
OH 1,
L- 091l #® =
=

+oos

SON
vi-GGll #

1 1 i \_
00t
SoN ¥
 BIGoH#
b/b,, 01 x 659 0}



141

Figure 7.2. eNd(O) as a function of Mg concentration in hydrothermal
solutions from 21°N and Guaymas Basin. This figure illustrates the wide
spread in eNd(O) for the purest hydrothermal solutions at 21° N. eNd(O)
for mid-ocean ridge basalt is also shown. It is observed that all of the
solutions have isotopic compositions which are significantly less radio-
genic than MORB in spite of Nd concentrations of up to 100 times sea-
water as shown in Figure 7.1. Some of this spread may be due to contam-—
ination as indicated by the large difference in sNd(O) (14 e—units) for
two samples from NGS (1155~14 and 1155-18) having similar Mg confent and
the genefally poor fit to an ideal mixing curve for NGS samples with
ambient seawater (calculated to fit through 1151-14 using Equations 7.1
and 7.2 as described in the text). 1155-18 appears to have been sub-
stantially contaminated with continental-like Nd. As discussed in the
text, however, not all of the spread in eNd(O) is believed to result
from contamination. The low value of €Nd(0) observed for the Guaymas
Basin sample is consistent with the fluid exchanging Nd with an old

continental component in the sediments through which the solutions rise.
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from the veﬁt at the NGS site but at much greater dilution. Though these
samples lie on a dilution line for concentration, they deviate significantly
from an ideal mixing curve between the seawater and hydrothermal end-members
as shown in Figure 7.2. A discussion of the mixing equations for chemical
and isotopic species used here is presented in section 7.3.3. One hydro-
thermal end—membe} sample from the southwest (SW) site (1149-11) has
sNd(O) = -3.6 which is similar to the average Pacific seawater value of
about -3. The sample of basalt glass from 21°N has eNd(O) = 49,7, which is
at the low end of the range of €y (0) values for mid-ocean ridge basalts
[0'Nions et al., 1977].

Sr concentrations in the hydrothermal solutions from 21°N vary only
slightly from 5.8 ppm to to 8.7 ppm and are close to ambient seawater con-
centrations which average about 7.6 ppm [Brass and Turekian, 1972]. Figure
7.3 is a plot of Sr versus Mg concentration data for these samples. Concen-—
tration data from the NGS and OBS sites for several samples at different
dilutions are observed to lie closely along dilution lines for seawater and
the respective hydrothermal end-members (Some precipitation may be indicated
for the NGS samples, because the sample of intermediate Mg content, 1154-6,
has a lower CSr than would be predicted by the endmember concentrations).
The 875r/8®Sr ratios in the purest hydrothermal end-members are fairly

constant at €g, = -13.4 to -17.7 and are shown on an €g. VS. CMg diagram in

r
Figure 7.4, Samples from the same vent at NGS, but at different dilutions,
lie fairly close to a calculated dilution curve fit through 1155-14 and

ambient seawater. The mixing curve through these points shows that the pure

hydrothermal end-member (CMg = () at the NGS site has Egp ® -18. This is din

close agreement with previous observations by Albarede et al. [1981] for
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Figure 7.3. The concentration of Sr as a function of Mg concentration in

hydrothermal solutions from 21°N and Guaymas Basin. For solutions from
21°N, the concentrations are all very close to the ambient seawater
concentration represented by 1159-9. Samples for NGS and OBS fit fairly
close to straight mixing lines between the seawater and hydrothermal
end-members, but some precipitation may be indicated for the inter-
mediate Mg content sample from NGS (1154-6) which has a lower CSr than
would be predicted from the mixing model of Eq. 7.1. The Guaymas Basin
sample has Cg, about a factor of 2 higher than seawater which may be due
to the dissolution of CaCO5 or other sources of Sr in the sediments

through which this solution ascended.
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Figure 7.4. Esr(O) as a function of Mg concentration in hydrothermal
solutions from 21°N and Guaymas Basin. Note the tight clustering near
€g.(0) » ~16 for samples from 21°N having CMg = 2umol/g. The data for
NGS are observed to fit very well to the calculated mixing curve shown
(calculated to fit through 1155-14 and 1155-9 according to the same
procedure as .indicated in Figure 7.2) and indicate that the pure
hydrothermal end-member has eSr(O) = -18., The data indicate that the
fluids at 21°N are fairly homogeneous with respect to Sr isotopic
composition, but the pure hydrothermal end-members of all of these
solutions have Sr which is significantly more radiogenic than the value
of MORB shown in the lower left corner of this figure. This may be due
to the presence of a small amount of seawater Sr retained by the
solution during circulation through the oceanic crust. The single
sample from Guaymas Basin has a considerably more radiogenic value of
eSr(O) than 21°N samples in spite of having a similar Mg concentration.
This result is consistent with the solution from Guaymas Basin reacting
with sediments having €Sr(0) which is more radiogenic than the oceanic

crust.,
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21°N solutions. Although there is a significant difference in the €gr
values for 1155-14 and 1155-18, the discrepancy is small as compared to the
difference in eNd(O) and Cy4 values for these two samples. The basalt glass

sample has eSr(O) = -31.8 and Cg,. = 99ppm, typical values for mid-ocean

ridge basalts.,

7.3.2. Guaymas Basin

Results of Mg, Sr, Nd and Sm measurements of a single sample from
Guaymas Basin (1177-5) are listed in Table 7.1. The Mg concentration is
2.82umol/g, similar to values from the 21°N vent fields. The Nd concen-
tration in this sample is 30.1 pg/g, about 10 times seawater. This value is
at the low end of the range observed at 21°N. The isotopic composition of
Nd in this sample corresponds to eNd(O) = =11.4, and is considerably lower
than most €y,(0) values observed at 21°N.

The Sr concentration in 1177-5 is 19.3 ppm, which is more than twice
the ambient seawater Sr concentration and concentrations observed in 21°N
hydrothermal solutions. eSr(O) = +11 in this sample and is much more radio-

genic than samples of similar Mg concentration from 21°N.

7.3.3 Composition of seawater and hydrothermal end-members

Due to sampling artifacts, there is always some seawater present in the
purest hydrothermal solutions collected. It is desirable to correct for the
small addition of seawater to determine the composition.of the pure
hydrothermal end-member. The equation governing the concentration, C, of

any species, i, in a mixture, M, of seawater, S, and hydrothermal water, H,
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is given by:

CMi = X CHi + (1 - X) CSi (7.1)
where X represents the weight fraction of the hydrothermal end-member in the
mixture. This equation is linear for all chemical species if they are
conserved during mixing (ie. no removal due to precipitation). Thus, the
concentration of any species in the pure hydrothermal solution can be
determined from its concentration in the diluted solutions and ambient
seawater by a linear regression analysis of the concentration of the
selected species versus Mg content extrapolated to CMg = QOumol/g.

The general equation for the isotopic composition of either Sr or Nd in

such a mixture is non-linear and has the form:

. XCHi €y T (1 -3X) Coi €g4

3 - + —
Mi X cHi (1 - X) CSi

€ (7.2)

1f CHi ~ CSi then Emi reduces to a linear function of €hi and €gie In
calculating hydrothermal end-member compositions from the diluted samples
from 21°N, it will be assumed that ambient Pacific seawater from this
location has €yg = -3, Cyq = 3pg/g, €gp = +65, and Cg,. = 7.6 ppm.

7.4 Discussion

7.4.1 Strontium data

21°N, EPR. There are several aspects to the Sr data for 21°N hydro-

thermal solutions which have important implications for the chemical cycle
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of Sr in mid-ocean ridge hydrothermal systems. When the measured 87g5r/86sr
ratios are corrected for the small amount of seawater addition during
sampling using the relationships presented above, the average 875r/86gr
ratio in the pure hydrothermal fluids corresponds to £4,.(0) = -18 % 2 which
is very close to the value of €g (0) ~ -20 determined previously by Albarede
et al., [1981] for 21°N solutions. This is an important result because it
shows that the Sr isotopic values determined for the pure hydrothermal
fluids at 21°N are significantly more radiogenic than Sr in the local
oceanic crus;al reservoir (eSr(O) = ~3].8) as represented by the Sr in the
glassy rim of a pillow basalt from the vent area. This difference must be
due to the contribution of seawater Sr in the hydrothermal fluids. It is
unlikely that late stage addition of "fresh” seawater could account for the
elevated esr(O) values observed. The lack of Mg in the solutions indicates
that they have extensively reacted with the oceanic crust before being
sampled. The high exit temperatures (~350°C) at 21°N are consistent with
theoretical calculations for the adiabatic ascent of fluids above a magma
chamber [Bischoff, 1980] which suggests that there could be very little
cooling of the ascending fluid due to entrainment of waters which are at
lower temperatures. This would indicate that a memory of the original
seawater Sr is preserved in the fluids during the passage of seawater
through the oceanic crust.

The concentration of Sr in the hydrothermal solutions is very close to
that of seawater. As a result, the net flux of Sr into or out of the
oceanic crustal reservoir affected by the hydrothermal circulation system
must be small. From consideration of the isotopic data, about 85% of the Sr
in the vent waters must be of oceanic crust origin which requires extensive

exchange of Sr between the fluid and oceanic crust. This exchange most
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likely results in the substantial leaching of strontium from oceanic crustal
rocks into the circulating fluids. 1If there were substantial leaching of Sr
in the hydrothermal reservoir, large Sr excesses would be expected in the
solutions emanating from the rise crest relative to seawater. However,
results from studies of experimental [Menzies and Seyfried, 1979a] and
natural [Humphris and Thompson, 1978a,b] systems indicate that while Sr is
extensively leached from silicate fractions during hydrothermal metamorphism
of oceanic basalts, this leached Sr ends up in calcium bearing alteration
products such as anhydrite and epidote. The observed similarity in Sr
concentration between the hydrothermal solutions and seawater indicate that
there is probably extensive subsurface removal of Sr. Anhydrite is a
commonly observed mineral in the chimneys associated with the hydrothermal
vents [Rise Project Group, 1980; Haymon and Kastner, 1981], and while sulfur
isotopic data indicate that the sulphate precipitated from seawater [Styrt
et al., 1981], Sr isotopic data show substantial contributions of mantle
derived Sr in this mineral [Albarede et al., 1981]. However, anhydrite
occurrence within dredged oceanic basalts is unknown [Menzies and Seyfried,
1979a). Epidote has been suggested as the dominant Sr bearing phase in
altered basalts [Humphris and Thompson, 1978a,b]. Epidote has also been
reported to be an abundant constituent in sediments from a hydrothermally
altered unit of DSDP Hole 477 in the Guaymas Basin. The observed similarity
in the Sr concentrations between seawater and hydrothermal solutions may
only be coincidental. Michard et al. [1982] reported Sr enrichments of a
factor of two over seawater concentrations for solutions collected from vent
fields at 13°N on the East Pacific Rise, indicating that the extent of
subsurface removal is indeed variable and may be tied to the formation of

alteration products.
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It is also important to note that the Sr isotopic compositions deter-
mined for the hydrothermal end-member solutions are relatively uniform. It
would appear from this that the 21°N vent field is sampling a relatively
homogeneous fluid with respect to Sr isotopic composition. This strongly
suggests that the chemical interactions affecting the exchange of Sr between
seawater and oceanic crust locally reach an effective equilibrium. It does
not appear that the same equilibrium is achieved at all locations along a
ridge crest. The 875r/8%5r ratios in the hydrothermal end-member solutions
at 13°N on the East Pacific Rise correspond to sSr(O) =~ -5 [Michard et al.,
1982]. The more radiogenic 87Sr/86sr values at 13°N were interpreted by
these authors to infer higher water/rock ratios at this site (W/R = 5) rela-
tive to 21°N samples (W/R = 1.5), although the possibility of mixing of the
hydrothermal end-member with “"evolved"” ground water was suggested as well.

Water/rock ratios for the hydrothermal solutions are determined from
mass balance considerations for the water-rock system. For the mixing of Sr
or Nd between seawater and oceanic crust, the equation for mass balance

between the initial (i) and final (f) products is given by:

i i f £
+ re = We + re . 7.3
WE water rock water rock ( )

Here, w and r are the atomic proportions of Sr or Nd in the water and rock

systems respectively, and the €'s refer to the isotopic compositions of Sr

and Nd in the initial and final water-rock systems. For equilibrium

f f

_ £ . .
water = Srock? where €rock 1S the average € value of the oceanic

exchange, €

crust seen by the fluid. Substituting this expression into Eq. (7.3), the
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water/rock mass ratio for the fluid phase is given by:

c (et - )
W rock' water rock (7.4)
R (A i £ £ :
(c € - £ )
water water water water

where the C's refer to the concentration of either Sr or Nd in the water and
rock. In this expression, it is assumed that the initial and final concen-
trations of Sr or Nd in the oceanic crust are identical and that the mass of
water, W, and oceanic crust, R, are not significantly altered during the
hydrothermal event. From the Sr data in Table 7.1, and assuming that the
initial fluid has a seawater isotopic composition (sSr(O) = +65), the
water/rock ratios determined for solutions from 21°N are about 1.5 to 2 as
was determined previously by Albarede et al. [1981]. If equilibrium

exchange between the circulating fluid and the oceanic crust does not occur,

f

f . .
water # €rock and the actual water/rock ratio will be less than the

then €
equilibrium water/rock ratio. Thus, the water/rock ratios determined for
hydrothermal solutions may only represent upper limits. Nonequilibrium
exchange processes could, in principal, account for the more radiogenic
879r/865r ratios observed by Michard et al. [1982] in the 13°N solutions

relative to those from 21°N and, consequently, the higher water/rock ratios

determined from their Sr data for 13°N.

Guaymas Basin. The isotopic composition of Sr in one hydrothermal

solution analyzed from Guaymas Basin is markedly different from solutions at
21°N. The istopic composition of Sr in sample 1177-5 from this area corre-
sponds to Egr (0) = +11. Corrected to CMg = Oumol/g, the isotopic
composition of Sr in the pure hydrothermal solution corresponds to

€g,(0) = +10. The low Mg content of the sample analyzed precludes the
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addition ofvfresh seawater to the ascending solution to account for its
relatively high 875r/8%gr ratio. More likely, the ascending solutions have
leached Sr from the carbonate and possibly other fractions of the
sedimentary pile the solutions must rise through. This would be consistent
with the high Sr concentration in the sample (19.3 ppm) and the high partial
pressure of CO, in the solutions of about 20 atmospheres [J. Edmond,
personal communication]. Calcareous nanofossils constitute up to 25% of the
sediment in Guaymas Basin [Curray et al., 1982] which is sufficient to be a
major source of Sr in the solutions. It could also account for the high
COZ’ but no correlation is observed between the Ca and C02 contents of the
sediment pore fluids leading Curray et al. [1982] to suggest that the co,
may be a result of biogenic respiration. The high 875r/863r ratios may also
reflect, in part, the reaction of the hydrothermal fluid with an old
continental component in the sediment layer.

It is not possible to determine the isotopic composition of Sr in the
solution prior to its injection into the sedimentary column from the oceanic
crust. The solution would appear to have interacted with the oceanic crust
as evidenced by the high exit temperatures of the solutions (~300) and
relatively low 875r/868r ratio as compared to seawater. It may be
reasonable to assume that the ascending solution originally had a Sr
isotopic composition similar to solutions emanating from vents along the
East Pacific Rise and was subsequently modified during its rise through the
sediment column. Furthermore, it is not clear what the initial composition
of the fluid was before entering the hydrothermal system. If the initial
fluid was derived from seawater in the Gulf of California, its composition
could easily have been altered significantly by exchange with Sr in the

sedimentary cover through which it would have to descend before reaching the
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oceanic cruét. Because of the uncertainties concerning the origin of the
fluid and its history before circulating through the oceanic crust, it is
impossible to determine the extent of exchange between the fluid and the

sediments through which it rose from the Sr isotopic data reported here.

7.4.2 Neodymium data

21°N, EPR. 1In contrast to the relatively uniform distribution of Sr in
the hydrothermal effluents at 21°N, both the isotopic composition and
concentration of Nd in the same solutions exhibit substantial variations
from one vent to another indicating a remarkably different chemical cycle
for the REE in submarine hydrothermal systems from that of Sr. The Nd
isotopic data for many of the samples clearly show substantial contributions
of Nd from depleted oceanic crust as indicated by their positive eNd(O)
values. However, none of the samples analyzed have isotopic compositions
which are equal to MORB (eNd(O) = +9,7 at this location) in spite of
enrichments in Nd concentrations in the solutions of up to 100 times
seawater concentrations. If it is assumed that the original source of the
hydrothermal fluid is seawater and that any enrichment in the observed REE
concentrations over their seawater values comes from the leaching of the
oceanic crust, then all of the samples analyzed in this study should have Nd
isotopic compositions which are close to or identical to MORB. The fact
that all samples have end(0) values which are significantly less than MORB
for their corresponding Nd concentration levels strongly indicates that the
fluids have seen a reservoir of Nd in addition to the oceanic crust which
has enriched the solution with Nd having sNd(O) < MORB. Evidence for this

comes from one sample (1149-11) which has a Nd concentration about six times
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seawater and SNd(O) within the range of average Pacific seawater indicating
that the fluid may not have exchanged any Nd with the oceanic crust. The
elevated Nd concentration of 1149-11 must have resulted, at least in part,
from seawater exchanging with Nd in a reservoir other than the oceanic crust
with sNd(O) < Pacific seawater. There is no direct evidence to identify
this reservoir, but a likely candidate is deep—sea sediments from the flanks
of the East Pacific Rise. Nd isotopic analyses of metalliferous sediments
from the East Pacific Rise indicate that these sediments have eNd(O) = -2 to
-4 [0'Nions et al., 1978; Piepgras et al., 1979] which is in the range of
Pacific seawater and compatible with the result for 1149-11. There are some
irregularities in the Nd isotopic data which suggest that the isotopic
variations may in part be the result of contamination either during the
collection or subsequent handling of the samples. Evidence for
contamination is indicated from the results of samples from the NGS site. A
total of four samples from this site were analyzed for Nd and Sr isotopic
composition (see Table 7.1). Two samples (1155-14 and 1155-18) represent
the hydrothermal end-member while the other two (1151~14 and 1154-6) have
been diluted with up to 557 ambient seawater during collection. Initially,
three of the samples (1155-14, 1151-14, and 1154-%) were found to lie on a
dilution line for concentration with local ambient seawater as shown in
Figure 7.1, but they did not lie on a mixing curve for their Nd isotopic
composition (Fig. 7.2). At the exit concentrations of Nd inferred for this
vent from these three samples (~350pg/g), the the isotopic composition of Nd
resulting from mixing with ambient seawater should not exhibit an
appreciable shift from the exit composition until dilutions of greater than
95% are reached. While the two diluted samples have eNd(O) within 20 of

each other, the hydrothermal end-member (1155~14) is significantly less
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radiogenic thanvthese samples at greater dilution, suggesting that one or
more of the samples have been contaminated at some point during or
subsequent to sampling. 1In an effort to investigate this problem more
thoroughly, another hydrothermal end-member sample (1155-18) was analyzed
which was collected in a different sampling device from the one used to
collect 1155-14. This sample was found to have Cyy = 659pg/g and €na(0) =
-10.8 which are so radically different from concentrations and isotopic
compositions in other samples from this vent that they must clearly be a
result of contamination. Furthermore, the contaminant appears to have
continental-like Nd as indicated by the shift towards a low €Nd(0) value.
The the isotopic composition of Nd in 1155-14 would be consistent with the
introduction of a small amount of a similar contaminant. Replicate analyses
of separate aliquots of three samples were made during this study (1155-14,
1155-18, and 1158-6) and gave reproducible results within analytical
uncertainties, indicating the source of the suspected contamination was not
from this laboratory. The only samples exhibiting evidence of contamination
are the hydrothermal end-members suggesting the contamination may result
during the sampling of the high temperature (~350°C) fluids. Except for a
very small difference between eSr(O) in 1155-14 and 1155-18, none of the
samples analyzed exhibited irregularities for Sr or Mg. It is important to
note that the small difference observed for Sr between these two samples
cannot be explained by addition of continental-like Sr to 1155-18 as in the
case of Nd. Lead isotope data for these samples also show no irregularity
[Chen et al., 1983] indicating that the contamination problem is restricted
to the REE.

While some of the Nd isotopic variation in the 21°N hydrothermal vents

can be explained in terms of contamination, it does not appear that it can
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explain allyof the variations. If contamination was responsible for the
observed Nd concentration and isotopic variation, a correlation between
concentration and isotopic composition might be expected. The concentration
of Nd is plotted as a function of the isotopic composition in Figure 7.5.
Inspection of this figure reveals no apparent correlation between the two
quantities. Low concentration samples show both high and low isotopic
compositions as do high concentration samples. Furthermore, the generally
good fit of the NGS Nd concentration data (excluding 1155-~18) to a straight
mixing line with seawater cannot be reasonably explained by contamination.
If it is assumed that the excess Nd in 1155~18 over that in 1155-14 is due
to contamination and that eNd(O) in the hydrothermal end-member is ~ +4,
then it can be shown that the contaminant must have eNd(O) ~ -25. It would
only require about 3% of this contaminant in the total of Nd in 1155-14 to
lower its isotopic composition by one e~unit to +3. Subtraction of three
percent of the Nd from 1155-14 has a negligible impact on the fit of the
concentration data to a straight line. On the basis of this analysis, it is
concluded that most of the observed variations reflect geochemical processes
related to the hydrothermal circulation system.

The Sm and Nd concentrations determined for hydrothermal end-member
solutions from 21°N are a factor of 3 to 50 lower than values reported by
Michard et al. [1983] for samples from vents at two locations near 13°N.

Two vents at their northern site had similar Nd concentration values of
~1100pg/g. Samples from their southern site were diluted with about 50%
seawater but still had concentrations which varied from about 570 to
1000pg/g. They did not report any Nd isotopic data for . these samples so it
cannot be determine whether their high concentrations are related to

chemical differences in the hydrothermal system or if they may in part be a
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Figure 7.5.> ENd(O) as a function of Nd concentration in hydrothermal
solutions from 21°N and Guaymas Basin. If the iéotopic variations were
the result of contamination with a continental component of Nd, a
correlation between CNd and ENd(O) might be expected. No such
correlation is observed for these samples, indicating that at least to
some extent the isotopic variations are related to geochemical processes

in the hydrothermal systems which affect the REE distributions.
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result of contamination as suspected for some of the 21°N samples analyzed
in this study. The reasons for the extreme variability in exit concen-
trations from on vent to another are not known may be related to the
subsurface precipitation of alteration assemblages.

Although the concentrations measured by Michard et al. are much higher
for Sm and Nd than reported here, both systems (21°N and 13°N) show a
pronounced light rare earth enrichment indicating higher mobility for the
light rare earths during hydrothermal alteration. Overall however, Sm and
Nd and other REE in the oceanic crust do not appear to be very mobile. If
essentially all of the REE in the hydrothermal solutions were leached from
the oceanic crust at a water—rock ratio of about 2 as indicated from the Sr
data, then even the highest concentration of Nd in any of the 21°N solutions
analyzed in this study (336pg/g, excluding 1155-18) is still about 10" lower
in two grams of water than observed in one gram of the basalt glass indi-
cating that the maximum amount of Nd leached from the oceanic crust is neg-
ligible compared to the total available reservoir. The lack of significant
mobility of the REE during the hydrothermal event is in agreement with
laboratory studies on REE mobility in basalt glasses during high temperature
interaction with seawater [Menzies and Seyfried, 1979b]. The results of ten
different experiments by these workers at various temperatures (150-350°C)
and water/rock ratios (10-125) and at a pressure of 500 bars showed no evi-
dence of REE mobility in spite of the formation of alteration assemblages.

Guaymas Basin. One hydrothermal end-member sample from Guaymas basin

has been analyzed for Nd isotopic composition, and like Sr it is distinctly
different from its 21°N counterparts. The Nd concentration of 30pg/g in
this sample lies at the low end of the range observed in samples from

21°N. Its Nd isotopic composition corresponds to eNd(O) = —-11.4 which is
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considerably less radiogenic than samples from 21°N (with the exception of
1155-18 for which substantial contamination is suspected). This composition
is consistent with the hydrothermal fluid exchanging Nd with an old conti-
nental component in the sedimentary column through which the solutions rise
and shows no indication of exchange with the oceanic crust through which the
fluids circulated. Descriptions of nearby Deep Sea Drilling Project cores
(Holes 477, 478, and 481 [Curray et al., 1982]) indicate that the Yaqui
delta is the major source of sediment in Guaymas Basin. The Yaqui River
primarily drains a felsic Cenozoic volcanic terrane, although there is some
Precambrian basement and Paleozoic sediment within the drainage basin
[L. T. Silver, personal communication]. There are no Nd isotopic data
available for materials from this basin or for sediments within Guaymas
Basin to compare with the results of the hydrothermal fluid analysis.
Contamination may be a problem as in sample 1155-18 which has a similar
composition, but no other Nd isotopic data for Guaymas Basin are available
for comparison to determine if the sample may be contaminated, but the Sr
data above and Pb isotopic data of Chen et al. [1983] both demonstrate that
the fluid composition has been modified by interaction with sediments having
relatively radiogenic Pb and Sr which is consistent with the presence of an
older continental component in the sediments.

At the present time there is no way of determining whether or not Nd,
Pb, and Sr are leached from the same fractions of the sediment. Sr appears
to have been leached primarily from the carbonate fraction as discussed
above. Presumably the carbonate fraction could also supply the Nd. If it
is assumed that the Sr concentration of the solution at .the basalt-sediment
interface is the same as in springs at 21°N and that the carbonate fraction

of the sediments has ~1000ppm Sr then dissolution of about 1% of the
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carbonate ffaction could produce a Sr balance in reasonable agreement with
the observations in the fluid. Assuming a Nd concentration of lppb or
greater in the carbonate fraction [Shaw, 1983], this source could supply all
of the Nd as well. Since the Nd in carbonate is probably derived from
seawater as indicated by the work of Shaw [1983], an implication of this
result is that Nd in seawater in the Gulf of California may be characterized
by old continental sources of REE distinctly different from the adjacent
Pacific. This could be easily verified by the direct analysis of Nd in Gulf

of California seawater. .

7.4.3 General discussion of Nd and Sr data

The hydrothermal fluxes of Nd and Sr to the oceans can be estimated
from the concentration data reported here. It has been estimated, based on
heat transport considerations, that the entire volume of the oceans is
cycled through the oceanic crust every ten million years [Edmond et al.,
1982]. This would correspond to an annual hydrothermal fluid discharge of
~1.4 x 1017g (Michard et al. [1983] have estimated the hydrothermal fluid
discharge to be ~1016g/y). Assuming an average Nd concentration of
~3 x 10"10g/g and Sr concentration of 7.6ppm in the hydrothermal fluid this
would correspond to hydrothermal fluxes of ~4 x 107gNd/y and ~1 x 1012gSr/y
respectively. By comparison, the estimated fluxes from rivers for these
elements based on an annual discharge of 4.6 X lOlgg/y having an Nd concen-
tration of ~4 x 107 !lg/g [Martin and Maybeck, 1979} and .an Sr concentration
of 0.15ppm [Stordal and Wasserburg, 1983] is about 1.8 x 10%gNd/y and

6.9 x 1012gSr/y respectively. If it is assumed that all of the Nd and Sr in
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the river ahd hydrothermal discharges enters the ocean in solution, then it
can be seen from these estimates that the hydrothermal flux of Nd to the
oceans is small relative to the river flux (about 1/50th), whereas the
hydrothermal flux of Sr is about 157 of the river flux. However, most of
the hydrothermal flux probably enters the Pacific Ocean where mid-ocean
ridge spreading rates are highest, whereas most of the fresh water drainage
is into the Atlantic. Consequently, the hydrothermal flux of Nd in the
Pacific may be as high as 207 of the river flux and the Sr flux could
approach or possibly exceed the river Sr flux. This could account in part
for the more radiogenic Nd isotopic values observed in the Pacific relative
to other ocean basins, but additional inputs of radiogenic Nd would be
required for the Pacific if the hydrothermal flux estimates here are
correct. If the estimates for hydrothermal discharge of Michard et al.
[1983] were used then the Nd and Sr flux estimates would be about one order
of magnitude lower, further decreasing the significance of hydrothermal
inputs of these elements relative to that from continental drainages.

There is no apparent Nd isotopic anomaly in Pacific waters collected
from the crest of the Galapagos hydrothermal area [Piepgras et al., 1979],
but Klinkhammer et al. [1983] found evidence that the REE are scavenged more
intensely in bottom waters in the vicinity of hydrothermal vents suggesting
that hydrothermal REE are extensively removed from solution after injection
of the hydrothermal fluids into seawater. Some limits on the dispersal of
the hydrothermal Nd can be estimated from observational data. Velocities of
several meters per second (no numerical estimates were given) from vents up
to 30cm in diameter were reported by the Rise Project Group [1979]. Using a
value of 5m/s for the discharge, the annual flux of Nd from a single vent is

of the order of ~140g/y. Metalliferous sediments on the East Pacific Rise
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have ~15-20ppm Nd [Bender et al., 1971; Piepgras et al., 1979]. Assuming a
ridge crest sedimentation rate of ~1.5cm/1000y and a bulk dry sediment
density of ~0.7g/cc [Bender et al., 1971], then all of the hydrothermal Nd
could be deposited in an area of 6.7 x 10°m? corresponding to a radius of
about 460 meters from the vent. Nd isotopic analyses for these sediments
show the REE to be derived primarily from seawater [0'Nions et al., 1978;
Piepgras et al., 1979]. 1If only 10%Z of the Nd in metalliferous sediments is

of hydrothermal origin, then the dispersal radius increases to about 1.5km.

7.5 Conclusions

The isotopic composition and concentration of Nd and Sr have been
determined in a suite of samples at various dilutions for hydrothermal
solutions emanating from the crest of the East Pacific Rise at 21°N and from
for one sample from Guaymas Basin. At the 21°N site, the hydrothermal
fluids show substantial Nd concentration and isotopic variation between the
various vents which were sampled indicating that the fluids circulating in
the oceanic crust are very heterogeneous with respect to their REE content
and Nd isotopic composition. Nd concentrations range from 20 to 336 pg/g
and eNd(O) from -3.6 to +7.9 in the hydrothermal end-member solutions (one
sample has an anomalously high concentration of 659 pg/g and low eNd(O) =
-10.8 relative to other samples from the same vent and may be contaminated).
In spite of Nd enrichments of up to ~100 times seawater, none of the samples
at 21°N have isotopic compositions identical to mid-ocean ridge basalt.

This observation seems to require that the fluids have exchanged with

another reservoir besides the oceanic crust which has enriched them to
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varying degfees with continental-like REE. It is concluded that the most
likely source of this component is deep-sea sediments on the flanks of the
mid-ocean ridge. Sm and Nd concentration data indicate the the solutions
are light rare earth enriched in agreement with previous observations
[Michard et al., 1983] indicating that the light REE are more mobile than
heavy REE during the hydrothermal alteration of oceanic crust. Overall
however, the mobility of the REE is concluded to be very low.

In contrast to the variations in Nd at 21°N, Sr is found to have
relatively uniform 8Sr(0) = —18 in the hydrothermal end-members in agreement
with previously published results for fluids from this site [Albarede et
al., 1981], and the concentrations vary only slightly from 5.82 to 8.70 ppm
which is close to seawater Sr concentrations. Like Nd, the 87Sr/SGSr values

-in these fluids are not the same as MORB, but if it is assumed that the Sr
in the fluid is in equilibrium with the oceanic crust, then the water/rock
mass ratio must be less than two as reported previously by Albarede et al.,
[1981]. Because of the extensive modification to the isotopic composition
of the fluids (presumed to have originally been characterized by seawater
compositions) by interaction with the oceanic crust, the similarity in the
Sr concentrations of the hydrothermal fluids at 21°N to seawater indicates
that the Sr concentration in the hydrothermal reservoir is being buffered by
subsurface precipitation into alteration assemblages.

At the Guaymas Basin site the solutions rise through several hundred
meters of sediment before reaching the seawater interface. Both the Nd and
Sr properties of the fluid show evidence of being dominated by the inter-—
action between the hydrothermal fluid and the sediment.. The isotopic
composition of Nd is very low (eNd(O) = ~11.4) indicating a substantial

contribution from old continentally derived REE in the sediment. The Sr
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isotopic composition (€Sr(0) = +11.0) and concentration (19.3ppm) are much
higher than at 21°N and suggest that the hot fluids have exchanged Sr with
the carbonate fraction of the sediments during the ascent of the fluids
through the sediment column.

There is some evidence that the REE in these fluids have been affected
by contamination which may account for some of the variations observed. The
major indication of this comes from the failure of NGS samples at different
dilutions to fall on a mixing curve with ambient seawater. With the
exception ofvone sample (1155-18), however, the deviations from the mixing
curve for NGS samples is small and would not account for the lack of
equilibration with basalt Nd isotopic values. Thus the major conclusions
regarding the Nd isotopic variations between vents are not changed.
Furthermore, Sr in these solutions does not appear to have been affected by
the contamination as Nd has. The Sr data fit very well to the mixing curve,
including the sample which shows the highest apparent contamination for Nd
(1155-18). This is probably due to differences in the concentration levels
of these two elements in the hydrothermal solutions.

The hydrothermal fluxes of Nd and Sr have been estimated. For Nd, it
is concluded that the global hydrothermal flux of this element must be very
small compared to the estimated flux from rivers (about two orders of magni-
tude lower). However, in the Pacific it is estimated that the hydrothermal
flux could be about 20% of the river flux to this basin. This could in part
account for the more radiogenic Nd isotopic compositions observed in Pacific
waters, but it is concluded that another source of radiogenic Nd may also be
necessary. For Sr, the global hydrothermal flux is estimated to be about
10% of the river flux, and in the Pacific the hydrothermal flux could exceed

the river flux.
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Sm-Nd data for authigenic ferromanganese sediments from the oceans indicate that the Atlantic, Pacific, and
Indian Oceans each have a distinct range in Nd isotopic composition which are characteristic of each ocean basin
and reflect the dissolved load of Nd in the water mass. Within each basin, Nd isotopic compositions show some
variability but are relatively well defined. Isotopic compositions of Nd measured in these samples are all far less than
the 143 Nd/144Nd ratios of source rocks with oceanic affinities. Direct measurements of the Nd isotopic composi-
tion of seawater presented here support the view that REE in ferromanganese sediments are derived by the direct
precipitation of these elements out of seawater. Nd isotopic variations in ferromanganese sediments cannot be
explained by contributions from continental detritus. It is therefore believed that the Nd isotopic variations found

for ferromanganese sediments represent true variations in the isotopic composition of Nd dissolved in seawater in
various ocean masses. These variations reflect primarily the age and !47Sm/!44Nd of the continental masses being

sampled, which is believed to be the major source of REE in seawater. These variations indicate that the residence
time of Nd in seawater must be very short relative to the mixing rates between ocean masses. Nd isotopic studies,
both in seawater and sediments should, therefore, be useful as a monitor of ocean currents and interocean mixing

over the past several million years.

1. Introduction

The purpose of this study was to determine the
isotopic composition of Nd in the marine environ-
ment, and from the isotopic composition, to identify
the sources of Nd in the different oceans. The Nd iso-
topic composition may have the possibility of serving
as a natural tracer of ocean currents for short time
scales and as a monitor of mixing in and between the
oceans. The isotopic abundance of *43Nd changes
through geologic time due to the decay of '*’Sm
(7,,, = 1.06 X 10! yrs). Observed '4*Nd/***Nd
ratios, therefore, reflect the age and 147Sm/'**Nd
ratio of the materials which are sampled. The aver-
age evolution of *#3Nd/*#*Nd for the earth has been
found to follow a simple growth curve which corre-
sponds to the *#7Sm/!#4Nd ratio of chondritic

! Division of Geological and Planetary Sciences; California
Institute of Technology, Contribution No. 3254(307).

meteorites [1]. However, terrestrial differentiation
processes have segregated material into continental
and oceanic crustal rocks with distinctive ages and
Sm/Nd ratios. As a result, there is a clear difference
in the #3Nd/***Nd ratios in the samples of different
types of crustal rocks. Transport of the rare earth
elements (REE) into the oceans will thus produce
isotopic compositions of Nd which directly reflect
the type of materials from which they were derived.
The isotopic composition of Nd in the marine envi-
ronment should therefore prove to be of interest in
understanding the sources, transport, and deposition
of REE in the oceans. '

Relative to the turnover rate for the oceans, the
residence time of Nd in seawater is believed to be
short, possibly less than 300 years [2,3]. Evidence for
a short residence time can be demonstrated by com-
paring Na/Nd ratios for crustal focks with that of sea-
water. Average crustal rocks have Na/Nd = 10 (Na =
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2.4%, Nd = 28 ppm [4]), while seawater has Na/

Nd 2 3.5 X 10°, six orders of magnitude higher than
crustal rocks. The concentration of Nd in seawater

is only 3 X 107¢ ppm ([2,5], this study) compared
with a Na concentration of 1.1% [6]. This difference
between seawater and crustal Na/Nd is clear evidence
for a short residence time for Nd in seawater.

In this study, '*3Nd/***Nd and '47Sm/***Nd were
measured in metal-rich authigenic sediments from the
major oceans. Samples include manganese nodules,
hydrothermal crusts, and metalliferous sediments. It
is generally believed that the metals and REE in these
sediments precipitate directly out of seawater [2, 7—
12], although some nodules exhibit REE patterns
that are quite fractionated relative to the observed
average REE pattern in seawater [9,13,14]. This
observation has been used as evidence against direct
precipitation from seawater. However, variations of
REE patterns may result entirely from fractionation
during precipitation and not directly reflect the pat-
terns of the source. In either case, the isotopic abun-
dance of Nd would be unaffected by the precipita-
tion process and, therefore, variations in the '*>Nd/
144N ratio will be a direct result of the isotopic
abundance of Nd dissolved in seawater with possible
contributions from marine rocks, sediments, and
detrital materials. As the isotopic composition of Sr
is rather uniform in seawater, we have tested for
detrital contributions by measuring 7Sr/®¢Sr ratios
in some of the same samples analyzed for Nd.

In addition to measurements on authigenic sedi-
ments, we also present direct measurement of the Nd
isotopic composition for three seawater samples from
the Pacific Ocean. These measurements give the
present-day *43Nd/***Nd values in a given water
mass, whereas data on deep ocean manganese nodules
give values which can represent an average over several
millions of years. The direct Nd isotopic measure-
ments on seawater also afford greater confidence
in interpretation of the sediment data and aids
in answering questions regarding the derivation of
REE in ferromanganese sediments.

Previous studies have shown that the isotopic com-
position of Nd in oceanic basalts is distinctly different
from that in average continental rocks [1,15-17].
The Nd isotopic composition of seawater musi be a
result of mixing of Nd from these two sources. A pre-
liminary attempt to estimate the isotopic composi-

tion of Nd in seawater was made by DePaolo and
Wasserburg [18] using fish debris. A more extensive
study was presented by O’Nions et al. [19] who mea-
sured Nd in manganese nodules and metalliferous
sediments. While substantial variations were found,
O’Nions et al. inferred that seawater had a uniform
143Nd/194Nd ratio and that variations were domi-
nantly due to inclusion of detrital components. The
present study will show that there is a wide spread in
143Nd/144Nd in authigenic sediments in support of
previous observations but will attempt to show that
this variation is due to isotopic differences in Nd dis-
solved in seawater as a result of the ages and '47Sm/
144Nd ratios of the continental mass supplying Md to
a given seawater mass.

2. Samples

Marine ferromanganese sediments were used in this
study because they (1) occur in relative abundance
over a wide geographic range, (2) form in a variety of
depositional environments, (3) apparently form pri-
marily by authigenesis, commonly with minimal
amount of included detritus, and (4) have high REE
concentrations. There are several types of ferro-
manganese sediments which are classified according
to their depositional environment as summarized by
Bonatti et al. [8]. We have sampled two types of
ferromanganese deposits, classified as hydrogenous
and hydrothermal. Samples were selected from major
ocean basins and mid-ocean ridge spreading centers.
Locations are given in Table 1 and Fig. 1.

Manganese nodules comprise the bulk of hydroge-
nous ferromanganese sediments. The assumption
leading to the selection of manganese nodules was
that their REE precipitate directly out of seawater,
and therefore their Nd isotopic composition would
represent that of the seawater from which they were
derived. Support for the hypothesis of seawater
derivation for REE in manganese nodules comes from
many authors [2,8,9,20,21]. Ehrlich [13] and Bender
[14] prefer a mechanism of diagenetic remobilization
of REE from underlying sediments as a source for
these elements. This has been argued for other ele-
ments as well ([8,22-24], and others). Many nodules
are also characterized by the presence of clay and
other particles dispersed throughout their structures
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Sample locations and Sm and Nd results
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Sample No. Lab. No.2  Sample location Nd (ppm) Sm (ppm) 187gm 144 Ng 143Ng/144Ng b
1. Pacific Ocean
0C73-3-12P MS-1 O mmiy PP 20.7 5.01 0.146 0.511780 + 20
duplicate wsip) s uriw 2 - - 0511828 « 18
0C73-3-12MG3 MS-2a © aqrqmer 0 metn 15.7 3.60 0.137 0.511633 + 28
duplicate Ms2p) 207431278, N22TO0W 3.56 0.130 0.511659 + 25 €
52DRS HC-1 00°36'N, 86°06'W 2.05 0.39 0.115 0.511768 = 26
MD1i1-1-1 top MN-1 31°N, 155°W 196 50.0 0.153 0511618 15
MD1-1-1 bottom = MN-2 31°N, 155°W 129 331 0.155 0.511620 + 28
DWHD-47 MN-3 41°59'S, 102°01'W 175 42.5 0.146 0.511611 + 22
Antp 58D MN4 18°57'N, 135°48'E 225 51.4 0.138 0.511565 = 37
SCAN 35D MN-5 20°55'N, 142°22'E 143 327 0.138 0.511656 = 25
CEROP II hd

1000 m DISS  SW-1 36°47'N, 122°48'W 32%x10°% 0.63x10° 0.118 0.511641 +36°¢
CEROPHI ’

2400 m DISS SW-2 36°50'N, 122°50'W - - - 0511712+ 25
CEROP II

1000 m DISS  SW-3 36°47'N, 122°48'W - i - B - 0.511718 + 25
GS-7901-139 SW4a © 4mpt Opmrng 2.2X 10 04 X 10 0.112 0.511706 « 34 ¢
duplicate swap)  074720°N 86°0721"W - - - 0511731+ 28°€
II. Atlantic Ocean
CYP74-12 HC-2 36°56’'N, 33°04'W 445 1.01 0.136 0.511245 + 32
S-M MN-6 33°57'N, 65°47T'W 179 45.1 0.152 0.511223 1 21
BP-2381 MN-7 31°04'12"'N, 78°08'30"'W 107 23.1 0.129 0.511273 £ 22
BP-2382 MN-8 31°01'36"'N, 78°18'48"'W 594 14.2 0.145 0.511312:42
VEMA FRAC- MN-9 10°53'42"'N, 45°17'48"'W 155 38.5 0.149 0.511293 + 18

TURE ZONE
CIRCE 244D MN-10 08°22'S,13°13'W 233 59.6 0.154 0.511216 + 18
CHN115 Sta 146 MN-11a 30°12'48"'S,39°21'30"'W 250 56.2 0.135 0.511118 + 38
duplicate MN- llb} - - - 0.511117+ 22
KNR42-166 MN-20 35°36°18'N, 58°41'24"'W 280 - - 0.511256 + 18
V27-58195m MN-21 75°32'24"'N, 02°39'47"E 117 30.0 0.155 0.511323 2 22
. Indian Ocean
DODO 127D MN-12 06°40'01"'S, 51°54'00"E 199 44.0 0.133 0.511432+ 26
Antp 109D MN-13 29°58'23", 60°47'49"E 169 38.7 0.138 0.511404 + 31
DODO 232D MN-14 05°22'59"S,97°28'59"'E 262 68.6 0.158 0.511465 + 29
DODO 62D "MN-15 16°18'00"'S, 104°16'01"E 90.3 225 0.150 0.511461 + 24
PCE 55-31 MN-16 36°27'07'S,110°02'24"E 134 30.3 0.136 0.511281 + 46
DODO 62D Sed RC-1 16°18'00"S, 104°16'01"E 33.0 8.31 0.152 0.511350+ 25
IV, Antarctic Ocean
BT-14-3 MN-17 56°13'S, 164°20'W 67.2 174 0.156 0.511500 + 30
V. Scotia Sea
E28-5 MN-18 57°54’S,57°00'W 63.0 14.2 0.136 0.511567 + 28
V1. Lake Oneida, N.Y. — lacustrine
Lake Oneida, N.Y. MN-19 43°10'N, 75°45'W 34.0 9.19 0.163 0.511281 + 29

38 MN = manganese nodule, MS = metalliferous sediment, HC = hydrothermal crust, RC = red clay, SW = seawater.
b Data normalized to ! S®Nd/?42Nd = 0.2096. Reported errors are 20 on the mean.
© Spiked with ! S°Nd and normalized to *46Nd/'42Nd = 0.636155.
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Fig. 1. Locations of samples analyzed in this study. Also
included are manganese nodule and metalliferous sediment
sites from O'Nions et al. [19] (A-50D, D-3D, B-15P, V-19-53,
I--55-16-1) and a red clay (DSDP37-3-2) from McCulloch and
Wasserburg [37].

[25]. These latter features, if detrital, could have a
significant effect on elemental composition, possibly
including Nd. In addition to Nd dissolved in seawater,
other possible sources which could affect the Nd iso-
topic composition in the samples include continental
detritus, oceanic basalts and sediments, and juvenile
material.

Samples were chosen to achieve two main objec-
tives: (1) to establish differences or similarities in Nd
isotopic composition between various water bodies,
and (2) to determine if variations exist within a body
of water, which may be related to differences in
provenance. To meet these objectives, broad geo-
graphic sampling of nodules within the Atlantic,
Pacific, and Indian Oceans were made (Fig. 1).
Samples from the Scotia Sea and Antarctic Ocean
were chosen as representing locations where mixing
between two different water masses may be taking
place. A manganese nodule and an associated red clay
from the Indian Ocean (RC-1 and MN-15) were
analyzed to compare the Nd isotopic composition
between manganese nodules and the underlying sedi-
ment substrate in the same area. In addition, one
facustrine-nodule from Lake Oneida, New York, was
analyzed. This latter sample was chosen on the
assumption that all of its REE were continentally
derived.

Two types of hydrothermal samples have also
been sampled. These are hydrothermal crusts and
metalliferous sediments. Samples were chosen to

determine if there were effects due to hydrothermal
activity on the Nd isotopic composition. The direct
association of these deposits with hydrothermal activ-
ity and their rapid rate of deposition [26—28] make
them genetically distinct from manganese nodules.
These deposits are believed to form by direct pre-
cipitation out of seawater ([7,8,11,12,26,29], and
others). While iron and manganese have been shown
by these authors to have a source related to hydro-
thermal alteration of basalts, this has not been
clearly established for the rare earth elements. Corliss
(12) studied altered oceanic basalts and concluded
that REE in marine sediments could be accounted
for by derivation from the basalts. However, REE
patterns for hydrothermal deposits are similar to sea-
water REE patterns and not basalt, leading many
authors to conclude their REE were derived from
seawater [26,30,31]. Nd isotopic analyses were made
on metalliferous sediments from the East Pacific Rise,
and on hydrothermal crusts from the Galapagos
hydrothermal mounds and the FAMOUS site on the
Mid-Atlantic Ridge in an attempt to clarify their
origin.

Finally, we have attempted to make a direct deter-
mination of the Nd isotopic composition of seawater
at two Pacific sites. Three seawater samples were
obtained which were collected from the Pacific Ocean
by K. Bruland during the CEROP II expedition of the
Oregon State University’s R.V. “Wecoma”. Samples
were collected at approximately 1000 m (SW-1, SW-3)
and 2400 m (SW-2) depths from a location offshore
from Monterey, California (Fig. 1, Table 1). SW-1
and SW-3 are separate aliquots of the same water
sample. In addition, one bottom water sample
(~2500 m) from the Galapagos ridge crest (SW-4) was
collected by L. Gordon during the Galapagos expedi-
tion of the University of Miami’s R.V. “Gillis” in
March 1979.

3. Analytical procedures and data representation

Ferromanganese sediment samples were treated
with 4.0V HCI for the dissolution of the authigenic
materials. A few samples were also treated with 1 ml
1: 1 HF and HCIO;. The estimated mass of residue
remaining after dissolution by these two methods
were the same. Typical sample sizes were about 15—
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20 mg. Samples were either aliquots of a powdered
sample or, where available, intact nodules. Intact
nodules were first stripped of surface layers down to
a depth of about 2 mm, and the sample then was
scraped from the clean surface below. Chemical
separation and mass spectrometry of Sm and Nd have
been described elsewhere [1,32]. Sm and Nd concen-
trations were determined by isotope dilution on small
aliquots. Strontium was separated by our standard
ion exchange techniques [33]. Typical blank levels
for Sr and Nd were 100 X 1072 gand 60 X 1072 g
respectively.

Seawater analyses were carried out on the REE
fraction separated from 10- to 20-liter samples of sea-
water. Samples SW-1, 2, and 3 were filtered on board
the R.V. “Wecoma”’ through acid-cleaned, 142-mm-

diameter nucleopore filters with a pore size of 0.4 um.

SW-4 was analyzed without prior filtration. Our Sm-
Nd separations and analyses were done on REE frac-
tions prepared by Roberta Conard at Oregon State
University following the procedure summarized
below. Samples were acidified in the laboratory to
pH = 1.5 and set aside for one week. The REE were
precipitated from the seawater using the method
described by Goldberg et al. [2]. High-purity Fe,0;
powder dissolved in 6.0V HCl is added to the water
samples. The iron was precipitated as Fe(OH); by
bubbling NH; gas through the water until a pH of
9.0 was attained; the REE were adsorbed onto these
reactive surfaces. This procedure has typical REE
yields of about 90% as determined from the activity
of 17°Tm added to the samples prior to precipita-
tion. Precipitates were then transferred to Caltech
to separate Sm and Nd. The total chemistry blank for
this separation of Nd was determined on a sample
of reagents prepared in the same proportions as were
used for the separation of REE from the seawater
samples. The contribution from these reagents was
found to be about 0.3 X 10°° g of Nd, which com-
prises less than 1% of the total Nd yield.

The isotopic abundance of all the Nd isotopes
were measured in every experiment and, with the
exception of the three seawater samples were found
to be in excellent agreement with values measured by
DePaolo and Wasserburg [1]. An excess of **®Nd,
measured as *48Nd/'**Nd, was found in each of the
seawater samples ranging from approximately 15 to
47 € units (Table 2) relative to the normal abundance

TABLE 2
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€Ng Values for nonsadiogenic Nd isotopes in seawater samples #

€146

Lab.No. e€;a2 €145 €148

Sw-1b%  -07:05 -22:14 - 4266+14
sw-2 ¢ 40.7:05 —05:05 —06:05 +189208
SW-3 ¢ +41.0:05 -09:10 -08:08 +147:1.7
SW4ab —03:05 +09:09 - +47.0: 0.8
Sw4bb -05:09 -1.0:09 - +428 121

8 Normal isotopic abundances have eng = 0.

b Spiked with ! S°Nd and normalized to '46Nd/142Nd =
0.636155. -

€ Normalized to ! 9Nd/!42Nd = 0.2096.

of this isotope as has been measured in the ferro-
manganese sediments. This excess of the **Nd/
148Ng occurs with or without the use of '7°Tm
tracer (samples SW-1, SW-2) which was added to
determine REE precipitation yields and 147Sm and
150Nd tracers added to determine Sm and Nd con-
centrations (SW-1, SW-4). A REE carrier solution is
used routinely in the laboratory where the REE were
precipitated from the seawater samples, for the pur-
pose of determining chemistry yields on seawater
REE samples measured by neutron activation analysis
(see Goldberg et al. [2]). This REE carrier solution
contains enriched **8Nd as well as other REE, and it
therefore seems plausible that the *#8Nd/***Nd excess
we observe may be due to cross contamination inad-
vertently introduced into our samples from this car-
rer. To verify this, SW-4 was precipitated at OSU
using new reagents except Fe. The results, however,
still showed the '48Nd effect to be present. To be
certain that the **8Nd excess was not due to an inter-
fering species from another element, a portion of
SW-4 (SW-4b) was passed through the Nd separation
procedure a second time. Because the '*®Nd excess
was still observed during this run, data was taken at
the end of the run with ion beam intensities increased
by a factor of five. The results were identical. Had we
not measured all of the Nd isotopes, the '*8Nd effect
would have gone unnoticed. *#8Nd is not used for
fractionation corrections, so we are confident that
the **3Nd isotopic abundance measured in the sea-
water samples is unaffected by contamination. All
other isotopes of Nd have normal abundances.
Samples of Nd were analyzed on the Lunatic |
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mass spectrometer [34] g(;:/ NdO’. Sample sizes for
ferromanganese sediments were 200—300 X 10°%¢g
Nd. Typical ion beam intensities at mass 160
(***Nd'®0) were 8.0 X 10712 A. This beam intensity
was maintained for 68 hours while approximately
200 ratios were measured for.each sample. Seawater
samples sizes were less than 50 X 10™° g Nd. With the
exception of SW-1, ion beam intensities were the
same as those for ferromanganese samples just men-
tioned. SW-1 was analyzed at an ion beam intensity
of 4.0 X 1072 A. About 200 ratios were measured
for each water sample.

Representation of Sm, Nd and Sr data follows that
given by DePaolo and Wasserburg [1,18]. Measured
143Nd/1*4Nd ratios are presented as fractional devia-
tions in parts in 10% (€ units) from *3Nd/***Nd in a
chondritic uniform reservoir (CHUR) as measured
today:

(143Nd/l44Nq_)_M
Icnur(0)

where M is the ratio measured in the sample today,
and Jcpyur(0) = 0.511836 is the **>Nd/"**Nd in the
CHUR reference reservoir today. Similarly, an enrich-
ment factor for *#7Sm/***Nd in a sample relative to
CHUR is given by:

f =[ (l47Sm/144Nd)M 1}
Sm/Nd (147Sm/144Nd)CHUR‘

where (*47Sm/***Nd)cHur = 0.1936. Model ages,
Y%IﬁUR, are calculated for the samples as follows:

1 ena(0) Jenur(0) X 107
TR8ur=<1In [1 +—Nd
CHUR X Fsmma(**7Sm/ **Nd)cHur

The '*7Sm decay constant, A = 6.54 X 107 yr™*.
Errors reported for TRHuRr model ages are typically
less than 10% and only include the errors in éng(0).
Sr isotopic data is presented in a manner analogous to
that used for Sm-Nd data. Thus:

_ (8 ‘ISr/aGSr)M
eSr(O) —[——IU—R—(G)—' - 1} X 104

where IU;Q(O) = 0.7045 is the estimated ®7Sr/®¢Sr
value for the bulk earth as determined by DePaolo
and Wasserburg [15] and O’Nions et al. [16].

de(0)=[ - l] X 104

4. Results

Results of Nd isotopic analyses are given in Tables
1 and 3 and Fig. 2. All samples measured have en4(0)
less than 0 and range as low as —14. Fig. 2 clearly
shows that these samples lie well below typical values
observed for oceanic igneous rocks such as mid-ocean
ridge, oceanic island, and island arc basalts. We note,
however, that our data lie between (and overlap to
some extent) typical values for continental flood
basalts and average crustal rocks. Clearly, these data
show that the dominant contribution to the REE in
these samples is from the continents and not from
rocks with oceanic crust or mantle affinities. Further-
more, we observe from Fig. 2 a distinct clustering )
of isotopic data from the Pacific, Indian, and Atlan-
tic Oceans. Samples associated with each water mass
occupy an isotopically distinct range, with the Atlan-
tic Ocean data as the most negative, the Pacific Ocean
the least negative, and the Indian Ocean having inter-
mediate values. Only one sample, MN-16 from the
Indian Ocean, overlaps the range defined by samples
from another ocean. This regular pattern is indepen-
dent of the nature of the material analyzed.

Pacific Ocean. Samples analyzed from the Pacific
Ocean occupy a narrow range of eng(0) from —0.2 to-
—4.4. This is in excellent agreement with previous

data from O’Nions et al. [19] for Pacific samples.
Manganese nodules range from —2.6 to —4.4, including
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Fig. 2. Histogram of ey g(0) of marine ferromanganese sedi-
ments and seawater measured in this study. Data from
O’Nions et al. [19], renormalized to 1 $9Nd/!42Nd = 0.2096,
have been included. Data on continental and oceanic rocks
have been adapted from DePaolo and Wasserburg [18].
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TABLE 3

Nd evolutionary parameters

Lab. No. eng(0) fsm/Nd TRAuR

' (AE)
1. Pacific Ocean
MS-1a -1.1:04 —0.246 0.18
MS-1b -0.2+0.3 - -
MS-2a -4.01 0.6 -0.292 0.55
MS-2b ~35+05 -0.329 043
HC-1 -14:+0.5 -0.408 0.14
MN-1 -4.3 0.3 -0.208 0.83
MN-2 —4.2+05 -0.199 0.85
MN-3 -44:04 -0.245 0.72
MN4 —-4.33: 0.7 -0.289 0.60
MN-5 -35:205 =~0.290 0.49
SW-1 ~3.820.7 -0.393 0.39
Sw-2 -24+05 - -
SW-3 -23+05 - -
Sw-da -25+0.7 -0421 0.24
Sw4b -2.1+ 0.5 - -
1I. Atlantic Ocean
HC-2 -11.5+0.6 -0.296 1.57
MN-6 -120:04 -0.217 2.21
MN-7 -11.0:04 -0.334 1.32
MN-8 ~10.2: 0.8 ~0.258 1.60
MN-9 -106+ 0.4 -0.229 1.86
MN-10 -12.1204 -0.204 2.38
MN-11a -14.0+ 0.7 -0.301 1.87
MN-11b ~14.0:04 -0.301 1.88
MN-20 -114:0.3 - -
MN-21 -10.0+ 04 -0.200 2.01
Il Indian Ocean
MN-12 -7.8+0.5 -0.313 1.01
MN-13 —8.5:06 -0.287 1.19
MN-14 T =7.3:06 -0.184 1.58
MN-15 -73205 -0.224 1.32
MN-16 -108:09 -0.297 147
RC-1 -9.5+0.5 -0.215 1.77
1V. Antarctic Ocean
MN-17 -6.6+0.6 -0.197 1.34
V. Scotia Sea
MN-18 ~5.3:05 -0.298 0.72
VI Lake Qneida, N.Y.

-0.159 273

MN-19 -109:0.6

data from O’Nions et al. Top and bottom material
from an apparently unturned manganese nodule
(MN-1, MN-2) have identical Nd isotopic composi-
tions, although the topmost sample has about a fac-
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tor of 2 higher concentration of both Sm and Nd. We
note that two metalliferous sediment samples from
the East Pacific Rise (MS-1, this study, and V-19-
53(40), O’Nions et al. [19]) and the Galapagos hydro-
thermal crust (HC-1) exhibit the least negative values
observed and are distinctly separated from the bulk
of Pacific samples. MS-1a and b were separate ali-
quots of an unsplit powder. We also note that the
average ey 4(0) value for four seawater samples is
about —2.6 and lies in the range defined by the ferro-
manganese sediments.

Atlantic Ocean. €y4(0) values for Atlantic samples
are distinctly different from Pacific samples. Values
range from —10.0 to —14.0, with the bulk of the
samples lying between —10.0 and —12.1. One sample
(HC-2) is a manganese-rich crust from the project
FAMOUS site in the North Atlantic. It has en4(0) =
—11.5 and it is indistinguishable from most other
Atlantic samples which consist of manganese nodules.
Samples MN-11a and b are duplicate analyses of a
nodule from the South Atlantic. Their eng(0) values
of —14.0 are the most negative reported.

Indign Ocean. Five manganese nodules have been
analyzed. With the exception of MN-16, eng(0) values
lie between —7.3 and —8.5, approximately midway
between Pacific and Atlantic sample values. Previous
data from O’Nions et al. [19] for an Indian Ocean
nodule also lies in this range. MN-16 has ex4(0) =
—10.8 which is more typical of Atlantic samples. A
deep-sea clay (bulk sample, untreated) from the
Indian Ocean (RC-1) is also more negative than the
bulk of the reported data for this ocean (eng(0) =
-9.5).

Other samples. Two nodules from southern oceans,
the Scotia Sea and the Antarctic Ocean, have eng(0)
values which lie between those observed for the Pacif-
ic and Indian Oceans. MN-19 from Lake Oneida has
€ng(0) = —10.9 which is within the range of data for
Atlantic samples.

Four manganese nodules and two metalliferous
sediment were also analyzed for ®7Sr/%®Sr. Results of
these measurements are given in Table 4. With the
exception of MS-1, all samples have €s,(0) indistin-
guishable from seawater (€g,(0) = +65.0) in spite of a
wide range in €png(0) and geographic location. MS-1
has a slightly lower €g,(0) value of +63.5.
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TABLE 4
Nd and Sr evolutionary parameters for selected samples

Lab. No. 143NG/144Nd B7gp/86g @ eng(® e5,(0)

MS-1 0511828 + 18 0.708971 2 30 -0.2:0.3 +63.5 £ 0.6
MS-2 0.511633 + 28 0.709040 2 37 —4.01 06 +64.4 2 0.7
MN-7 0.511273 + 22 0.709030 + 40 -11.0: 04 +64.32 0.8
MN-10 0.511216 + 18 0.709068 + 37 -12.1:04 +64.81 0.8
MN-15 0.511461 2 24 0.709090 = 60 -7.31 05 +65.2¢ 1.2
MN-3 0.511611 + 22 0.709015 ¢ 40 —44104 +64.11 0.8
Seawater © 0.70909 +65.2

8 Data normalized to 868r/888r = 0.1194.

b Average of values measured on the Caltech Sr seawater standard [44].

5. Discussion

Neodymium isotopic data for ferromanganese
nodules, hydrothermal crusts, and metalliferous sedi-
ments exhibit distinctive and tightly clustered eng(0)
values within each of the major oceans analyzed. This
is in sharp contrast with the 87Sr/®¢Sr isotopic com-
position of these sediments which is uniform in all
samples studied and is identical to that of dissolved
Sr in modern seawater. The Atlantic Ocean has the
most negative values (average eng(0) = —12), the
Indian Ocean has intermediate values (average
€ng(0) = —8), and the Pacific Ocean has the least
negative values (average eng(0) = —3). Data for
samples from each ocean show relatively small disper-
sion about the respective average eyg(0) values, with
a maximum spread of only *2¢ units in each ocean.
The possible sources for REE which could contrib-
ute to these sediments include: dissolved REE from
continental sources, dissolved REE from marine
sources, detrital debris from continental materials
and debris from oceanic igneous rocks and sediments.
Some of the oceanic sources (e.g., marine hydrother-
mal solutions) could in principle cause major changes
in the local contribution of REE. Some mixture of
REE from these sources determines the Nd isotopic
composition of ferromanganese sediments in each
ocean, and some small variation in the proportions of
these individual components must be responsible for
the small variations with an ocean. The observed Nd
uniformities in each ocean indicate that contributions
to this element are relatively well mixed and distinctly

different for each major water mass.

Nd isotopic uniformity for ferromanganese sedi-
ments from each of the oceans is maintained despite
many factors and genetic variables. Concentration of
Nd shows no correlation with isotopic composition.
Nd concentrations vary by more than two orders of
magnitude in nodules and metalliferous sediments
from the Pacific Ocean, and somewhat less in the
Atlantic. In spite of this variation, all samples main-
tain nearly the same Nd isotopic composition within
the same ocean. Further, the highly variable accumu-
lation rates of ferromanganese sediments do not
appear to cause any effects on Nd isotopic composi-
tion, as manganese nodules have extremely slow
growth rates of a few millimeters per 10° years [35,
36], whereas hydrothermal crusts may grow as fast
as 2 mm/1000 years [27,28]. Possible contributions
to manganese nodules from diagenetically remobilized
REE from underlying sediments also has no large
local effects on eng(0). If diagenetic remobilization is
a significant source of REE in manganese nodules,
then underlying deep sea sediments must also be
characterized by Nd isotopic values which are close
to that of the ocean basin. Deep-sea red clays (RC-1,
DSDP37-3-2 [37]) have eng(0) values similar to ferro-
manganese sediments in the same ocean, but the
data base is too limited to draw any conclusions
regarding their sources.

Nd isotopic measurements of Pacific seawater
samples show a strong similarity to Pacific ferroman-
ganese sediments. Seawater, with eng(0) values falling
about midway in the spread exhibited by ferro-
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manganese sediments, leads us to the conclusions that
the source of Nd in Pacific ferromanganese sediments
is from Nd dissolved in seawater, and that Pacific sea-
water is isotopically rather uniform with respect to
Nd. These conclusions, coupled with the previous dis-
cussion on the isotopic uniformity of ferromanganese
sediments in each ocean, lead us to infer that the Nd
isotopic composition of seawater in the Atlantic,
Indian, and Pacific Oceans are distinctly different
from each other, but fairly uniform within each ocean.
To test these conclusions directly, Nd isotopic mea-
surements of a variety of seawater samples will have
to be made.

In a previous study, O’Nions et al. [19] reported
the Nd isotopic composition in ferromanganese
nodules to be variable but concluded that the value of
Nd in seawater was €xg(0) = —3. These workers
attributed the variability to detritus included in the
nodules but considered their data on Pacific nodules
to be more representative of seawater. This was a
reasonable conclusion, because ®7Sr/®¢Sr measured
in their Indian Ocean nodule was distinctly greater
than the 87Sr/®¢Sr ratio for dissolved Sr in seawater.
However, the Nd values reported by O’Nions et al.
[19] for samples from each ocean lie well within the
groupings reported here, yet our 87Sr/8¢Sr ratios are
all very close to modern seawater ®7Sr/86Sr ratios in
spite of variable eng4(0) values. The interpretation
presented in this paper is in disagreement with the
conclusions by O’Nions et al. [19] which reflect their
more limited data base, the absence of a consider-
ation of residence time for REE, as well as the mag-
nitude of possible detrital contributions. A more
recent abstract by Goldstein and O’Nions [38] on
manganese nodules drew conclusions similar to those
presented here.

To assess the effects of detrital contributions, con-
sider mixtures (m) of two components A and B. The
Nd composition is given by:

€Na(0)

_ (XaXCRa)[Ra(0)] + (1 — XAXCRa)eRa(0)]
(XAXCRa) *+ (1 — XAXCRa)

where X, is the weight fraction of component A and
Clgand Cl’%d are the concentrations of Nd (in ppm)
in components A and B. If we take the shift between
Atlantic and Pacific samples to represent a detrital

)
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component (B) added to a seawater component (A)
with ef4(0) = —3, we can calculate the value of
€54(0) in the detrital component. We use (1 — X,) =
0.2 as a reasonable limit on the weight fraction of
detrital material in a manganese nodule (based on
world averages for Al and Si abundances in nodules
[39]) and a low value of C&4 = 100 ppm Nd in the
uncontaminated nodule. This yields:

[€Ba(0) — eBa(0)] CRa

= 6{3% [€Ra(0) — efa(0)]

= 3.6 X 10° (units of ppm) .

for the Atlantic Ocean where ef4(0) = —12. For
CB 4 = 35 ppm, a high value for most crustal rocks,
this yields ef} 4(0) = —115 which is close to the total
growth of Nd over the history of the earth. The
Iowest observed eng(0) is about —30 and yields

CB 4= 155 ppm which is an excessively high value
for possible detrital sources. It follows that the
presence of detrital material in the manganese
nodules cannot reasonably explain the observed dif-
ferences between Pacific and Atlantic samples. If
20% by weight of a nodule is derived from an oceanic
basalt with eng(0) 2= +10 and Cng = 10 ppm, we
obtain a shift of 0.36¢ units. Some contributions
from oceanic basalts and detrital material must
obviously take place, but the above considerations
show that the magnitude of their effects is likely

to be less than an € unit. We consider it most reason-
able that the variations within an ocean basin reflect
the dissolved content of Nd in different waters
draining off of the various continental masses which
are not completely mixed within the basin over the
time scale for Nd deposition, and only a small contri-
bution comes from oceanic magma sources.

Rapidly accumulating deposits of hydrothermal
crusts and metalliferous sediments are associated with
hydrothermal plumes ascending through mid-ocean
ridge basalts (MORB). It has been demonstrated that
hydrothermal leaching of MORB could supply the
excess iron and manganese associated with hydro-
thermal crusts and metalliferous sediments from the
observation that these and some other elements are
depleted in the interiors of pillow basalts relative
to their glassy margins [12]. Zelanov [40] reported
local concentrations of Fe and Mn hydroxides as high
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as 140 mg/l of seawater in water samples collected
near the mouths of hot springs associated with the
submarine Banu Wuhu volcano, compared with nor-
mal seawater concentrations for these elements of less
than 60 ug/l [6]. Studies of Pb isotopes in metallif-
erous sediments indicate a volcanogenic source for
this element also [26,41]. However, only two hydro-
thermal sediment samples from the Pacific Ocean
studied here (MS-1, HC-1) with en4(0) about 2¢
units greater than the manganese nodules show any
indication of a possible basaltic contribution to the
Nd isotopes. Contributions from oceanic basalts to
the Nd composition of hydrothermal crusts and
metalliferous sediments can be demonstrated by com-
paring Mn/Nd ratios and eng(0) in oceanic basalts
with that in the hydrothermally deposited sediments.
Typical MORB have Mn/Nd = 150 (Mn = 1500 ppm,
Nd = 10 ppm) and en4(0) = +10 compared with a
hydrothermal crust (HC-1) which has Mn/Nd = 900
(Mn = 0.18% [30], Nd = 2.05 ppm) and en4(0) =
—1.4. Mn/Nd ratios indicate that almost all of the Nd
in the hydrothermal crust could in principle have a
basaltic source. However, from the mixing equation
presented earlier, using eng(0) = +10 for MORB and
seawater with eng(0) = —3, we calculate that the
maximum mass fraction of the hydrothenmal crust
(sample HC-1) from basaltic sources must be less than
about 5%. On the other hand, metalliferous sediment
(MS-1) which has a much higher concentration of Nd
(Cng = 20.7 ppm) must have a mass fraction of 35%
of MORB to account for the observed € value of —0.2
corresponding to a 3€ shift from our estimated €
value for Pacific seawater. However, Sr data for this
sample (Table 4) cannot be quantitatively balanced
by the mass fraction calculated for Nd, although the
isotopic effect for Sr is in the expected direction for
a sample diluted by MORB materials. A sample of
MS-1 was also leached with HCI to remove CaCO;
and the residue was analyzed and found to have
€5,(0) = +47. This residue clearly has €g(0) which is
from materials with €g;(0) lower than seawater. How-
ever, a quantitative explanation of Nd and Sr relation-
ships is difficult to make from the available data.
Generally, if the Nd in metalliferous sediments is
derived from Nd dissolved in hydrothermal solutions,
then approximately 15% of the total Nd in these
samples must come from Nd derived from basaltic
sources. It is clear that the causes of variations within

the oceans remain a major issue. Substantial contri-
butions (~20%) to the dissolved load of Nd from
primary oceanic sources may exist as assessed by
these methods.

Sr isotopic data (this study, [7,41]) indicate that
€5:(0) values in these sediments are very close to sea-
water €g,(0) values. We conclude, therefore, in agree-
ment with other authors {7,26,31,41] that the source
of REE, Sr, and possibly other elements is ambient
seawater and was not dominated by local igneous
sources. A small fraction of these elements (REE and
Sr) may be added to hydrothermal crusts and metallif-
erous sediments possibly as a result of scavenging of
seawater by Fe and Mn hydroxides when they are
deposited from ascending solutions upon entering
oxygenated seawater [29].

fsm/Ng values have been measured for most
samples. fgm/Na Values for seawater range from -0.39
(this study) to —0.5 [2,5]. These values are typical of
continental fgm/Ng Values [37]. Manganese nodules
and hydrothermal ferromanganese deposits exhibit
a range of fgm/Ng from about —0.2 to —0.4. MN-19
from Lake Oneida has an en4(0) consistent with a
continental source for its REE, yet has an extremely
fractionated fgm/na Value (—0.159) relative to the
probable fgm/Ng value of its REE source material.
The variation of fgm/ng exhibited by ferromanganese
sediments is not consistent with a steady state model
for the input versus output of elements in seawater.
This indicates that complexities exist in the transport
mechanisms of the REE into and out of seawater.
Further study is needed in the mechanisms and rates
of REE solution, transport, and precipitation before
conclusions can be drawn from these variable enrich-
ment factors.

TRAur 2ges have been calculated for the ferro-
manganese sediments and seawater analyzed here,
using the measured eyng(0) and fgm ng values (Table
3). These calculations assume the fgm/Ng values are
characteristic of the sources of REE. TR3 .- ages cal-
culated are variable but have averages which are
distinct for each ocean, with the Pacific samples
having the youngest ages and the Atlantic the oldest.
Because it has been observed that fgm/ng is variable
in ferromanganese sediments and not the same as the
source values, these ages probably do not reflect the
true source rock ages. If we use a typical fsm/ng value
for a continental source of about ~0.4 [37] we cal-
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culate an average age for the Atlantic Ocean samples
of about 1.20 AE, 0.85 AE for the Indian Ocean, and
for the Pacific samples an age of 0.35 AE. We also get
a much tighter clustering of the calculated ages using
a continental fgm/Ng Value which is consistent with
the clustering observed for eng(0) values. These ages
are also younger than those calculated from mea-
sured fsm/Ng Values for the samples, but in either
case, a distinctly older source for the REE in the
Atlantic is clearly necessary to explain the difference
between Atlantic and Pacific TréﬂUR ages.

Reasonable constraints can be placed on the resi-
dence time of Nd in seawater from the data presented
here, along with available concentration data for Nd
in crustal rocks and the dissolved load in river water.
Approximate limits of the residence time of Nd (Tng)
can be calculated from variations of the Na/Nd ratios
in crustal rocks (CR) and river water (RW) relative to
seawater (SW) Na/Nd and the residence time of Na in
seawater (Tn, = 4.8 X 107 yr [6]). We can calculate
Tng from the equation:

e
.TNd = TNa (Na/Nd)sw

For (Na/Nd)cgr = 1000 and (Na/Nd)sw = 3.5 X 10°
as presented earlier, we get TNg = 15 years as a lower
limit. Studies by several authors [6,42,43], however,
indicate that only a small percentage of Nd eroded
from the continents enters the oceans as a dissolved
component in river water. Using data from these
authors, we get a range in (Na/Nd)gw from 3.0 X
10% to 1.5 X 10% (Na = 6 ppm, Nd = 40-200 X
107¢ ppm) and a range in Tng from about 400 to
2000 years. Residence time calculations made by
Goldberg et al. [2] based on roughly estimated fluxes
of Nd into the oceans and the total dissolved content
of Nd in the oceans yielded 7nq4 = 270 years. A reli-
able value for the residence time of Nd is presently
not available and may be substantially greater than
previously estimated as indicated by Na/Nd ratios
presented above. Clearly, more studies are needed

to determine the fluxes of the REE to the oceans

to further define the residence time of Nd. Isotopic
data presented here allows us to put one more con-
straint on Tng. As mentioned earlier, we observe a
tight clustering of en4(0) in each ocean, but very
marked distinctions between oceans. It is clear that
to maintain these distinctions, the residence time of
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Nd must be considerably shorter than the mixing
times between ocean basins. Beyond this, no other
conclusions can be drawn from the data.

To obtain limitations on interocean mixing, we
have for two ocean bodies 1 and 2 supplied by drain-
age from the respective land masses A and B, the fol-
lowing equations at steady state:

0=€alayj— €1J13; + €2CjWi2 — €1CyWia
0= ep/paj — €2/23j — €2C2iWi2 + €1C1;Wi2

Here Jo1; and Jpy; are the fluxes of speciesj into
oceans 1 and 2 from the sources A and B respectively.
Jy3; and J,3; are the rates of deposition of j(44Nd

in this case) from oceans 1 and 2 into the sedifhent
layer, 3. W, , is the rate of exchange of water masses
between 1 and 2. €; and €, are the € values in qach
ocean. The ocean bodies are decoupled when W;, =0
which yields the condition Ja,; = J13; and Jp; =
J53; where the primes indicate this special decoupled
case for an arbitrary species i. If the systems are only
weakly coupled, then assuming that Cy; = Cy; we
obtain:

(61— €a) 13 = (62— fl)cljwlz

(e2— 58)1531‘ =(e;—€1) Cljwn

Using:
Jig _ 1
CiiW 7y

for the mean residence time 7y; in the decoupled
water body of mass W,, we get for the mixing time
between 1 and 2 (7,) in terms of 7y;:

r =LVx__,!(€2—€1)le
W (a—ea)

The difference between Atlantic and Pacific samples
is (¢, — €;) = 8e units. If (e; — €a) =2 as estimated
by the dispersion for the Pacific for Nd and using a
value for the residence time (7,;) of 500 years, this
gives 7,2 = 47;; = 4 X 500 years = 2000 years. Esti-
mating €, is difficult from the available data and it
is not evident that this approach can yield reliable
results for interocean mixing times.
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6. Conclusions

Authigenic ferromanganese sediments indicate
sharp and clear Nd isotopic compositional differences
between the Atlantic, Pacific, and Indian Oceans. The
composition of Nd measured in Pacific Ocean water is
very close to ferromanganese sediments in the Pacific
Ocean. We therefore conclude from ferromanganese
sediment data that the isotopic composition of Nd in
ocean water is characteristic of the water masses in
each individual ocean basin. This reflects the compo-
sition of continental components in solution with
some contributions from Nd from oceanic sources.
This clear distinction should permit the application
of the Nd isotopic composition in ocean water and
chemical precipitates as a general tracer in oceanog-
raphy. This characteristic difference between the
Atlantic and Pacific Oceans corresponds to a dif-
ference in the relative abundance of ***Nd between
these water masses of only 10° atoms/g seawater.

Previous workers [18,19] have observed that a
dominant continental component is necessary to
explain the observed eng(0) values for authigenic
marine sediments. However, it is difficult to assess
from the available data what the average eng(0) value
of continental material being supplied to the oceans
is, and how it varies from ocean to ocean. If we con-
sider North American shale (NAS) with enq(0) =
—14.4 [1] to represent average continental sources
feeding the Atlantic Ocean and eng(0) = +10 to
represent average oceanic sources, then we can cal-
culate that for the Atlantic Ocean there must be
at least a 90% contribution from continental sources
and only 10% from MORB to account for the average
€eng(0) = —12 observed for this ocean. However, to
account for variation of 2¢ units in seawater by the
addition of Nd from MORB or oceanic volcanic
sources to continental material as represented by
NAS would require a doubling of the oceanic contri-
bution. At present it is not clear whether the observed
variations which we attribute to seawater are a result
of variations in the isotopic composition of the input
of dissolved Nd from continental material or of major
shifts in the proportion from oceanic sources. If we
assume a similar value of 90% continentally derived
Nd in the Pacific Ocean (eng(0) = —3) as was
obtained for the Atlantic using NAS, we calculate
that the average eéng(0) value for continental sources

for the Pacific Ocean is about —4.5. This is a reason-
able value when the ages of the continental material
being drained into the Pacific from western North
and South America are considered. There is, of course,
considerably greater marine volcanic activity in the
Pacific Ocean which could result in larger contri-
butions to the REE from these sources. A minimum
contribution of 55% continental Nd with NAS affin-
ities is required to produce the observed eng4(0)
values in authigenic sediments from the Pacific
Ocean.

Data for MN-18 from the Scotia Sea indicate that
ena(0) in this sample is dominated by Nd with Pacific
Ocean affinities in spite of a location more adjfcent
to the South Atlantic. This supports the view that
ocean currents may be responsible for transporting
REE from one water body to another. It may, there-
fore, be possible to determine ocean flow patterns
and the effectiveness of such currents in transporting
REE between water masses by measuring the Nd iso-
topic composition of seawater (either directly or
indirectly) across observed Nd isotopic boundaries
such as between the Scotia Sea and the South Atlan-
tic Ocean.

Growth rates of deep-ocean manganese nodules are
typically very slow. Typical growth rates average
between 2 and 8 mm/10° years {35], making a
nodule about 5 cm in diameter greater than 5 X
108 years old. The similarity of the eng(0) values in
manganese nodules with that measured for seawater
suggests that it may be possible to trace variations of
Nd through time by sampling several layers within a
nodule corresponding to a large time span and there-
fore to provide a basis for monitoring the flow of
ocean waters over times of 10° years.
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New data for the direct measurement of the isotopic composition of neodymium in Atlantic Ocean seawater are
compared with previous measurements of Pacific Ocean seawater and ferromanganese sediments from major ocean
basins. Data for Atlantic scawater are in excellent agreement with Nd isotopic measurements made on Atlantic ferro-
manganesc sediments and arc distinctly different from the observed compositions of Pacific samples. These results
clearly demonstrate the existence of distinctive differences in the isotopic composition of Nd in the waters of the
major ocean basins and are characteristic of the ocean basin sampled. The average eng(0) values for the major oceans
as determined by data from seawater and ferromanganese scdiments are as follows: Atlantic Ocean, eng(0) = =12
2: Indian Ocean, eng(0) = —8 2 2; Pacilic Ocean, eng(0) = —3 £ 2. These values are considerably less than eng(0)
value sources with oceanic mantle affinities indicating that the REE in the oceans are dominated by continental
sources. The difference in the absolute abundance of *#3Nd between the Pacific and Atlantic Oceans corresponds
1o ~106 atoms 1#3Nd per gram of seawater. The correspondence between the 143Nd/144Nd in seawater and in the
associated sediments suggests the possible application of this approach to paleo-oceanography.

Distinctive differences in eg(0) values are observed in the Atlantic Ocean between deep-ocean water associated
with North Atlantic Deep Water and near-surface water. This suggests that North Atlantic Deep Water may be relat-
ively well mixed with respect to Nd isotopic composition whereas near-surface water may be quite heterogencous,
reflecting different sources for surface waters relative to deep water. This suggests that it may be possible to distin-
guish the sources of water masses within an ocean basin on the basis of Nd isotopic composition.

The Nd isotopic variations in seawater are used to relate the residence time of Nd and mixing rates between the

oceans.

1. Introduction

The purpose of this research was to determine
directly the isotopic composition of neodymium in
water from the Atlantic and Pacific Oceans. Due to the
radioactive decay of '47Sm(t,,, = 1.06 X 10'! years)
into '*3Nd, crustal rocks have '*3Nd/*#*Nd ratios
which reflect their age and '*7Sm/*#*Nd ratio. Ter-
restrial differentiation processes have segregated mate-
rial into oceanic and continental crustal rocks with
distinctive Sm/Nd and #3Nd/!**Nd ratios [1-5].
Typical eng(0) values for mid-ocean ridge basalts
(MORB) are +10 (epng(0) values are present-day

Division of Geological and Planetary Sciences, California
Institute of Technology, Contribution No. 3376 (338).

deviations in parts in 10% from '*3Nd/***Nd for a
chondritic reference reservoir [1]). Continental
rocks, however, generally have a range in enNg(0)
from 0 to —30. Rare earth elements (REE) dissolved
in seawater must be derived from the weathering and
dissolution of oceanic and/or continental rocks or

by direct injections from the sub-oceanic mantle
during submarine volcanism. The isotopic composi-
tion of Nd in seawater will, therefore, reflect the ages
and '*7Sm/!**Nd ratios of these possible sources for
the REE. The existence of distinct differences in the
Nd isotopic composition between waters in the differ-
ent oceans would have substantial implications for
oceanographic studies and in understanding the geo-
chemical behavior of the REE in the marine environ-
ment and their transport from the continents and
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from oceanic volcanism.

The concentration of Nd in seawater is 2 to 3 X
10712 g/g, and the level of expected variations in the
143Nd abundance corresponds to a difference of only
10° atoms per gram of seawater [6]. Such measure-
ments are possible using several liters of seawater
utilizing techniques currently available. It should be
possible to carry out these measurements on 0.5- to
1-liter samples. To avoid working at these low levels,
previous workers have attempted to infer the isotopic
composition of Nd in seawater by using samples of
chemical precipitates enriched in REE. DePaolo and
Wasserburg [3] measured '*3Nd/!**Nd in a sample
of Eocene fish debris which was found to have
eng(0) = —9.2. This was followed by a more exten-
sive study by O’Nions et al. [7], who measured the
Nd isotopic composition in manganese nodules and
metalliferous sediments, mostly from the Pacific
Ocean. O’Nions et al. reported variations between
their Pacific and Indian Ocean samples, but attributed
this variation to detrital contamination in their Indian
Ocean sample and concluded that the oceans probably
had fairly uniform en4(0) values between —2 and
—4. Piepgras et al. [6] analyzed a variety of ferro-
manganese sediments from the Atlantic, Pacific, and
Indian Oceans for Nd isotopic composition. They ob-

TABLE 1

129

served inter-ocean variations in the ferromanganese
sediments which were quite large, and that samples
within each ocean basin produced isotopic composi-
tions of Nd which were characteristic of the ocean
from which the sample came. It was shown that these
variations could not be accounted for by detrital con-
tamination as suggested by O’Nions et al. {7], but
rather, must reflect differences in the dissolved load
of Nd in the oceans. To support this conclusion,
Piepgras et al. made direct Nd isotopic measurements
on four seawater samples from the Pacific Ocean and
found the seawater results to be the same as those for
Pacific ferromanganese sediments. However, no data
were presented on Atlantic Ocean water which would
provide a clear test of their hypothesis. In this paper,
we will present direct Nd isotopic measurements of
Atlantic Ocean waters in an attempt to further clarify
the conclusions drawn by Piepgras et al. regarding Nd
isotopic variations in seawater.

2. Samples and analytical procedures
Seawater samples used in this study were collected

from several locations in the Atlantic and Pacific
Oceans (Table 1). Pacific samples, collected by K.

Sample locations and results of Sm and Nd concentration measurements 2

Sample Depth Location Nd Sm 147gm
(m) (1072 g/g) (1072 g/y) 134Ng

Atlantic Ocean

OCE63-1-1 300 29°53'00"'N, 76°14'12"'W 2.00 0.462 0.140

OCE63-2-1 1000 27°57'14"'N. 70°23'25"'W composition run only, see Table 3

OCE63-2-2 2200 27°57'14"'N, 70°23"25"'W 2.57 0.516 0.121

OCE63-2-3 3400 27°57'14"'N, 70°23"25"'W 3.19 0.623 0.118

OCE63-3-1 50 27°01'42"N, 74°20'00"'W composition run only, see Table 3

OCE634-2 4100 27°06'30"'N, 74°21'00"'W composition run only, see Table 3

Pacific Ocean ®

SW-1 ¢ 1000 36°47'N, 122°48'W 323 .07 0.630 0.118 .

SW-2 2400 36°50'N, 122°50'W composition run only, see Table 3

Sw-3 ¢ 1000 36°47'N, 122°48'W composition run only, see Table 3

SW-4a 2500 0°47"20"'N, 86°07'21"'W 224 T 0.416 0.112

SW-4b 2500 0°47'20"N, 86°07'21"'W composition run only, see Table 3

(duplicate)

A Precision is approximately 1% for concentration measurements.

b Data for Pacific samples from Piepgras et al. {6].
€'SW-1 and SW-3 are separate aliquots of the same water sample.
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Bruland and L. Gordon, have been described previ-
ously by Piepgras et al. Atlantic seawater samples were
collected from locations in the Sargasso Sea by D.
Piepgras during cruise 63 of the R/V “Qceanus”
(Woods Hole) in May 1979. These samples were specif-
ically collected for the purpose of carrying out Nd
isotopic analyses. Atlantic samples include two
vertical profiles of the water column.

Unfiltered samples of Atlantic seawater were col-
lected using 30-liter Niskin bottles constructed from
PVC and with Teflon-coated retraction springs. These
were transferred in a closed environment to acid-clean-
ed polyethylene bottles for storage. Each sample was
acidified on board with 100 ml high-purity 10V HCL
All samples were analyzed without prior filtration.

Chemical separation of the REE from the seawater
samples has been described previously [8,6]. With the
exception of two samples, laboratory separation of
REE from the seawater samples for Nd isotopic anal-
ysis was carried out at Caltech. We studied the tech-
nigues at Oregon State University {OSU) under the
guidance of Roberta Conard and John Corliss. REE
separations for two samples were made at OSU. In
samples for which Sm and Nd concentrations were
determined, '*°Nd and '*7Sm spikes were added to
the water prior to precipitation of the REE. This
should eliminate any errors in concentration measure-
ments due to possible yields of less than 100%.

Sm and Nd were separated from the REE precip-
itates using procedures described by Papanastassiou
et al. [9]. Sample sizes for mass spectrometric anal-
ysis were typically 15 X107 g Nd. Total chemistry

TABLE 2

blanks for Nd including REE precipitation are approx-
imately 1 X107!° g. Samples were analyzed at ion
beam intensities of 6.0—8.0 X107!? A. This beam
intensity was maintained for 68 hours while approx-
imately 150 ratios were obtained for each sample. All
isotopes of Nd were measured. For unspiked runs,
isotope ratios were normalized to '*°Nd/**2Nd, and
for spiked runs, normalization was to '4°Nd/*42Nd.
Strontium was separated from aliquots of samples

for Nd analysis by our standard ion exchange tech-

niques [10] with blank levels of approximately 1 X

1071 g.

Table 2 presents the results of isotopic measure-
ments for the non-radiogenic isotopes of Nd. Excesses
of 1*8Nd, measured as '*8Nd/!**Nd, ranging from
15 to 47 e-units were reported by Piepgras et al. [6].
These excesses were attributed to anthropogenic con-
tamination resulting from the use of a '48Nd tracer
in the OSU laboratory where the REE precipitations
were done. It was, therefore, necessary to carry out
the subsequent precipitation procedures in our labor-
atory at Caltech where no '*8Nd is in use. REE were
precipitated from two of the Atlantic samples at OSU
(see Table 2) in order to observe their techniques. New
reagents were used with the exception of Fe,0; pow-
der. '#8Nd excesses were still observed in these sam-
ples, but they were considerably smaller. However,
REE separations made at Caltech using all new re-
agents have '*8Nd abundances that are normal within
analytical uncertainties. All other non-radiogenic iso-
topes have normal abundances within analytical un-
certainties as well, regardless of where the precipita-

€Nd values for non-radiogenic Nd isotopes in Atlantic seawater samples 2

Sample €142 €145 €146 €148

OCE63-2-1 b ~02+07 ~15+1.4 ~0.9+0.7 +09+ 1.5
OCE63-2-2 b 0.0 0.6 0.2+ 1.0 +0.3+ 1.3
OCE63-3-1® +0.2: 0.6 +0.6+ 1.4 0.5+ 1.5 +0.4 24
OCE634-2b -0.3+0.6 +0.322.3 -03:15 +1.2: 1.8
OCE63-1-1 © —0.3: 0.6 ~1.0+ 0.9 +8.1+0.7
OCE63-23 ¢ —0.5+ 0.6 1.0+ 1.1 +2.7+18

3 Normal isotopic abundances have eyg = 0.
b REE separations made at Caltech.
¢ REE separations made at OSU.
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tions were done. This clearly demonstrates our ability
to detect differences as small as 10° atoms per gram
of seawater in any isotope measured. It is therefore
concluded, as before, that **3Nd measurements were
unaffected by this contamination. It should be stress-
ed that the level of contamination which we have
detected is too low to have any effect on Nd concen-
tration values determined either by isotope dilution
here at Caltech or by neutron activation analysis as
done at OSU.

3. Data representation

Representation of Sm and Nd data follows that
given by DePaolo and Wasserburg [1]. Measured
143Nd/1**Nd ratios are presented as fractional devia-
tions in parts in 10% (e-units) from *#>Nd/!'**Nd in a
chondritic uniform reference reservoir (CHUR) as
measured today:

- 1] x 10*

(143Nd/144Nd)M
where M is the ratio measured in the sample today,

enal0) = [ Ichur(0)

131

and Icyyr(0) = 0.511836 is the '*3Nd/!**Nd in the
CHUR reference reservoir today. An enrichment fac-
tor for '47Sm/**4Nd in a sample relative to CHUR is
given by:

me/Ndz[ (147Sm/144Nd)M B 1]

(147sn]/144Nd)CHUR

where (147Sm/!4*Nd)cyur = 0.1967. Jacobsen and
Wasserburg [11] have determined this new value for
(**7Sm/"**Nd)cur from recent and more thorough
studies of Sm and Nd in chondritic meteorites.

4. Results and discussion

Results of Nd isotopic measurements made on
Atlantic and Pacific seawater samples are presented in
Table 3. These are also plotted on a histogram in Fig.
1. eng(0) values for seawater samples are plotted on
the top level of the histogram, manganese sediments
in the middle and the ranges in en4(0) for possible
sources of REE in seawater are indicated at the bot-
tom. It is seen that the Atlantic and Pacific seawater
samples lie in two distinct groups, the Atlantic samples

TABLE 3
Isotopic compositions of Nd and Sr in seawater samples @
Sample fSm{Nd 143Nq4/144Ng b 875, /865y d eng (0) egr (0)
OCE63-1-1 -0.288 0.511276+30° 0.70904 2 5 -10.9+ 0.6 +64.4 0.9
OCE63-2-1 - 0.511163 ¢ 22 ~13.1+ 04
OCE63-2-2 -0.385 0.511150+ 33°€ -134:0.6
OCE63-2-3 -0.400 0511145+ 27°¢ -135+0.5
OCE63-3-1 - 0.511346 + 47 ~9.6+ 09
OCE634-2 - 0.511135 + 37 -13.7+ 0.7
SW-1 -0.400 0.511641+36°¢ -3.8+0.7
SW-2 - 0511712+ 25 -24+05
SW-3 - 0.511718+ 25 ) -2.3+05
Sw-4a - —=0.431 0.511706 + 34 € 0.70905+ 5 -25:07 +64.5+ 0.9
Sw-4b - - 0511731+ 28°¢ -2.1:05
(duplicate)
CIT seawater 0.70905+ 1 +64.6 + 0.2

Sr standard ©

8 Nd data for SW-1, 2, 3, 4 from Piepgras et al. [6]. Reported errors are 20 of the mean.

b Normalized to 15ONd/142Nd = 0.2096.

€ Spiked with *5°Nd and normalized to 146Nd/1%2Nd = 0.636151.

d Normalized to 86Sr/88sr = 0.1194.

€ Average of ten analyses [39]. The CIT seawater Sr standard was collected in the Atlantic Ocean in 1963 at 00°03'S. 34°49'W by
Woods Hole Oceanographic Institution (V.T. Bowen, personal communication, 1963).
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Fig. 1. Histogram of eng(0) values of seawater (top) and
ferromanganese sediments (bottom). Possible sources of REE
in seawater are referenced below the histogram. Data for
Atlantic seawater are from this study. Pacfic seawater data are
from Piepgras et al. [6]. Ferromanganese sediment data are
from Piepgras et al. [6] and O’Nions et al. {7].

having the most negative eyg(0) values. Furthermore,
we observe that the range in eng(0) values for the
Atlantic samples is the same as that of ferromanga-
nese sediments from this ocean which were previously
analyzed. This same type of relationship was made
previously by Piepgras et al. [6] for Pacific seawater
and ferromanganese sediments. These results clearly
demonstrate that there are distinctive Nd isotopic
variations between the oceans, and that the ferroman-
ganese sediments closely reflect the Nd isotopic com-
position in each ocean basin. These results can best
be explained by a relatively short residence time for
Nd in the oceans relative to the rates of exchange be-
tween the oceans, coupled with the necessity for an
older (2 1.5 AE) continental source for the Nd in the
Atlantic samples relative to Pacific samples. It is
remarkable that the ocean water and ferromanganese
sediments in each ocean appear to lie in a rather
restricted range. This suggests a rather thorough
mixing of Nd within each ocean basin which requires
better understanding.

Some heterogeneities within the Atlantic waters
are indicated. The Atlantic seawater samples shown

in Fig. 1 lie in two distinct groups. These differences
appear to be related to water depth. Samples from
water depths of 1000 m and greater show very uni-
form eng(0) of —13.5  0.4. Two samples from near-
surface depths (300 m and 50 m) have epg(0) values
of —10.9 and —9.6 respectively. All deep water sam-
ples (21000 m) reported here are from water masses
associated with North Atlantic Deep Water which
comprises the bulk of Atlantic Ocean water below
approximately 1000 m. Our data suggest that North
Atlantic Deep Water may have uniform Nd isotopic
composition at least in the western Atlantic Ocean
basin. Surface waters on the other hand, may be
variable, depending largely on other sources for their
observed isotopic compositions. It may therefore be
possible to distinguish water masses within an ocean
basin on the basis of Nd isotopic composition (e.g.,
Mediterranean water flowing into the Atlantic).
Mechanisms for maintaining isotopic distinctions
between water masses are not clear but must be
related to the sources of surface waters, the mechanism
of their injection into the oceans, and the circulation
patterns and mixing mechanisms within the oceans.
Clearly, a larger data base is needed to both substan-
tiate these observations and to understand why the
isotopic differences exist. The lack of a similar dis-
tinction for Pacific samples presented here may be
due to inadequate sampling. A correlation between
€ng(0) and the known variations of temperature and
salinity usually used to distinguish different water
masses must be explored.

Strontium isotopic measurements have been made
on aliquots of some of the seawater samples analyzed
in this study. Results of these measurements are given
in Table 3. Values for Atlantic and Pacific seawater
are identical to the level of precision reported here
of t1 e-unit. This more precise value is in agreement
with the results obtained by previous authors who
have shown to a level of approximately +10 e-units
that the oceans have fairly uniform Sr isotopic com-
position [12—14]. We note that the total range of
uncertainty in these older data is equal to the range
of effects observed in the *#3Nd abundance. The
uniformity of Sr isotopic composition of seawater

and the heterogeneity of Nd isotopes reported here

clearly indicate the relative residence times of these
two elements compared to the rates of mixing in and
between the oceans.
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The bottom of Fig. I indicates typical eng(0)
values of possible sources of REE in the oceans. Com-
parison of seawater and ferromanganese sediment data
in Fig. 1 with possible sources clearly shows that sub-
stantial contributions from continental sources are
necessary to produce the observed eyng(0) values in
the marine environment. Contributions from contin-
ental sources account for at least 80% of the Nd in
the Atlantic Ocean and a minimum of 50% in the
Pacific Ocean. Differences in the eng(0) values be-
tween the Pacific and Atlantic Oceans may be due to
differences in the eyg(0) values of the continental
sources directly supplying REE to each of these oceans
and without significant transport of REE between
the oceans. Another possibility is that the eng(0)
values in the continental sources are the same for
both oceans, with the Pacific Ocean having much
larger contributions (as much as 50%) from oceanic
mantle sources with eng(0) = +10 [6]. Continental
drainage patterns indicate a far greater drainage for
fresh water into the Atlantic Ocean relative to the
Pacific Ocean [15]. Consideration of this observation
suggests a third alternative for explaining Nd isotopic
differences between the oceans. The observed eng(0)
for Pacific water may reflect a large contribution of
oceanic mantle sources (eng(0) = +10) mixed with
Atlantic waters (eng(0) = —12) with only small,
direct contributions into the Pacific basin from older
continental sources. However, no marine materials
(sediments or water) have been analyzed as yet which
have enq(0) values greater than zero. This indicates
that submarine volcanic sources (or hydrothermal
systems) cannot play a dominant role and suggests
that dilution of Nd from continental sources draining
into each ocean basin combined with Nd having
€nda(0) > 0 from oceanic mantle sources is the most
likely explanation for negative exg(0) values observed
in seawater and in associated marine deposits. Some
contributions from oceanic mantle sources with posi-
tive €ng(0) values are likely, however. The best place
to look for positive eng(0) values in the. marine envi-
ronment may be in waters emanating from deep-sea
hydrothermal springs associated with mid-ocean ridge
spreading centers such as those observed at the

Galapagos Rift [16] and 21°N on the East Pacific Rise.

Evidence for contribution from a mid-ocean ridge type
mantle source was found in a hydrothermal crust
from the Galapagos region and in a metalliferous sedi-
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ment from the East Pacific Rise by Piepgras et al. [6].
These workers observed a shift in the ey4(0) values of
these two samples of approximately 2 e-units from
average values for ambient Pacific seawater toward
more radiogenic values as would be expected for mid-
ocean ridge-type mantle contributions.

Chow and Patterson [17,18] measured the isotopic
composition of lead in manganese nodules and other
pelagic sediments. Direct measurements of the isotopic
composition of lead in seawater has not yet been done
because of the low concentrations of lead in seawater
(1 X107'? g/g in deep waters [19]) and the enormous
problems associated with Pb contamination [20].
These concentrations are comparable to those of Nd
in seawater, but contamination problems for Nd are
small by comparison with lead contamination. In
general, leads in Atlantic manganese nodules were
more radiogenic than leads in Pacific manganese
nodules, consistent with an older continental source
for Atlantic leads. Chow and Patterson concluded
that the source of lead in pelagic sediments was
weathered and relatively ancient continental rocks
which contain leads with high 238U/2% Py and rather
diverse isotopic compositions. They estimated that
only about 10% of the lead entering the oceans may
have come from young oceanic mantle sources. Nd
isotopic variations in the oceans are very similar to
patterns of lead isotopic variations found by Chow
and Patterson.

REE abundance patterns in seawater indicate that
the REE balance is controlled to some extent by pre-
cipitation into manganese nodules. This is best indi-
cated by the presence of positive cerium anomalies in
nodules and a corresponding negative Ce anomaly in
seawater [8,21,22]. Enrichment factors (fS™/N9) for
Sm and Nd have been determined for several seawater
samples (Table 3). With the exception of one sample,
all have f values between —0.385 and —0.431. One
sample (OCE63-1-1) has fS™/Nd = _0 288. Ferroman-
ganese sediments have highly variable f values (—0.197
to —0.415 [6]) with an average of approximately
—0.270. (Data from Piepgras et al. [6] has been cor-
rected for the new (**7Sm/!**Ndjcyur given in the
section on data representation.) The difference in f
values between seawater and ferromanganese sedi-
ments is of a similar nature but much smaller than the
previously observed cerium differences. North American
Shale has fS™/Nd = _0,.390 [23] and is considered to
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represent the average continental source of REE in
the oceans. If this is the correct value for f5™/N9 jp
the dissolved component of REE runoff from the
continents, then steady state considerations indicate
that ferromanganese sediments cannot represent the
only major sink for REE in the oceans. Clearly, there
must be other substantial sedimentary deposits or
other possible sinks in the oceans which have [ values
(and Ce abundances) which would balance their abun-
dances in ferromanganese deposits with those in sea-
water. Ocean floor basalts could be one possible sink.
Ludden and Thompson [24,25] showed enrichments
of the REE in weathered basalts by as much as four
times over fresh ocean floor basalts. This, however,
has not been substantiated by Nd isotopic studies,
which show no effects due to seawater alteration on
their Nd isotopic composition [7]. It may, however,
be necessary to reassess our estimates of f values in the
dissolved load of continental runoff. A study of REE
and Nd isotopes dissolved in major world rivers offers
the best promise of characterizing the sources of REE
in the oceans and should provide a starting point for
both isotopic composition and f values from continen-
tal sources which may be traced through the marine
environment. ]

In an attempt to determine paleo-isotopic variations
of Nd in seawater over short time scales (<30 m.y.),
we have analyzed surface and central layers of a Pa-
cific manganese nodule (MN139). The growth rate of
this nodule has been determined by !°Be and uranium
series methods to be 1—2 mm/10° years [26}. From
this information, the time span represented by this
nodule is estimated to be at least 19 m.y. Results of
Nd isotopic analyses are given in Table 4. eng(0)
values for the 1-mm and 36-mm layers are not signif-
icantly different to indicate changes in the REE sour-

TABLE 4
Results of Nd isotopic measurements in two layers of a
Pacific Ocean manganese nodule (MN139)

Depth 143Ng/14%Nd eNd (0)
of
layer
(mm)

0- 1 0.511651+ 20 -36+04
36-37 0.511597=+ 24 -4.6+ 0.5

ces in the Pacific Ocean during this time interval.
Neodymium isotopic variations over longer time
scales would be expected, however. Sr isotopic varia-
tions in seawater during Phanerozoic.time have been
documented [27,28] and a similar approach as used
for Sr paleo-isotopic research could be applied to Nd
isotopic studies. If one considers the hypothetical
Pangean supercontinent, the surrounding Panthalassa
Ocean should have had a fairly uniform Nd isotopic
composition as there would have been no isolation
of water masses by continental barriers which would
prevent mixing. Authigenic and pelagic sediments de-
posited in this ocean should reflect this, and the iso-
topic compositions may be preserved in the sedimen-
tary record. Isolation of water masses by the forma-
tion of interior seas and new oceans (i.e., the Tethys
Sea and the Atlantic Ocean) as a result of continental
drift and seafloor spreading rearranging the configura-
tion of the continental land masses would produce
drainage patterns which are unique for each body of
water into which they flow. These isolated seas would
have Nd isotopic compositions characteristic of the
waters issued from the adjacent continental drainage
systems and would not be mixed with the larger oceans.
The isotopic composition of individual seas would
most likely be different from one water mass to an-
other as observed in today’s oceans as well as being
different from Panthalassa. The Nd isotopic composi-
tion of paleo-seas, if preserved in the sedimentary
record, should provide a crude reconstruction of sur-
face drainage patterns and the degree of isolation of
ocean basins at times in the geologic past correspond-
ing to changes in the configuration of the continents.
Measurements of Sm and Nd concentrations are
given in Table 1. The total range in concentration of
Nd reported here for the North Atlantic is from 2.0 X
107'2 g/g in surface waters to 3.2 X107 g/g in deep
waters. In general, concentrations increase with depth.
This is very similar to concentration profiles of other
trace elements (Zn, Cu, Ni, Cd) which have been mea-
sured in seawater [29—31}. According to these authors,
the depletion of trace metals in surface waters is attrib-
uted to uptake of these elements by the activity of
organisms. Removal of Nd and other trace elements
by particulates must also be considered. From studies
of radionuclides of the 238U decay series, it is evident
that particulate matter is the major agent for removal
of trace elements in surface waters, and probably at
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depth in the oceans as well [32].

Similarity of the geochemical behavior of pluto-
nium to that of neodymium suggests that Nd isotopic
studies may be useful in environmental research. Pu
is a highly radioactive waste product in nuclear reac-
tors and is considered to be very toxic in the environ
ment. Because of some similarities between Nd, Sm,
and Pu, it is possible that one could contribute to
understanding of the transport of Pu in the river and
marine environments by studying the transport char-
acteristics of Nd. However, there are distinct differ-
ences between the solution chemistry of Pu and the
REE which may seriously complicate the issue. Stu-
dies on the oxidation state of Pu in seawater [33,34]
indicate that the solution chemistry of this element
is complex and not well understood. In addition, there
is very little information on the geochemical behavior
of Nd in aqueous environments so that a prediction
of the coherence of Nd and Pu in natural systems is
not yet possible. It would be very useful to do com-
parative studies of Nd and Pu in rivers and estuaries
where the behavior of plutonium is known in order
to establish whether correlations between Nd and Pu
can be made. If the Nd behavior is found to follow
Pu, then knowledge of Nd transportation may be used
to predict the behavior of Pu in regions where Pu has
not been studied.

It may be possible to use the isotopic data presented
here to estimate mixing times between the oceans and
the residence time of Nd in the oceans. The steady
state equations for a simple two-box model were
given by Piepgras et al. [6]. In that work the approach
was to use estimates for the residence time of Nd,
however, this does not appear to be appropriate. Let
us assume two ocean bodies, 1 and 2, each of which
is homogeneous. Let them be supplied by net *“drain-
ages” from land masses A and B, respectively, with
Nd isotopic composition €, and eg, where the injec-
tion of Nd from oceanic volcanic sources is included.
Let J,3; and J,3; be the rates of deposition of species
j (in this case, Nd) from oceans 1 and 2 into a sedi-
ment layer, 3, which is the sink for this species. Take
Wi, to be the rate of transport and mixing of water
from ocean 1 into ocean 2 and €, , €, to be the Nd
isotopic composition in e-units in each ocean. Then,
the exact solutions at steady state are:

O0=€epdarj— €113t (€2 Cyj — €, Cyj) Wi ¢)]
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for ocean 1.
O=epJpy—€2J23j—(€2Caj— €, C1)) Wy, (2)

for ocean 2. Here, J 5,; and J,; are the fluxes of
species j from land masses A and B into oceans 1 and
2, respectively, and Cy;, C,; are the concentrations
of j in oceans 1 and 2. Combining equations (1) and
(2) gives the coupled equation for both oceans:

O=€pJa1jtepJpaj—€1J13j — €2 J235 . (3)
We also have at steady state:
0=Ja1;—J13;+(Caj = C1)) Wiy 4)

0=Jyyj —J23; —(Cpj - C1j) Wiz (%)

For the case where W, = 0 we note that for ocean 1,
Ja1j=Jy3;and, therefore, €4 = €. The residence time
7 in ocean 1 for species J is:

_Gij%
RY

iy ®)
The same relationships also hold for ocean 2. This
describes the decoupled situation for isolated ocean
basins.

For the case where W, 5 does not equal zero, we
solve equation (4) for J,3;, and substituting into
equation (1) yields:

CyWi _(ea—€) Wi o
Jarj (61— €) Wy,

where W, is the mass of water in ocean 1. Insofar as
C,j is not greatly different from C, ;, we can substi-
tute Cy; for C; and then the left-hand side of equa-
tion (7) is equal to the residence time, 7y, of species
jin ocean 1. The Antarctic Circumpolar Current is
the dominant flow between the oceans and will be
called V,,, with a value between 1 and 1.5 X10® m3/s
[35—37]. We take the Atlantic (~3.5X10'"m3) to
be one ocean and consider the Pacific, Indian, etc.,
as the second ocean (~10'8 m?). Let us assume that
the entrainment efficiency for mixing Pacific water
into the Atlantic due to the Antarctic Circumpolar
Current is g, then:

Wi =qV, ' (8)

Hence:
(ea—€) W
N OCIN o

_(61 '-62)(1’}12



202

136

For the Atlantic and Pacific Oceans, W,/V,,, are
about 100 years and 280 years, respectively. The
maximum value for the primary input source is
€mors ~ +10 e-units which gives 404 years > g X
Tpac.Ng for the Pacific. For the Atlantic, the primary
input source must have €4 2 —25 e-units for a 2.5-AF
crustal source or a maximum value near that of North
American Shale composite (NAS) with exyag =
—14.4 e-units. This gives 26 years < g Taqng < 144
years. In this treatment the mixing efficiency remains
unspecified, however, for values of g close to unity,
a residence time of less than 100 years is indicated.
The existence of more complete data on the isotopic
composition of Nd from continental sources and in
the different water masses may justify a more com-
plex and realistic treatment of the residence time and
mixing problems.

The possibility of complete removal of REE from
seawater prior to mixing between water bodies must
be considered. This may be accomplished by adsorp-
tion onto particulate matter, including fecal pellets
of marine organisms [32] which carry the REE into
the sedimentary layer. Reactive natural radionuclides
such as *'°Pb and *3*Th are rapidly removed on
particles along the traverse of a stream and in the
estuarine zone before reaching the open ocean [38].
This may also be true for the REE, but this study
and work by Chow and Patterson {17,18] clearly
indicate a dominant continental component for the
REE and Pb in marine sediments and seawater sug-
gesting that at least some of these very insoluble trace
elements are capable of breaching the estuarine envi-
ronment and entering the oceans. Whether the REE
and Pb are carried into the oceans in solution or ad-
sorbed onto particulate matter is unknown and
requires further study. More attention must be given
to removal mechanisms of the REE from seawater.

It is possible that even though mixing of the Atlantic
and Pacific Oceans is taking place, the REE are
removed by-adsorption onto particulates before they
are retained by the Antarctic Circumpolar Current
(K K. Turekian, personal communication).

5. Conclusions

We have firmly established that there are distinct
Nd isotopic variations in seawater and that the eng(0)

values observed are characteristic of the ocean basin
sampled. While the difference in the absolute abun-
dance of '*3Nd between the Atlantic and Pacific
Oceans is only ~10° atoms per gram of seawater, the
isotopic effects can be readily measured. The domi-
nant source of REE in the oceans has been shown to
be from the weathering of continental crust with rela-
tively small contributions from rocks with oceanic
affinities. However, to provide a complete under-
standing of the sources and transport of REE in the
oceans, a more thorough knowledge of continental
source of REE to the oceans from river input is
necessary.

Isotopic differences observed between surface
waters and deep waters in the Atlantic Ocean suggest
that the Nd isotopic composition may be useful for
distinguishing the injection and mixing of water
masses in an ocean basin. If this is substantiated by
further data, considerable understanding of the
physical mixing processes of water masses may be
realized. The existence of Nd isotopic distinctions
between different ocean basins has been used to place
constraints on the residence time of Nd in seawater.
However, more information is needed on the solution
chemistry and removal mechanisms of the REE in
seawater before any conclusions can be made
regarding mixing rates in the oceans on the basis of
Nd isotopic composition. The Nd isotopic composi-
tion of modern ambient seawater appears to be rather
accurately reflected in ferromanganese sediments. It
is possible that this may prove to be more generally
true for a wider variety of chemical sediments includ-
ing carbonates. If the isotopic composition of
ambient “local” seawater is preserved in ancient
chemical sediments, it may be possible to use the
193Nd isotopic abundance in paleo-oceanographic
studies and in testing models of the geometrical confi-
gurations resulting from continental drift.

Acknowledgements

We would like to thank William Schmitz of the
Woods Hole Oceanographic Institution and Jim Price
of the University of Rhode Island as well as the crew
of the R/V “Oceanus” for providing us with the
necessary ship time needed to collect the Atlantic
water samples. John Corliss and Roberta Conard of



203

Oregon State University provided valuable assistance
in teaching us how to carry out the bulk chemical
preparations of the samples. T.L. Ku of the Univer-
sity of Southern California provided us with the man-
ganese nodule (MN139) analyzed in this study. This
work has benefited greatly from lengthy discussions
with K. Turekian, who reviewed this manuscript. We
also wish to thank C. Wunsch, B. Schaule, and C. Pat-
terson for invaluable comments. The results of this
study were first presented in 1979 at the annual
meeting of the Geological Society of America, San
Diego, California [40]. This research was supported
in part by grants from NSF PHY 76-83685 and
NASA NGL 05-002-188.

References

1 D.J. DePaolo and G.J. Wasserburg, Nd isotopic variations
and petrogenetic models, Geophys. Res. Lett. 3 (1976)

. 249--252.

2 D.J. DePaolo and G.J. Wasserburg, Inferences about
magma sources and mantle structure from variations of
143Nd/144Nd, Geophys. Res. Lett. 3 (1976) 743-746.

3 D.J. DePaolo and G.J. Wasserburg, The sources of island
arcs as indicated by Nd and Sr isotopic studies, Geophys.
Res. Lett. 4 (1977) 465-468.

4 P. Richard, N. Shimizu and C.J. Allégre, 143Nd/146Nd, a
natural tracer: an application to oceanic basalts, Earth
Planet. Sci. Lett. 31 (1976) 269-278.

5 R.K. O’Nions, P.J, Hamilton and N.M. Evensen, Varia-
tions in 193Nd/144Nd and 87Sr/8®Sr ratios in oceanic
basalts, Earth Planet. Sci. Lett. 34 (1977) 13-22.

6 D.J. Piepgras, G.J. Wasscrburg and E.J. Dasch, The iso-
topic composition of Nd in different ocean masses, Earth
Planet. Sci. Lett. 45 (1979) 223-236.

7 R.K.ONions, S.R. Carter, R.S. Cohen, N.M. Evensen and
P.J. Hamilton, Pb, Nd and Sr isotopes in oceanic ferro-
manganese deposits and ocean floor basalts, Nature 273
(1978) 435-438.

8 L.D. Goldberg, M. Koide, R.A. Schmitt and R.H. Smith,
Rare earth distributions in the marine environment, 1.
Geophys. Res. 68 (1963) 4209-4217.

9 D.A. Papanastassiou, D.J. DePaolo and G.}. Wasserburg,
Rb-Sr and Sm-Nd chronology and genealogy of mare
basalts from the Sea of Tranquility, Proc. 8th Lunar Sci.
Conf. (1977) 1639-1672.

10 D.A. Papanastassiou and G.J. Wasserburg, Rb-Sr ages and
initial strontium in basalts from Apollo 15, Earth Planet.
Sci. Lett. 17 (1973) 324--337.

11 S.B. Jacobsen and G.J. Wasserburg, Sm-Nd isotopic syste-
matics of chondrites, in: Lunar and Planetary Science X1
{1980) in press (abstract).

12 G. I'aure, P.M. Hurley and J.L. Powell. The isotopic

composition of strontium in surface water from the
North Atlantic Ocean, Geochim. Cosmochim. Acta 29
(1965) 209-220.

13 E.I. Hamilton, The isotopic composition of strontium in
Atlantic Ocean water, Earth Planet. Sci. Lett. 1 (1966)
435-436.

14 V.R. Murthy and E. Beiser, Strontium isotopes in ocean
water and marine sediments, Geochim. Cosmochim. Acta
32¢1968) 1121-1126.

15 M.IL Budyko, Climate and Life (Academic Press, New
York, N.Y.,1974) 508 pp.

16 J.B. Corliss, J. Dymond, L.I. Gordon, J M. Edmond, R.P.
von Herzon, R.D. Ballard, K. Green, D. Williams, A. Bain-
bridge, K. Crane and T.H. van Andel, Submarine thermal
springs on the Galapagos Rift, Science 203 (1979) 1073 -
1083.

17 T.}. Chow and C.C. Patterson, Lead isotopes in manga-
nese nodules, Geochim. Cosmochim. Acta 17 (1959)
21-31.

18 T.J. Chow and C.C. Patterson, The occurrence and signi-
ficance of lead isotopes in pelagic sediments, Geochim.
Cosmochim. Acta 26 (1962) 263-308.

19 B. Schaule and C.C. Patterson, Lead concentrations in the
northeast Pacific Ocean: evidence for global anthropo-
genic perturbations (in preparation).

20 C. Patterson, Lead in seawater, Science 183 (1974) 553 -
554,

21 O.T. Hggdahl, S. Melson and V.T. Bowen, Neutron activa-
tion analysis of Lanthanide elements in seawater, Adv.
Chem. Ser. 73 (1968) 308-325.

22 D.Z. Piper, Rare earth elements in ferromanganese
nodules and other marine phases, Geochim. Cosmochim.
Acta 38 (1974) 1007-1022.

23 M.T. McCulloch and G.J. Wasserburg, Sm-Nd and Rb-Sr
chronology of continental crust formation, Science 200
(1978) 1003-1011.

24 J.N. Ludden and G. Thompson, Behaviour of rare earth
elements during submarine weathering of tholeiitic basalt,
Nature 274 (1978) 147-149,

25 J.N. Ludden and G. Thompson, An evaluation of the
behavior of the rare earth elements during the weather-
ing of sea-floor basalt, Earth Planet. Sci. Leti. 43 (1979)
85-92.

26 T.L.Ku, A. Omura and P.S. Chen, !%Be and U-series iso-
topes in manganese nodules from the central North
Pacific, in: Marine Geology and Oceanography of the
Pacific Manganese Nodule Province, J.L. Bischoff and
D.Z. Piper, eds. (Plenum Press, New York, N.Y., 1979)
791-814.

27 Z.E.Pcterman, C.E. Hedge and H.A. Fourtelot, Isotopic
composition of strontium in seawater throughout
Phanerozoic time, Geochim, Cosmochim. Acta 34 (1970)
105-120.

28 E.J. Dasch and P.E. Biscaye, Isotopic composition of
strontium in Cretaceous-to-Recent, pelagic foraminifera,
Earth Planct. Sci. Lett. 11 (1971) 201-204.

29 M.L. Bender and C. Gagner, Dissolved copper. nickel,



204

138

and cadmium in the Sargasso Sea, J. Mar. Res. 34 (1976)

327-339.
30 E.A. Boyle, F.R. Sclater and J.M. Fdmond, The distri-

bution of dissolved copper in the Pacific, Earth Planet.
Sci. Lett. 37 (1977) 38~54.

31 K.W. Bruland, Oceanographic distributions of cadmium,
zinc, nickel, and copper in the North Pacific, Earth
Planet. Sci. Lett. 47 (1980) 176—198.

32 K.K. Turekian, The fate of metals in the oceans, Geo-
chim. Cosmochim. Acta 41 (1977) 1139-1144.

33 D.M. Nelson and M.B. Lovett, Oxidation state of plu-
tonium in the Irish Sea, Nature 276 (1978) 599-601.

34 S.R. Aston, Evaluation of the chemical forms of plu-
tonium in seawater, Mar. Chem. 8 (1980) 319-325.

35 H.U. Sverdrup, M.W. Johnson and R.H.-Fleming, The
Oceans (Prentice-Hall, New York, N.Y., 1942) 1087 pp.

36 W.D. Nowlin, Jr., T. Whitworth 11l and R.D. Pillsbury, .

37

38

.39

40

Structure and transport of the Antarctic Circumpolar
Current at Drake Passage from short-term measurements,
J. Phys. Oceanogr. 7 (1977) 788—-802.

H.L. Bryden and R.D. Pillsbury, Variability of deep flow
in the Drake Passage from year-long current measure-
ments, J. Phys. Oceanogr. 7 (1977) 803-810.

K.K. Turckian, The fate of metals in estuaries, in: Estu-
aries, Geophysics, and the Environment (National
Academy of Sciences, Washington, D.C., 1977) 127 pp.
D.A. Papanastassiou and G.J. Wasserburg, Strontium
isotopic anomalies in the Allcnde meteorite, Geophys.
Res. Lett. 5 (1978) 595-598.

D.J. Piepgras and G.}. Wasserburg, Oceanographic impli-
cations of Nd isotopic variations in seawater, Geol. Soc.
Am. Annu. Meet., San Diego, Calif. (1979) 495
(abstract). ,



Appendix III

16 July 1982, Volume 217. Number 4556

205

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 *H, 'C, *"pp,
22Ra. and **Th. 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 isotopic composition of neodymium has been determined in
seawaters from the Drake Passage. The Antarctic Circumpolar Current, which
controls interocean mixing, flows through this passage. The parameter eng(0), which
is a function of the ratio of neodymium-143 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 Circumpolar Current
consists of about 70 percent Atlantic 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 {0 describe the exchange of water between the
Southern Ocean and the ocean basins to the north together with the isotopic results,
an upper limit 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 1o 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 C studies (/) 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
Donald J. Piepgras is a graduate student in geo-
chemistry and G. J, Wasserburg is John D. MacAr-
thur Professor of Geology and Geophysics in the
Division of Geological and Planetary Sciences. Cali-
fornia Institute of Technology. Pasadena 91125,
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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 (5)} 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

SCIENCE

(~ 10° years) in seawater. As a conse-
quence, ¥Sr/*Sr 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 may be useful as a tracer in the
immediate environment of Sr injection.
The variations of ¥'Sr/%Sr 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% 107° ppm (4, 7, 8. and this study)
and 1 X 107% ppm (9). respectively.
These are about 107® to 10”7 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 10 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 '*Nd in nature in-
creases through geologic time due to the
a-decay of "’Sm (half-life 7., = 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 (/). The change in "Nd is
commonly related to the nonradiogenic
isotope '**Nd. and for convenience. be-
cause the differences are small. repre-
sented by engl® = [N/ N e’
(0.511847) — 1] x 10, where 0.511847 is
the present-day average "*Nd/"*Nd ra-
tio in chondritic meteorites (/2), These
values reflect natural variations due only
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to the radioactive decay of '¥’Sm and
have been corrected for instrumental and
natural mass fractionation. Typical
ranges of eng(0) are shown in Fig. 1 for a
variety of continental and oceanic crust-
al and mantle reservoirs which are po-
tential sources of rare earth elements to
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 '*Nd/'*Nd 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 ef al.
(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 "*Nd/'"*Nd ratio corre-
sponding to exg(0) = —3. Piepgras et al.
(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 er al. (13) are shown in Fig. 1B.
A recent study by Goldstein and
O’Nions (/4) of Nd isotopes in ferroman-
ganese sediments obtained by a similar
sampling of the oceans confirmed the
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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 ex4(0) can be inferred
from ferromanganese sediment data. Es-
timated average eng(0) values for these
oceans are: Pacific Ocean. -3: Indian
Ocean, —8; and Atlantic Ocean. —12.
Differences in exg(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, exg(0) was found to be fairly
uniform within individual ocean basins in
comparison to the differences between
basins. A comparison of the eng(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
[eng(0) < 0], with only small contribu-
tions from sources with oceanic mantle
affinity [eng(0) = 10]. The more negative
eng(0) values observed in the Atlantic
compared to the Pacific point to the
dominance of an old continental source
{having a low average Sm/Nd 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 (/5).
There are no data for Pb isotopes in deep
ocean waters. Data for Pb in seawater
from coastal regions (/6) and Pacific and
Atlantic surface waters (/7) 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 exy(®)
between the Atlantic and Pacific oceans.
it should be possible 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 = 10° cubic meters per
second) (/8). 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 1o 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 arc 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 oceanographic studies.
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Sampling

Samples were collected during leg 11
of cruise 107 of the R.V. Atlantis Il 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 (/9). 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 (2/)
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
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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 (2/). 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 et al. (4) mea-
sured filtered and unfiltered samples
from different locations in the Pacific and
found similar concentrations: an unfil-
tered sample from the Galdpagos 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 sois 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 | 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 resuits are shown in Table | 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 eng(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 exy(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
engl0) = —7.9. Station 292 is west of the
Drake Passage in the Bellingshausen
Plain within the Antarctic Circumpolar
Current, and has exy(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 resuits of Sm and Nd measurements in samples from the Drake Passage and the Pacific Ocean. Errors for
concentration measurements are ~ 0.03 percent for Nd and ~ 0.1 percent for Sm. The "*Nd"'**Nd ratio was determined in samples spiked with

150N G and normalized to M*Nd/"*Nd = 0.63615]. Reported errors are 2 standard deviations from the mean.

INd

A 147
Station D(;F:;h Location \]()"N‘:dgfg) (o S.':nglg) Tirg g Exat
315 50 61°01°10"S, 62°15'21"W 1.88 0.347 0.109 0.511381 = 50 ~-9.1 = 1.0
- 800 230 0.432 0.113 Q511388 = 3y -9.0 =07
2000 3.25 0.610 0.113 QSR = 38 -84 =07
3600 4.21 0.800 0.115 0.511389 = 21 -89 =04
327 50 56°27'55"S. 66°33°01"W 1.19
650 1.31 0.511378 = 40 92z 0.8
1900 1.93 0.511429 = 33 ~8.2 = 6
261 3900 47°47°33"5. RIT16'31T'W 3.69 0.683 0.112 0.511444 > 26 -79 =04
292 5050 60°54'02"S. 89°24°23"W 4.09 0511430 = 28 ~82 =06
31 30 20°00°S, 159°59'W 0.41) 0511861 = 39 0.3 = 0.8
2800 2.57 0.511617 = 36 4.5 =07
4500 3.68 0.511435 = 29 8.1 =06
17 2000 14°41'N. 160°01'W 0.511848 = 24~ 0.0 = (L3
Sediment trap 580 36°44°42°NL 1229487 12°'W 3.2 ppmt 0.60 ppm*+ 0113
*Unspiked. normalized to 146142 as above. +The Sm and Nd were determined in an aliquot of the total sample: errors are ~ 5 percent.
209
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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 31, eng(0) decreases with
depth from 0.3 at 30 mto —8.1 at 4500 m.
A sample from 2000 m at station 17 has
engl0) = 0.0, compared to a value of
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- —4.5 for a sample at 2800 m at station 31.
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 31, the Pacific now has a source
of Nd near the sea surface which is more
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of the symbols.

radiogenic than indicated by ferroman-
ganese sediment data in this area (4, /4)
or from seawater in the eastern Pacific
(7). Comparison of enq(0) for the Central
Pacific sample from 4500 m at station 31
lena(®) = —8.1] 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). B
The Nd concentration profile at sta-
tion 31 (Fig. 4C) shows an approximately
linear increase with depth, as observed
at other stations. The sample from 30 m
has the lowest Nd concentration vet
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 'Sm/'**Nd 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

The exq(0) values for the Drake Pas-
sage shown in Fig. 1 are close to —9.
These values lie in the direction of more
ancient continental sources than the Pa-
cific and are far removed from voung
oceanic mantle-type sources. for which
€ng(0) = 10. They are intermediate be-
tween North Atlantic and mid-depth Pa-
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 exyl0) as the Drake
Passage. These data show a coherence in
Nd isotopic composition for the South-
ern Ocean and support its identification
as a distinctive water body. In addition.
a sample of cold bottom water from the
Central Pacific has the same value of
€ng(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 er al.
@27)].

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 eng(0) = —9. Using the esti-
mates of exg(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 eng(0) 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 (3/)
indicate that there must be a net heat
transfer from the Pacific 1o the Atlantic.
Stommel {32). using data from Hasten-
rath {(37). indicates that the South Pacific
Ocean supplies heat dominantly by mass

16 JULY 1982
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flow to the South Atlantic and that the
transfer takes place through the Drake
Passage [see figure | in (32)]. 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 (/0). 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 Atlaniic and
Southern oceans. If deep water has an
average Nd concentration of 3 ngliter.
the transport of dissolved Nd from the
Atlantic to the Southern Ocean is ~ 63
g/sec. 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 enyg(0) 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 S depicts the model and
the exchange paths. We divided the
Southern Ocean into boxes 1. 2. and 3.
adjacent 1o the Atlantic. Indian. and Pa-
cific oceans, represented by boxes 17, 2.
and 3', respectively. This subdivision i«
to account for interactions with the other
oceans. [Georgi (28) presented data for o
series of transects of the Southern Ocear
including the Drake Passage and region-
south of Africa and New Zealand. which
have boundaries between the Southern
QOcean and major ocean basins 10 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. Fiow
between the Southern Ocean and the
major oceans to the north is two-direc-
tional and constrained 1o 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

0= Wy — € C W
+ Oy Wi~ e Wy ()

where the €'s are the Nd isotopic compo-
sitions. the C’'s are Nd concentrations.
and the W), 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 W,a= Wa =
Wa,. Letting W, = Wy, and taking the
(s to be approximately equal. we find
that Eq. 1 reduces to

0=~ (&3 — €)W} — (e, — ¢ W,
)

Similarly. for boxes 2 and 3. respectively

= e — €Wy = l&: = €)W
(K]

0= (€ — E:)“'n - (e — € )“V:x
. 4}

With- the available data base this boy
model is underdetermined. but we esti-
mated exgt®) for the undetermined
Southern Ocean boxes in order to caleu-
late an upper limit for the rate of ex-
change between the Southern Ocean and
the Pacific (W1:). We may obtain bounds
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on the unknown e values by assuming that
0 = W;/W,, = 1. This yields equations of
the form 0 = (¢; — €)(¢; — ¢) = 1. Tak-
ing €3 = -9, €3 = -3. and €y = —8. we
get —9.25 = e; = —10.5. Using this result
in Eq. 4 and taking Wy» = 130 Sv, we
calculate an upper limit of W3 = 33 Sy
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 eng(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 eny(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 was measured yielded a constant
"7Sm/"**Nd of ~ 0.11 at all levels. This
is similar to "’Sm/'*Nd 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
(7-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 315 and 327 indicate that four
components of water having distinctive
temperature and salinity characteristics
are involved in mixing. In general. these
7-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 7-§ 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 (35). colinearity on
the 7-§ diagram is a necessary condition
for treating element distribution in terms
of a two-component mixing model. How-
ever. exg(0) is uniform at stations 315
and 327, indicating only one component
of Nd in the water column in the Drake
Passage. From the 7-§ diagram for sta-
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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 (1"). 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
eng(0) data indicate mixing of two com-
ponents of Nd, one with eny(0) = —8
and the other with exg(0) = 0. The dif-
ferent 7-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 >**Th in
seawater and the presence of the daugh-
ter **Th (1.~ = 1.9 years) it is inferred
that the more soluble intermediate
daughter **Ra (1), = 5.7 years) is trans-
ported from coastal waters into the sur-
face ocean waters to provide the source
of **Th with a lateral transport time
scale of ~ 20 years. Dissolved U has a

relatively high and uniform concentra-
tion in seawater (~ 3 upglliter) (4/), but
one of its daughters, >*Th (1;, = 7.7 x
10° years), has a very low concentration.
well below secular equilibrium (~ 1073
(42). Recent experiments (43) showed
the dissolved 2°Th to increase regularly
with depth in an approximately linear
manner. These data can be explained by
constant production of 2**Th throughout
the water column from **U decay [***U
(112 = 4.5 x 10° years) = *Th (r,, = 24
days) = U (1), = 2.4 x 10° years) —
BOTh (v, = 7.7 x 10° years) — **Ra
(112 = 1.6 x 10° years)] with subsequent
adsorption of 2**Th on particulate mat-
ter, which settles to the bottom (40, 42).
For some nuclides from this decay series
such as 2!°Pb 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 ““Rn (7} -
= 3.8 days) (45) as well as **Ra and
>*Th (from decay of dissolved *™Ra)
(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 es
al. (39) showed an excellent correlation
between Ra (~ 6 x 107" grams per
kilogram) and Ba (~ 107° 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 **Th (43)] cannot be due
simply to scavenging as there is no
steady source such as that for **Th.
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 cplumn in order to
explain the concentration as a function
of depth: The source term presumably
results from dissolution of particles
(CaCOs;) containing Ba. a mechanism
suggested by Turekian 7 al. (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 x ~ 1 square centi-
meter per second and upward advective
velocity w ~ 107" cm/sec). 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
AT w il (5)

oz’ az

0=«

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

8°C; aC;
=k—g —w— — (Nt G + P
oZ 4z ( $aCi
(6)
Here z is the height upward from the

ocean bottom, P; is the local generic
production rate of species i, and \; + ¥;
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
souree term P; can be explicitly calculat-
ed (35) (it is usnally 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

; ; & C; aC;
3, mCy PG 9C
a7 o7 " oz
am,Cpiv
+ _—J;TL = NG + ’an[)f) + P

- 7
where C,; is the concentration of / on
particulate matter. m, is the mass of
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Fig. 6. Potential temperature versus salinity
diagrams for stations 315, 327, and 31. (A)
Drake Passage. Station 315 follows points
ABC. Boxes labeled | 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
7-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 7-§ 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 C; + m,C,. For **Th. which
is dominantly associated with particles.
Ci— 0(50).

If there is quasi-equilibrium partition-
ing between the adsorbed and dissolved
species of the form C,/C; = 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

N
a°C; aC; om,C;

0=k—5 —w— + ar —— =
9z" a2 34

s [ ac
'5; |:K -E = (w — avmg) C,] (8)

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 4C/dz 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 Eqgs. 5 and 8 may be decoupled. If
we use a Stokes velocity of & x 107* D?
cm/sec for particies of diameter D micro-
meters and take am, ~ 107" (9 percent
adsorbed on particles). then for 3-pm
particles we get avm, ~ 7 x 107° cm/
sec. The advective velocity in Eq. S is
usually taken as w ~ 107" cmssec. 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
k/<(avm, — w)> (< > indicates the
average value). For attenuation by a
factor of ¢ for a depth of 4 km and « ~ 1
cm?¥/sec we obtain <(avm, — w)> ~ 3 X
107 cm/sec. For (avm, — 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
(avm, — w)C;. If equilibration is not
achieved, then C,,/C; is not constant and
the falling grain may continue to seques-
ter material from solution. In this case
dim,Cp) = —dm,Cidz/v 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 vield 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 10
occur in the ocean and must play an
important role. A large contribution from
the sediments would 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 eng(0) = —9.
The exg(0) vaiues 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 10 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 explain 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.

An upper 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 bétween 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
eng(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
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passage was opened in late Oligocene
time (57), 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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Influence of the Mediterranean Outflow on the Isotopic Composition of

Neodymium in Waters of the North Atlantic

D. J. PiIErGRAS AND G. J. WASSERBURG

The Lunatic Asylum of the Charles Arms Laboratory. Division of Geological and Planetary Sciences, California Institute of

Technology. Pasadena, California 91125

The isotopic composition of neodymium in the water column of the eastern North Atlantic near the
Strait of Gibraltar has been determined for several depths. The data show that the Mediterranean
outflow results in a significant shift in £x4(0) toward more radiogenic values of "'Nd/'*Nd in the
water column at a 1000-m depth. This corresponds 1o a depth in the neighborhood of the salinity
maximum associated with the Mediterranean outflow. The core of the Mediterranean outflow gives
engl0) = —9.8. as compared to eng(0) = —12 in overlying and underlying waters. demonstrating that
the Mediterranean waters are distinct from the Atlantic. From mixing considerations we estimate that
pure Mediterranean waters have exg(0) = —6. Possible sources of this relatively radiogenic Nd could
be from drainage of young continental terranes or the injection of remobilized Nd from deep-sea
sediments that have a young radiogenic volcanic component. New data from a depth profile in the
western Atlantic is presented. Comparison of Nd data for the eastern North Atlantic with that for the
western North Atlantic shows fundamental differences in the water column structures for engt(0).
While both regions show a pronounced maximum in £x4(0), the western basin maximum occurs at the
near surface rather than at 1000 m. In addition. deep waters of the eastern basin are found to be more
radiogenic than the western basin. These differences indicate several sources of isotopically distinct
Nd in the North Atlantic. The deep waters of the North Atlantic {>1000 m) have the lowest values of
£naf0) measured in the oceans. We believe that the source of these low £yg(0) values. which we
associate with North Atlantic deep water. is either from freshwater drainage off the Precambrian
shields of North America and Asia into the Arctic Ocean or from the injection of “older.” continentally
derived REE from deep-sea sediments. Sm and Nd concentrations are found to increase with depth
and £ng(0) changes with depth, indicating both vertical and lateral transport processes from different
sources. This suggests a surface source of Nd and injection of REE into the water column from deep-

sea sediments or large-scale bottom currents with high REE concentrations.

INTRODUCTION

In this study we have examined the effect of the Mediter-
ranean outflow on the isotopic composition of neodymium in
the water column of the eastern North Atlantic. Because of
the very long half-life of '’Sm (7, = 1.06 x 10" years) and
the short cycling time of the rare earth elements (REE) in the
oceans, compared to mixing between the oceans, the ratio
"INd/**Nd is variable in seawater. This variation reflects
the '¥Nd/'*Nd ratio in the source terranes that supply the
REE 10 the oceans. The '*Nd/"*Nd ratio is used as a tracer
for studying the transport of REE in the oceans and may be
used for studying the origin of different water masses. A
summary of the observations and current ideas in this field
may be found in an article by Piepgras and Wasserburg
[1982]. The Nd isotopic data presented in this paper will be
given in units of eng(0).

- 1} x 10° )

- () (M}Nd/MJNd)mcasured
£ =
N 0.511847
where 0.511847 is the present-day "*Nd/"*Nd ratio in a
chondritic reservoir [DePaolo and Wasserburg. 1976; Ja-
cobsen and Wasserburg, 1980).
Recent studies have clearly established that there are
distinct differences in the Nd isotopic composition between
the different oceans [Piepgras ot al.. 1979: Piepgras and

Copyright 1983 by the American Geophysical Union.
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0148-0227/83/003C-0468505.00

Wasserburg, 1980; Goldstein and O'Nions. 1981. Piepgras
and Wasserburg. 1982]. In addition to the interocean Nd
isotopic variations, smaller but distinct variations occur
within individual ocean basins. Results from previous stud-
ies of Nd isotopic measurements for vertical profiles in the
Sargasso Sea and the Central Pacific [Piepgras and Wasser-
burg, 1980, 1982] are shown in Figure 1 @ and ¢. In addition
to these results. additional data has been obtained for
another Atlantic profile at station 30 (36°N. 62° W) and are
shown in Figure 1b. The results for station 30 indicate a
uniform deepwater isotopic composition of exyg(0) = — 14. in
agreement with data for the Sargasso Sea. All of these
profiles indicate a source of REE at the surface which is
distinct from that for the respective deep waters. This
demonstrates lateral as well as vertical transport of the REE.
In the Pacific profile the bottom water at this station has
been identified. on the basis of its Nd composition. to have
spread northward from the southern ocean [Piepgras and
Wasserburg, 1982]. Isotopic heterogeneity in the water col-
umn is not ubiquitous, however. The southern ocean in the
vicinity of the Drake Passage has uniform "'Nd:'"**Nd in the
water column. corresponding 10 exgl0) = —9 and a lincar
gradient in Nd concentration. leading to the conclusion that
it is isotopically. but not chemically. well mixed [Piepgras
and Wasserburg. 1982) Results of these various studies
indicate that it should be possible to monitor the effects of
injection of REE on the water column in regions where the
injected REE can be characterized isotopically.

We have chosen to look at the effects of the Mediterranean
outflow on the Nd isotopic composition in the water column
of the eastern North Atlantic. The Mediterranean outflow
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Fig. 1.

€nal0) as a function of depth in the (A) Sargasso Sea (Piepgras and Wasserburg. 1980]. (B} western North

Atlantic at A-11. 109-1. station 30 (this study). and (C) south central Pacific [Piepgras and Wasserburg. 1982]. The
Sargasso Sea data is a composite of several closely spaced stations. The location given in the figure for these samples is
the approximate mean position of all stations from the Sargasso Sea.

has a profound influence on the temperature and salinity
characteristics of the Atlantic. The high evaporation rate in
the Mediterranean Sea produces water masses with salinities
greater than 38%.. Some of this dense. saline water spills into
the Atlantic over the Gibraltar sill at a rate of about 1.04 x
10° m%s [Tchernia. 1980]. This outflow is replaced by an
inflow of less saline Atlantic surface water at a rate of about
1.11 x 10° m¥/s, which balances the outflow and net evapo-
ration losses of water in the Mediterranean. The dense
Mediterranean outflow water moves downward along the
continental slope, mixing with Atlantic water as it sinks to a
depth of ~1000 m, where it reaches water of the same
density. At this level it spreads out across the Atlantic.

resulting in an intermediate-depth salinity maximum. which
is the characteristic feature of the core of upper North
Atlantic deep water [Dierrich et al.. 1980]. The Mediterra-
nean outflow also results in the Atlantic having a warmer
median temperature than the Pacific {Knauss. 1978]. The
influx of Atlantic water is the largest source of water to the
Mediterranean. and it might be expected that this component
would dominate the Nd isotopic character of the Mediterra-
nean. If the isotopic composition of Nd in the outflowing
Mediterranean water can be distinguished from Nd in the
Atlantic water it flows into. then a source of isotopically
distinct Nd to the Mediterranean would be required. This
condition would allow simple modeling of the REE transport

TABLE 1. Sample Locations and Results of Sm and Nd Measurements
Depth, Nd. Sm. "’Sm "“'Ng
m 10712 glp 107" gp aNd ZONP exall)
A-11.109-1. Station 95 (36°17'41"N., 10°02°27"W, Eastern North Atlantic
Sur-
face 1.80 0.376 0.126 0.511264 = 33 114207
200 2.01 0.417 0.125 0.511208 = 19 12504
500 2.26 0.473 0.126 0.511240 = 30 -11.9 = 0.6
800 2.48 0.528 0.128 0.511304 = 28 -10.6 £ 0.5
1000 2.34 0.519 0.134 0.511348 = 29 ~98 =06
1000 2.35 —_ — 0.511334 = 20 ~-10.0 = 0.4
1150 2.61 0.532 0.127 0.511251 = 28 =-11.7 2 0.8
1300 2.49 0.533 0.129 0.511253 = 26 =116 =06
2000 2.46 0.498 0.122 0.511221 = 20 -122 % 04
3000 2.84 0.556 0.118 0.511208 = 25 12,8 = 0.5
4000 3.33 0.644 0.117 0.511245 = 22 -118* 04
A-11, 109-1. Station 101 (36°45'15"N. 08°36°20"W), Gulf of Cadiz .
650 5.16 0.511340 = 20 -9.9 = 0.4
A-11.109-1. Station 30 (36°15'38"N . 61°58'27°W), Western North Atluntic
200 1.96 — — 0.511365 = 20 -94 = 0.4
1100 2.60 — — 0511128 = 2] -14.0 =04
4850 9.01 —_— — 0.511153 = 16 -13.6 2 03

The "*Nd/"*“/Nd ratios were determined in samples spiked with "'Nd
0.636151. Reported errors are two standard deviations from

NG =

and normalized to "*“Nd
the meun. 2o errors for

concentration measurements are ~ 0.05% for Nd and ~ 0.1 for Sm.
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TABLE 2. Hydrographic Data for Eastern North Atlantic Samples

Depth. m Salinity, % O,. uMikg Phosphate, Nitrate, Silicate.
uMkg #MIkg uMikg
A-11, 109-1 Station 95 (36°17'41"N, 10°02°27"W) Eastern North Atlantic
Surface 36.545 230 0.01 0.20 1.34
200 35.891 222 0.33 5.82 2.74
500 35.651 198 0.81 13.97 6.56
800 36.019 184 0.85 14.33 8.76
1000 35.961 184 0.98 16.24 10.97
1150 36.057 186 0.96 16.04 11.46
1300 36.020 193 0.96 15.90 11.74
2000 35.210 238 1.18 18.44 19.48
3000 35.063 238 1.33 20.29 33.35
4000 34.903 240 1.44 21.55 44.90
A-l1, 109-1, Station 10] (36°45'15"N, 08°36°20"W), Gulf of Cadiz
650 36.587 —_— — — —
A-11, 109-1, Station 30 (36°15'38"N, 61°58'27"W), Western North Atlantic
200 36.523 224 0.11 . 1.59
1100 35.063 218 1.08 19.69 13.39
4850 34.896 263 1.24 18.97 35,59

to and in the Mediterranean and the exchange of REE with
the Atlantic. Therefore, we feel that a study of the Mediter-
ranean outflow will give us insights to the influence it has on
the REE distribution in the Atlantic Ocean and also on REE
transport processes within the Mediterranean Sea. At cer-
tain locations the high-salinity character of the Mediterra-
nean outflow allows easy identification of this water mass.
making correlation of water samples with water source type
definitive.

SAMPLING AND ANALYTICAL PROCEDURES

Seawater samples were collected for Nd isotopic analysis
during cruise 109-1 of the RV Audantis 1 from several
locations along 36°N latitude. Samples reported in the pres-
ent study are from three stations, two of which are from the
vicinity of the Mediterranean outflow and one from the
western basin. Sample locations are given in Table 1. Ten-
liter samples of seawater were collected from various depths
in the water column, using Go-Flo and Nisken water sam-
pling devices. The sampling depths were chosen on the basis
of salinity profiles determined from CTD (conductivity.
temperature, and depth) casts to insure a well-bracketed
sampling of the Mediterranean outflow. Surface samples
were collected in a plastic bucket from the bow of the ship.
In an effort to minimize contamination of surface water
surrounding the ship. the pumping of water from bilges and
desalination plants was shut down prior to arrival on sta-
tions. Aliquots of the seawater samples were taken for the
shipboard analysis of salinity. oxygen, and nutrient concen-
trations. The remainder of each sample was stored in poly-
ethylene containers and acidified with 25 ml, high-purity 10
N HC1. All samples were analyzed for Nd isotopic composi-
tion and Sm and Nd concentration by using unfiltered 4-1
subsamples. The reagents. analytical techniques, and mass
spectrometry have been described elsewhere [Piepgras et
al.. 1979].

RESULTS

Table 2 lists the results of hydrographic measurements of
salinity, oxygen. and nutrients made on waler samples
collected for Sm and Nd analysis. Potential temperature (8)
and salinity (S) data acquired from CTD measurements are

plotted in 6-S diagrams in Figure 2 for all stations from which
samples have been analyzed for Sm and Nd. The &5
diagram for station 95 (Figure 2a) contains two segments
with nearly linear 6-S relationships. The first segment lies
between the surface and about 500 m. The second linear
segment extends from 1200 m to the ocean bottom (4700 m).
Between 500 m and 1200 m, the 6-S diagram is characterized
by a rather large increase in salinity from 33.656% to
36.148%c and a relatively small drop in potential temperature
from 11.4°C to 9.9°C. This unique section of the 65 diagram
results from the addition of warm. saline waters flowing out
from the Mediterranean Sea into the North Atlantic. Al
though the detailed structure between 500 and 1200 m show's
some compiexity. we will refer to samples lying within this
interval as from the core of the Mediterranean outflow.
From salinity considerations this core can be extended to
about 1400-m depth. The 6-S diagram for station 101 (Figure
2b) is similar to the upper portion of the &5 diagram for
station 95. Potential temperature and salinity both decrease
from the surface to a depth of about 400 m and then increase
to the bottom. This increase in potential temperature and
salinity below 400 m is interpreted as the result of outfiowing
Mediterranean water. There are four samples located within
the Mediterranean core at station 95 (800. 1000. 1150. and
1300 m) and one sample at station 101 (650 m).

Salinity and dissolved oxygen profiles generated from
CTD measurements are shown in Figure 3. At station 95
(Figure 3a). salinity is observed 1o decrease from a surface
maximum of ~36.5% to a value of ~35.6%¢ at 500 m.
Between 500 m and 1200 m. salinity increases with maxima
at 800 and 1200 m of ~36.1%. Below 1200 m. the salinity
decreases to the deepwater minimum value of ~34.9%.
Dissolved oxygen shows a near-surface maximum of 271
uM/kg at 40 m. 1t then decreases 10 a2 minimum of 1000 m of
178 uM/kg. Below 1000 m. dissolved oxygen values increase
to a deepwater maximum of 249 pM/kg at 2600 m. Below this
depth, the dissolved oxygen content remains nearly constant
to the ocean bottom. The Mediterranean outflow is identified
both by the salinity maxima between 500 and 1400 m and the
oxygen minimum centered at 1000 m. At station 101 (Figure
3b). salinity decreases from a surfuce maximum of ~36.5%
to ~35.7% at 400 m. Below 400 m. it increases to a bottom
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Fig. 2. Potential temperature vs. salinity at (A) station 95. (B) station 101 and (C) station 30. The scale is the same
for all three 6§ diagrams.

value of ~36.6%c. This increase is a result of the Mediterra-
nean outflow. The oxygen profile has a near-surface maxi-
mum at 40 m and then decreases to a bottom value of ~194
uMike.

The nutrient concentrations for samples collected at sta-
tion 95 are plotted in Figure 4. PO,*>~ and NO;" increase
rapidly with depth through the upper 500 m of the water
column. Below 500 m, they increase gradually to the bottom.
Silicate maintains a fairly constant rate of increase at all
levels in the water column. All of the nutrient profiles exhibit
some perturbations in their concentration gradients at the
level of the Mediterranean outflow.

Our results for Sm and Nd concentrations and Nd isotopic
abundances are given in Table 1. All of the isotopic results
for station 95 are within the range of eng(0) values for the
Atlantic Ocean that have been previously reported [Piepgras
and Wasserburg. 1980]. The isotopic results for Nd at station
95 are plotted as a function of depth on Figure 5. It is seen
from inspection of Figure 5 that eng(0) varies with depth by
2.7 £ units. The top 500 m of the water column has exng(0)
ranging from —11.4 * 0.7 to ~12.5 = 0.4. Below 500 m,
£ng(0) increases to more radiogenic values, reaching a
maximum of ~9.8 = 0.6 at 1000 m. A repeat analysis of the
1000-m sample has eng(0) = —10.0 = 0.4, indicating the

SALINITY (%) SALINITY %) SALINITY (%)
345 350 35 %0 365 30 310 355 %0 365 370 345 30 ®5 360 365 370
0 . " e 0 — 0
< 5
> /f L .
ool ] . 1000
20} )
R s o, ool |
o
S 2000 1 ;
[Te) R
o N
.3 500 | .. 4 3000 ]
i ™
3000 + . ~
B % Yoo
) 4000 1 1
01
4000 | E
5000 + -
A-T1 109-1 STN10! A-T 1091 STN 30
5000 . 1000 6000
160 190 220 250 80 120 160 200 240 w0 160 200 240 280
0p (um/kg) 0p(pm/kg) Oplum/kg)
A B C

Fig. 3. Salinity and dissolved oxygen as a function of
high-salinity tongue of the Mediterranean outflo

pressure (A) station 95, (B) station 101 and (C) station 30. The
w is clearly seen in the profiles for stations 95 and 101.
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Nutrient concentrations as a function of depth at station 95: (A) phosphate. (B) nitrate. and (C) silicate. The

influence of the Mediterranean outflow cun be observed on all of these profiles.

reproducibility of our methods. Below 1000 m. £yyf0) is
lower again. At the 1150-m depth. exg(0) = —11.7 = 0.5 and
remains nearly constant at this value to 4000 m. One sample
from station 101 at a depth of 650 m lies within the core of the
Mediterranean outflow water and has eng(0) = —9.9 = 0.4,

Results of Sm and Nd concentration measurements for
station 95 are shown on Figure 6. In general the concentra-
tions of both Sm and Nd increase with depth. The Nd
congcentration ranges from 1.80 x 107 g/g at the surface to
3.33 x 107! g/g at 4000 m. Sm ranges between 0.375 x 1077
g/g and 0.644 x 1077 g/g in this depth interval. There are
irregularities in this trend at depths between 800 and 2000 m
where the concentrations of both Sm and Nd are observed to
oscillate. Below 2000 m, the Nd concentration exhibits an
approximately linear increase with depth. Very little varia-
tion in the Sm/Nd ratio is observed in the water column, as
indicated by the nearly uniform ''Sm/'**Nd ratios given in
Jable 1. The bottom sample from station 101 at 650 m hus a
high Nd concentration of 5.16 x 107 % g/p.

The 65 diagram for station 30 is plotted in Figure 2c.
Salinity is observed to increase with decreasing potential
temperature until a salinity maximum of ~36.5%c is reached.
which occurs between 50 and 200 m in the water column.
Below the salinity maximum, both 6 and § decrease to the
bottom. A slight bend in the 6-§ curve below the salinity
maximum indicates that a total of four components are
involved in mixing at this focation. For station 30. salinity
and oxygen are plotted versus depth on Figure 3¢. Salinity
increases with depth to a broad. near-surface maximum
between 50 and 200 m of ~36.5%. Below 200 m. salinity
decreases to the bottom. If Mediterranean outflow water
were present. we would expect to see a salinity maximum at
a depth of ~1000 to 1200 m. However, this is not observed.
and we conclude that there is no Mediterrancan component
at this westerly station. Oxygen has a near-surface maximum

of ~233 uM/kg at 50 m and an intermediate-depth minimum
of ~145 uM/kg at ~800 m. O- then increases to ~260 uM-kg
at 1800 m. Below this depth. O, is fairly uniform.

Nd concentrations and isotopic abundances for samples
from station 30 are given in Table 1. The isotopic data are
presented in Figure 14 and are almost indistinguishable from
the observations in the Sargasso Sea. Nd at station 30

o)}
€ng O}
13 .37 - o oF

DEPTH {km)

Fig. S0 #egt® as a function of depth at station Y% in the
eastern North Atlantic. Notice the maximum in ex i) at 1000 m.
The error bars represent the 2o errors on the isotopic meusure-
ments.
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Fig. 6. Sm (open circles) and Nd (solid circles) as a function
of depth at station 95. Notice the similarity in the form of this curve
in the depth region near 1000 m with that for salinity in Figure 5.

exhibits increasing concentration with depth. The bottom
value of 9.01 x 107'? g/g is the highest Nd concentration yet
measured in ocean waters.

Discussion

The total range in eng(0) observed at station 95 is small;
however. we find the shift in £xg(0) toward more radiogenic
values in two samples (800 m and 1000 m) associated with
the core of the Mediterranean outflow to be significant. With
the exception of the surface sample, the 2o errors on the 800-
and 1000-m samples do not overlap with those measure-
ments at other depths. clearly indicating a source of Nd in
these samples which is different from that in overlying and

PIEPGRAS AND WASSERBURG: INFLUENCE OF MEDITERRANEAN ON ND

underlying waters. The maximum in eng(0) at 1000 m. shown
in Figure 5, correspond to approximately a 2-£ unit shift from
ena(0) values in overlying and underlying waters. We believe
this shift to be a direct result of Mediterranean water having
eng(0) = —9.8 intruding into a nearly uniform layer of North
Atlantic water having eng(0) = —12. One sample from
station 101 (650 m) in the Gulf of Cadiz represents Mediterra-
nean outflow water as it is sinking down the continental
slope. The value of eng(0) = ~9.9 = 0.4 in this sample is
consistent with our conclusions about the source of the
isotopic shift found at station 95.

Two samples (1150 m and 1300 m) associated with the
Mediterranean core as defined by the 6-§ diagram in Figure 2
have eng(0) = —11.7 = 0.5 and —11.6 = 0.6, respectively.
These values are similar to other deepwater values at this
station. We find this surprising because these samples lie
very close to the salinity maximum associated with the
Mediterranean outflow. It is not clear why there should be
an abrupt decrease in eng(0) below 1000 m while still being
within the Mediterranean core, and we cannot explain this
anomaly. Possibly, it is related to differences in the relative
‘diffusion’ rates of Nd, temperature, and salinity. In princi-
ple, however, eng(0) can be decoupled from either tempera-
ture or salinity. This is because the isotopic composition of a
mixture of two components is dependent on both the isoto-
pic composition and Nd concentration of the end members
being mixed. The relationship for the salinity (§) in a two-

component mixture (S, and 5) is given by
Sn=X8 +1 -X)S, 2)

where X is the weight fraction of component 1 in the
mixture. For eng(0) the relationship is given by

_ XCyey + (1 = X)Caer
XC, + (1 - X)Ca

&M (3)
where the (C’s are the concentration per gram of Nd in the
pure components. In a case. such as the Mediterranean
outflow, where a high-salinity, low-Nd concentration com-
ponent is mixing with a Jower-salinity. higher-Nd compo-
nent. it can be shown. from the above relationships. that
eng(0) in mixtures of these components will initially ap-
proach the £xq(0) value in the end member having the higher
Nd concentration more rapidly than the salinity approaches
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Fig. 7.

Nd concentrations vs. (A) PO.*" . (B) NO, . and (C) SiO, for station 95. For reference. the points labeled a. b.

and ¢ correspond to the depths 200, 1000. and 4000 m. respectively.
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the corresponding salinity end member. The Nd concentra-
tion difference in the end members at station 95, however, is
not sufficient to produce the decrease in eng(0) observed at
1150 m. We do note that the data for station 30 are consistent
with this explanation of the decoupling of salinity and ex4(0).

Estimates of the proportion of the Mediterranean compo-
nent in the outflow waters at station 95 can be made from the
salinity data. At the depth of the salinity maximum in the
eastern basin corresponding to the Mediterranean core, the
western Atlantic basin has § ~ 35%.. Using this value for a
pure North Atlantic component, and taking S = 38.4%c for
the pure Mediterranean component [Dietrich et al., 1980),
we estimated, from the salinity corresponding to the maxi-
mum in eng(0) at station 95, an ~30% Mediterranean compo-
nent in the outflow core. Another method for estimating the
fraction of Mediterranean water present is the conservative
tracer ‘NO*(*NO’ = O, + 9NO;”) [Broecker and Takahashi,
1980]. From this approach we also calculate an ~30%
Mediterranean component in the outflow at station 95, which
agrees with that calculated from the salinity.

Although we have not made a direct measurement of Nd in
Mediterranean water, it is possible to estimate its Nd isoto-
pic composition. The Mediterranean component is diluted
primarily by North Atlantic surface water (eng(0) = —11.4 at
station 95), which enters the Mediterranean through the
Straits of Gibraltar. If the core of the Mediterranean outflow
at station 95 has about a 309% Mediterranean component,
with the remaining component being primarily North Atlan-
tic surface water, and assuming approximately equal Nd
concentrations, then this would imply that pure Mediterra-
nean component would have exgl0) ~ —6. Elderfield and
Greaves [1982] analyzed a sample of biogenic carbonate
from the Mediterranean and found eng(0) = —7.1: this
supports our estimate for eng(0) in the Mediterranean Sea.
However. it is not a direct determination. and since our
estimates of the proportions of pure Mediterranean water at
station 95 could be in error, measurements of Nd in Mediter-
ranean waters must be made to determine the actual compo-
sition. This has not yet been possible because of the lack of
availability of expeditions.

The water budget of the Mediterranean Sea is dominated
by the influx of Atlantic water. yet the Nd isotopic results
reported here clearly indicate a source of Nd in the Mediter-
rapean with an isotopic composition that differs from the
Atlantic. Using a box model to describe the steady state
conditions for Nd in the Mediterranean. we have

O = Ca Wam = Oy Wia + Je — Js “@
- 0=CA€A WAM—CM &M “!MA‘}‘J(E(*’JsfM (5)

where the subscript A represents the Atlantic and M the
Mediterranean. The (s are concentrations of Nd: the ¢'s are
the isotopic compositions; W, represents the volume rate of
water flow between the Atlantic and Mediterranean in the
directions indicated by the subscripts; Js is a sink term for
Nd in the Mediterranean: and J is the net flux of Nd into the
Mediterranean from sources other than the Atlantic that are
characterized by isotopic compositions ec. It can be seen
from (4) and (5) that if J- = 0 then €4 = €y and there would
be no difference in the isotopic composition of Nd in the
Mediterranean from the Atlantic. There is a difference
observed. however. indicating that J is nonzero. Solving (4)
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for Js, and substituting this result into (5), we have
(¢ £m) .
Jo= -2 CaWanm (6)
(em — &)

For estimating J- we will use data from Tchernia [1980] for
our estimates of the Mediterranean water budget. We can
put reasonable limits on ec. Since ey > £4, it follows that e
> epm. A strict upper limit for £ must be ~+12, a high value
for midocean ridge basalts. If we assume £4 = —12. gy =
~7,Ca=2x%10"2g/g, and Wapy = 1.11 x 10° m¥s. then
using the above limits for e, Jo = 0.58 g Ndis. It is
reasonable to assume that Nd concentrations in the Black
Sea would be of the same order of magnitude as oceanic
concentrations. Therefore, the flux of Nd from the Black Sea
inflow of 6.35 x 10° m¥s should be negligible in comparison
to the total flux Jc. If all of the Nd that had e were supplied
by runoff (1.11 x 10 m%s), then the dissolved concentration
of Nd in these waters must be greater than ~53 x 107} g/g.
This is close to the value for dissolved concentrations levels
of ~40 x 10™'? g/g, measured for river waters by Martin and
Maybeck [1980]. However, negative values of exy(0) seem
more likely for continental drainages. For example. North
American shale has eng(0) = ~14.4 [DePaolo and Wasser-
burg, 1976}. Data from Goldstein and O'Nions [1982] for
river-suspended loads have exg(0) = —9.3 to ~16.2. Data by
M. Stordal (personal communication, 1982) for both sus-
pended and dissolved loads in the Mississippi River have
eng(0) ~ —12. These values of eng(0) in continental drain-
ages are clearly too negative to produce the appropriate
isotopic value in the Mediterranean required by our data. If
we considered a high value of exg(0) = —3 for the continen-
tal drainages into the Mediterranean (eq). then the Nd
concentration in the continental runoff must be ~250 x
10”2 g/g. If instead of the calculated value for £) We assume
that our observed value of —9.8 for exg(0) in the Mediterra-
nean outflow represents the lowest possible value in undilut-
ed Mediterranean water, then for ec = +12. J- 2 0.22 ¢
Nd’s, and the dissolved concentration in runoff must be =20
x 107% g/g. A lower value of gc = —6 would result in a
runoff concentration of ~115 x 107'* g/p. The negative
values of ec used in the above two cases yield runoff
concentrations for Nd that are high in comparison to the
river water values given by Martin and Maybeck. However.
the present data base for REE in river waters is small. so this
apparent discrepancy may not be real. Such values for £¢ in
runoff would indicate that rivers in this region are draining a
young continental terrane possibly characterized by a late
Precambrian basement (T =< 0.9 Ae) and younger volcanic
terranes. If £ values in runoff were much more negative than
the e¢ values used in the two cases above, excessively high
concentrations of Nd in the runoff would be required. This
would require a source of Nd additional to that of continental
drainages. One possible source may be the injection of Nd
remobilized from volcanogenic deep-sea sediments in the
Mediterranean basin. Volcanic ash layers are common in
eastern Mediterranean sediments [Ryan, 1971] and could
represent a source of soluble and relatively radiogenic Nd
necessary to shift the isotopic composition of incoming
Atlantic water. Direct measurements of Nd in major drain-
ages into the Mediterranean are needed to determine the
relative importance of sources.

The deepwater eng(0) values at station 95 (Figure §)
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contrast with those from the western basin of the North
Atlantic. The values of —13 to —14 in the western Atlantic
(Figure lu. b) are significantly lower than the eny(0) values
of ~—12 in the deep layer at station 95. On the basis of Nd
isotopic signatures alone, the deep waters of the eastern and
western basins of the Atlantic Ocean thus appear to be
distinguishable. The low values of eng(0) in the deep waters
are assumed to be a feature of North Atlantic deep water
[Piepgras and Wasserburg, 1980]. 1f the source of North
Atlantic deep water were the same for both the eastern and
western basins, then one might expect that the isotopic
composition of Nd associated with this water mass should be
identical in both basins. The difference in isotopic composi-
tion implies that subsequent to the formation of North
Atlantic deep water there have been modifications in the
deep waters of the eastern and western basins that have
resulted in a divergence of their isotopic characters. Presum-
ably. injection of waters having distinctive isotopic composi-
tions results in the eastern basin having more radiogenic
values of exg(0) than the western basin. At present, it is not
possible to determine whether only one or both basins have
undergone modification, or if North Atlantic deep water
represents a unique or homogenous source. We note, how-
ever. that the eng(0) value in the Mediterranean outflow
(exg(0) ='—9.8) could be considered a possible source of
radiogenic Nd for modifving the eastern basin values. The
more radiogenic ¢ values in the eastern basin may also be, in
part. due to a larger southern component (Antarctic bottom
water) than found in the western basin. A southern compo-
nent would’ have exg(0) = —9 [Piepgras and Wasserburg.
1982]. Broecker [1979] suggested using SiO, or ‘NO’ for
estimating the magnitude of the southern component. The
proportion of a southern component. as determined from
Si0». is as high as ~40% in the deepest waters, compared
with ~30% as determined from ‘NO." Eastern basin silicate
values may be anomalously high, however, because of silica
dissolution [Broecker and Takahashi, 1980]. As sampled
during this cruise. no difference in "NO' values is observed
between deep waters in the eastern and western basins. 1t is
therefore not clear what influence Antarctic bottom water
has on the isotopic differences observed between the eastern
and western basins. The isotopic differences may also reflect
a difference in the mean isotopic compositions of the sedi-
ments between the eastern and western basins if injections of
REE from sediments into overlying waters are considered as
an important source of these elements in the oceans.

The isotopic signature we attribute to the Mediterranean
outflow (exg(0) = —9.8) at 1000 m is indistinguishable from
the maximum in enyg(0) in the near-surface waters of the
Sargasso Seu (exg(0) = —~9.6) and at station 30 (eng(0) =
—9.4). It is clear from the differences in depth in the water
column at which these maxima are observed that the source
of the relatively radiogenic Nd in the surface waters of the
western basin is different from that observed for the Mediter-
ranean outflow at station 95. The near-surface maxima in the
western basin suggest that Nd of this isotopic composition
is being transported by the Gulf Stream system. The pres-
ence of different sources of REE having the same Nd
isotopic character indicates that we must be cautious in
identifying water masses on the basis of Nd isotopic charac-
teristics alone.

Sm and Nd concentrations at station 95 are shown in
Figure 6. The general trend in the concentration profiles is
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toward higher concentration with increasing water depth.
While there is no apparent relationship between Sm and Nd
concentrations and Nd isotopic compositions in the water
column here, like eng(0), these concentration profiles are
influenced by the Mediterranean outflow. In the core of this
outflow the Sm and Nd concentrations appear 10 imitate the
salinity in that they oscillate with the highs in the Sm and Nd
concentrations corresponding to the high-salinity portions of
the curve and the lows corresponding to lower salinity.
Outside the region of the Mediterranean core. Sm and Nd
increase in concentration downward in an approximately
finear manner. Except within the core of Mediterranean
water, the concentration gradient reported here is similar to
concentration profiles measured in other parts of the world
ocean [Piepgras and Wasserburg. 1982]. The presence of a
concentration gradient requires some type of particle trans-
port to deplete the surface and enrich the deep waters. The
nature of these particles and the mechanism by which they
transport REE have not been identified, and they require
further study. A general discussion of vertical transport on
sequestering particles and redissolution has been given by
Piepgras and Wasserburg [1982]. It should be made clear.
however. that the isotopic data require a source of Nd in the
deep waters in addition to that transported from the surface
on settling particles. .

Eiderfield and Greaves [1982] have measured REE con-
centrations for filtered seawater in a profile from the eastern
North Atlantic. located at approximately 28°N, 26°W in a
region that is also influenced by the Mediterranean outflow.
However, they did not report any Nd isotopic composition
data for these waters. Comparison of their Sm and Nd duta
with ours for station 95 show the profiles to be very similar.
but in general the concentration jevels at our station are 20-
30% lower at comparable depths than reported by Elderfield
and Greaves; '“7Sm/'"**Nd ratios at these two localities also
differ. Calculated '*"Sm/"*Nd ratios from the data of Elder-
field and Greaves range from 0.106 to 0.126. with the
exception of one sample (200 m) that has *"Sm"*Nd =
0.173. By comparison. our "7Sm/'**Nd ratios vary hetween
0.117 and 0.134. with no outlying values. One notable
exception to the similarity in the Sm and Nd concentration
profiles of these two stations is the surface enrichments of
Sm and Nd. reported by Elderfield and Greaves. We find no
eivdence of a surface enrichment of Sm and Nd at station 95,
but rather the surface has the lowest concentrations. The
reasons for this difference are not known but may be related
to higher levels of dust fallout from the Sahara at their
station, as suggested by Elderfield and Greaves. Alternative-
ly. the difference between the surface concentrations of
these two stations could be a result of the collection and
filtration methods used. The lessons learned from lead

© studies in seawater [Puarterson, 1974] have clearly demon-

strated the problem of sample contamination during collec-
tion of water samples for trace metal analysis. especially i
the surface waters surrounding a ship on'station. We believe
the levels of contamination for the REE are far below those
observed for elements like Pb. Cu. and Zn. which are widely
used industrially. We have carried out our sampling and
analytical procedures with considerable care and beheve
that the regularity of our results indicate that they are not
reasonably due to contamination. Nonetheless. the potential
for contamination effects should alwayvs be considered when
interpreting any trace element data in scawater.



221

P1EPGRAS AND WASSERBURG: INFLUENCE OF MEDITERRANEAN ON ND

Comparison of Nd concentrations versus nutrient concen-
trations provides an indication of a source of dissolved Nd
from bottom sediments. The transport of many trace ele-
ments in the deep sea is often correlated with nutrient
profiles [see Bruland. 1980, for several exampies]. Increases
in nutrient concentrations with depth are believed to be
associated with the dissolution of settling particles [Bruland,
1980]. Thus a positive linear correlation between a trace
element and nutrients implies that the same processes act 1o
transport the correlated species. Samples from station 95
were analyzed for nutrient concentrations to compare direct-
ly with Sm and Nd concentration levels: Nd vs. PO,
NO:", and SiO, are plotted in Figure 7. The upper 500 m of
the water column show an approximately linear correlation
between nutrient levels and Nd concentrations, as indicated
in Figure 7. From the strong correlation in the upper portions
of the water column between Nd and nutrients it can be
argued that the same processes are acting to transport the
REE through the water column. Samples within the Mediter-
ranean outflow core (800 to 1300 m) do not exhibit a linear
correlation between Nd and nutrients. This is probably a
result of complex mixing processes between core waters and
surrounding waters. There is a marked change in slope of Nd
versus either PO,*~ (Figure 7a) or NOy~ (Figure 7b) in the
deep waters below the Mediterranean outflow relative to
waters above the outflow. A linear correlation is still ob-
served in these samples, however. The change in slope
below the Mediterranean core is a result of there being a
relatively greater rate of increase with depth in the concen-
tration of Nd as compared to PO,*" or NO;™ in the deep
waters. Injection of REE remobilized from deep-sea sedi-
ments seems the most likely source of this ‘excess’ Nd in the
deep waters. although it could imply a more rapid depletion
of nutrients relative to the REE in the particulate phase
during dissolution of settling particles in the deep waters.
For Nd versus SiO- (Figure 7¢) there is also a change in
slope below the Mediterranean core. In this case. however,
Si0; concentrations are found to increase in relation to Nd.
indicating a source of ‘excess’ silica relative to Nd in the
deep waters. The higher silica values in the deep water could
be the result of larger southern ocean contributions to the
dissolved silica budget in the eastern basin of the North
Atlantic relative to the western basin. Resolution in the deep
ocean of silica tests having very low Nd concentrations may
also be indicated. In either case the deep waters of the
eastern basin appear to have a different source of REE from
that in overlying shallower waters. This observation is
compatible with the idea that deep-sea sediments represent a
source of REE in the deep ocean. Laterally transported Nd
in boftom currents having high Nd concentrations may also
be a source of this deep-water excess.

The source of relatively nonradiogenic Nd in the deep
waters of the North Atlantic remains to be determined. Two
possibilities are runoff from Precambrian terranes into the
Arctic Ocean and mobilization of REE in deep-sea sedi-
ments. Based on data for composite samples from the
Canadian Shield {McCulloch and Wasserburg. 1978]. runoff
from Archean terranes would be expected 10 have sny(0) =
~25. If freshwater injections from North America and Asia
into the Arctic are characterized by such low values of
£nal0). then this component should be easily identified in
Arctic Ocean waters. A northerly source for Nd associated
with North Atlantic deep water would require extensive
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lateral transport of Nd in the North Atlantic and would
indicate that bottom currents are supplying the ‘excess’ Nd
to the deep waters.

REE could be supplied to the deep waters by injection
from deep-sea sediments having Nd that is isotopically less
radiogenic than that presently being supplied at the near
surface of the oceans. This process has already been sug-
gested as an important source of copper in the deep ocean
[Craig, 1974; Boyle et al., 1977]. These workers argue that
scavenging takes place at all levels in the water column, and
therefore a source of copper at the bottom is required to
maintain the higher concentrations in the deep waters. This
argument can also be made for Nd and other REE. since
they display concentration gradients similar to those found
for copper. We have already presented evidence from Nd
concentrations vs. nutrient correlations for a deepwater

- source of Nd. Lateral as well as vertical transport is most

evident from the difference in isotopic composition between
deep and surface waters observed at many locations. which
may also indicate a deepwater source of Nd. In addition.
arguments can be made for the injection of Nd from sedi-
ments from mass balance considerations. Based on concen-
trations of 40 ng/kg of Nd dissolved in rivers [Martin and
Maybeck, 1980] and a net annual discharge of 4.6 x 10"
cc/yr [Holland. 1978)]. a residence time of ~2200 years is
obtained with respect to river input. This residence time is
too long to be compatible with Nd observations in the
oceans. In order to maintain the observed Nd isotopic
variations in the oceans, we estimate that the oceanic REE
residence times must be on the order of a few hundred vears
or less. From Elderfield and Greaves [1982] the residence
time is ~750 years with respect to atmospheric dust input.
This assumes that all of the Nd in the dust is soluble. which
we believe is unlikely. If 10% of the atmospheric Nd were
soluble. an ~7500-year residence time is indicated. Gold-
stein and O'Nions [1982] analyzed dust samples from the
eastern Atlantic and western Pacific and found a limited
range of isotopic composition from exg(0) = —9.1 to ~10.1.
These values are too radiogenic to be the source of deepwa-
ter Nd. This further indicates that atmospheric dust may
only be of local importance as a source of REE in the
oceans. All of these considerations strongly indicate that a
source of dissolved Nd from bottom sediments mav be
necessary to bring the dissolved oceanic REE budget into
balance. However, Nd isotopic data from Goldstein and
O'Nions [1981] for Atlantic deep-sea sediments exhibit a
wide range of engt0) from —3.4 to —12.3. Most of their
values for Atlantic sediments are much more radiogenic than
in overlying waters and in typical Atlantic Fe-Mn nodules.
This would indicate that deep-sea sediments are not the
source of Nd in the deep Atlantic waters. unless differential
dissolution of older continental components can occur. We
conclude that while the dominantly continental nature of Nd
in ocean waters is well established, the detailed sources of
Nd in the oceans are not yet established: and we are not yet
able to identify and assess the importance of processes
active at the sediment-seawater interface that may afiect the
REE budget of the oceans.

CONCLUSIONS

Nd isotopic results presented here have established that
the outflow of Mediterranean water into the Atlantic is
characterized by a shift in isotopic composition correspond-
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ing to eng(0) = —9.8 for Mediterranean waters. This outflow
is seen as a shift toward more radiogenic values of "“*Nd/
144N d in the water column of the eastern North Atlantic at a
water depth of 1000 m relative to overlying and underlying
waters that have eng(0) = —12. This shift of two ¢ units
coincides with the core of the Mediterranean outflow as
identified from salinity measurements. We estimate the
isotopic composition of Mediterrancan water (o be eng(0) =
—6 to —7. The source of Nd with this isotopic composition
may be runoff from a relatively young continental terrane or
injection of Nd from deep-sea sediments that have signifi-
cant young volcanogenic components. Though the Nd isoto-
pic component of water associated with the Mediterranean
outflow is indistinguishable from that in the near-surface
waters of the western Atlantic, we have concluded that they
must reflect different sources of Nd.

The deep waters from the eastern basin of the North
Atlantic are isotopically distinguishable from the deep wa-
ters in the western basin. This may indicate inhomogeneity
in the North Atlantic deep water sources or modification of
waters in the eastern and/or western basins subsequent to
the formation of this water mass. If Nd in the deep waters is
supplied from sediments, the isotopic differences between
the eastern and western basins could reflect sediments that
have an ‘older’ Nd component in the western basin relative
to the eastern basin.

The bulk of waters in the North Atlantic are characterized
by lower values of exg(0) (—11.5 o —14.0). indicating that
there must be a major source of REE injections we have not
identified. The source of low'**Nd/'*Nd in the North Atlan-
tic deep water may be runoff from Precambrian shields of
North America and Asia into the Arctic Ocean, or possibly
injection of the REE from some old component in bottom
sediments into the overlying water column.

Comparison of Nd concentration data with corresponding
nutrient data for station 95 has been made. Linear correla-
tions between Nd and PO,*~. NO,™, and SiO.. respectively.
are observed in waters above and below the Mediterranean
outflow core. On the basis of a difference in slope of these
correlations above and below the outflow core, we have
concluded that there is a source of ‘excess’ Nd in the deep
waters at this station. We suggest that the source of this
‘excess’ Nd is the injection of REE from deep-sea sediments
into the overlying water column.
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OCEANOGRAPHIC IMPLICATIONS OF Nd ISOTOPIC VARIATIONS IN SEAWATER
PIEPGRAS, Donald J. and WASSERBURG, G. J., The Lunatic Asylum
of the Charles Arms Laboratory, Division of Geological and
Planetary Sciences, California Instltute of Technology,
Pasadena, California 91125

Distinctive Nd isotopic variations have been observed in authigenic
ferromanganese sediments from the Pacific, Indian, and Atlantic Oceans.
Inter-ocean variations are quite large. Average eng(0) values for
ferromanganese sediments analyzed for each ocean are as follows:
Atlantic Ocean, eNg(0)=-12; Indian Ocean, ENd(O)=--8 Pacific Ocean,
enNg(0)=-3. These values are far less than eng(0) values of source
rocks with oceanic affinities, which typically have eng(0)=+10. The
magnitude of variation within each ocean is only about *2 e units.
Direct measurements of the Nd isotopic composition of seawater
presently being made in waters from the Pacific and Atlantic Oceans
appear to agree well with the range observed in ferromanganese sedi-
ments. It is therefore believed that the Nd isotopic variations
observed in ferromanganese sediments represent true variations in the
dissolved load of Nd in the oceans. These variations reflect primarily
the age and 147gm/144Nd ratios of the continental masses being sampled,
which are believed to be the major sources of REE in seawater. The
observation of these Nd isotopic variations indicates that the resi-
dence time of Nd in seawater must be very short relative to the mixing
rates between oceans. Nd isotopic studies in ferromanganese sediments
and seawater should, therefore, be useful as a monitor of ocean
currents and inter-ocean mixing times. Nd isotopic analysis of
concentric layers of ferromanganese nodules may be useful for tracing
variations of Nd in the oceans over the last several million years.
Data for Pacific and Atlantic seawater will be presented along with
data for selected ferromanganese sediments.
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Nd ISOTOPIC COMPOSITION AS AN OCEANOGRAPHIC TRACER

D. J. Piepgras

G. J. Wasserburg (The Lunatic Asylum, Division of
Geological and Planetary Sciences, California
Institute of Technology, Pasadena, CA 91125

Direct Nd isotopic measurements have been made on
several samples of seawater fromAtlantic and Pacif-
ic Oceans. Results clearly indicate distinctive
differences in the isotopic composition of Nd in the
waters of these two oceans. €Nd (0) values for sam-
ples from two sites in the Atlantic Ocean are -13.5
and -10.9. Four samples from two sites in the Pacif-
ic Ocean have eyq(0) values ranging from -2.1 to
-3.8. These values lie wholly within the ranges in
eng(0) observed for ferromanganese sediments in the
respective oceans (Piepgras et al,in press; O'nions
et al,1978). Average tNd(O) values for each ocean
as determined by data from ferromanganese sediments
and seawater are as follows: Atlantic Ocean, gyq(0)=
=12; Indian Ocean, epng(0)=-8; Pacific Ocean,
eNd(0)=~3. The dispersion within each ocean is on-
ly about #2 ¢ units. These variations amount to a
difference in the relative abundance of !*3Nd be-
tween the Atlantic and Pacific Oceans of only 108
atoms }43Nd/g of seawater. Source rocks with oceanic
affinities have a fairly uniformeyg(0)=+10, a val-
ue which is considerably higher than those observed
for ferromanganese sediments and seawater.  We be-
lieve that the observed Nd isotopic variations rep~
resent differences in the dissolved load of Nd in the
oceans which are a result of a short residence time
of Nd in seawater and reflect primarily the age and
1475m/144Nd ratios of the continental masses being
sampled. Continental rocks are considered to be
the major source of Nd in seawater with some con-
tributions {(~15-30%) from oceanic sources. Nd iso-
topic variations in seawater should, therefore, be
useful as a natural tracer formonitoring inter-ocean
mixing times. Nd isotopic analysis of concentric lay-
ers of ferromanganese nodules may be useful for deter-
tiining fluctuations in the sources of REE which may
have caused variations of Nd in the oceans over the
past several million years. Data for Atlantic and
Pacific seawater and selected ferromanganese sedi-
ments will be presented.
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NEODYMIUM ISOTOPES IN DRAKE PASSAGE WATERS

D. J. Piepgras (Div. of Geological & Planetary
Sciences, Calif. Inst. Tech., Pasadena, CA 91125
G. J. Wasserburg

Nd isotopic measurements were made on seawater
flowing through the Drake Passage collected dur-
ing Cruise #107 of RV Atlantis II. The results
for a vertical profile south of the Antarctic
Convergence show uniform eyg and a decrease in Nd
concentration in near surface waters. Results are
as follows: 50M,egy=-9.1%1.0, Cy4=1.85x10" 12g/g;
2000M,eqq = =8.420.7, Cyy = 3.25x10 12g/233600M,
eng=—8:920.4, Cyq= 4.21x10 12g/g. These eyq val-
ues clearly demonstrate that water flowing out of
the Pacific sector of the Southern Ocean is domi-
nated by Atlantic Nd (epng=-12) rather than Pa-
cific Nd (eyg=—3). Uniform eyq in the Drake Pas-
sage is in contrast with gyg stratification in
the N Atlantic suggesting that the Southern Ocean
is well "stirred” on the time scale of Nd resi-
dence time. Based on isotopic data reported here
the Antarctic Circumpolar Current appears to be
dominated by water of Atlantic origin which it
spreads around to the Indian and Pacific and fi-
nally recirculates back into the Atlantic. 2/3 of
the water flowing through the Drake Passage ap-
pears to be of Atlantic origin. We have con-
structed a 6 box model describing exchange be-
tween the Southern Ocean and Atlantic, Indian and
Pacific. The Southern Ocean is divided into 3
boxes corresponding to portions adjacent to the
respective regions of exchange given above. Ex-
change of the Pacific with the Southern Ocean is
given by [(e501Cs01-es0pCs0p)/ (e50PCs0P~ERCR)]
*Wace where eg01Cg01> £s0pCsop are the respec-
tive eyg and Nd concentrations of the Southern
Ocean adjacent to the Indian and Pacific, epCp is
end and Nd concentration of the Pacific and Wucee
is the total flow of the Antarctic Circumpolar
Current. Taking concentrations to be equal and
substituting reasonable values into this equation
we get an exchange rate between the Pacific and
Southern Oceans of <20x106m3s~!. The results of
this study suggest that Nd isotopic composition
is a useful oceanographic tracer.
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Isotopic Composition of Sr and Nd in Hydrothermal
Solutions from 21°N, EPR and Guaymas Basin

D. J. PIEPGRAS and G. J. WASSERBURG (Div. of Geol. and
Planet. Sci., Calif.Inst.of Tech.,Pasadena,CA 91125)

We have determined concentrations and 1isotopic
compositions of Sr and Nd in hydrothermal fluids from
21°N, EPR and Guaymas Basin. This study represents
the first effort to measure the Nd I.C. in hydro-
thermal solutions. Endmember samples (T=350°C) from
21°N exhibit a small range in €. values from -13.4 to
-15.7. Correcting to Cy,=0, the pure hydrothermal
solutions are estimated %o have € r=-18. These
results indicate that the fluids ﬁave undergone
extensive but not complete exchange with Sr in the
depleted oceanic crust (€g.= -30). Cg,. ranges from 5.8
to 8.7 ppm and is similar to seawater (7.6 ppm)
indicating that there must be buffering. Hydro-
thermal solutions from Guaymas Basin (T=315°C) rise
through several hundred meters of sediment before
reaching the sea floor. One sample from here has
€ r-+5.8, indicating that the solutions have reacted
ffrst with oceanic crust and then sediments. The high
Sr concentration in this sample (19.3 ppm) is
consistent with late stage interaction between the
ascending fluid and carbonate rich sediments.

Nd shows a wide range in concentrations and isotopic
compositions in solutions from 21°N. Cygq ranges from
20-336 pg/g, a factor of 3-50 lower than reported by
Michard et al. [1983] for solutions from 13°S, EPR.
€yg ranges from -3.6 to +7.9. The data clearly show
sugstantial contributions of Nd from depleted oceanic
crust to many of the samples analyzed. In spite of
enrichments in Nd of up to 100 times seawater, none of
the samples have €yy values equal to MORB (gyy=+10).
One sample from Guaymas Basin has eNd--ll.4 consistent
with leaching of Nd from sediments derived from old,
continental sources. There is some inconsistency in
the Nd isotopic data indicating that there is a
possibility of contamination during sampling and/or
handling of the solutions.
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Neodymium Isotopic Constraints on Rare Earth and Trace
Element Transport in the Oceans

D. J. PIEPGRAS and G. J. WASSERBURG (Div. of Geol. and
Planet. Sci., Calif.Inst.of Tech.,Pasadena,CA 91125)

Nd isotopic and concentration data for several ver-
tical profiles of the water column in the Atlantic put
constraints on the transport of rare earth elements in
the oceans, and may have implications for the trans-
port of other trace elements as well., The data chal-
lenges the validity of vertical transport models for
trace element distribution in the oceans which do not
take into account significant horizontal transport.
The Nd isotopic composition in the water columm of the
western N. Atlantic exhibits a relatively large shift
of 2 to 3 e~units in the depth interval from 800 to
1000 m. Below this depth at mid latitudes in the N,
Atlantic the water column has uniform €yy 2 -13.5 com-
pared to €yq ¥ -10.9 to -9.4 at depths < 800 m. This
sharp difference in €yy indicates that there is only
limited exchange of Nd across this 200 m interval of
the water column. To maintain this difference, there
must be significant lateral transport of Nd from at
least two different sources. REE in North Atlantic
Deep Water (NADW) comprise one source that is being
transported laterally southward from polar regions
underneath upper water having a different source of Nd
with an isotopic composition distinct from underlying
NADW. The lateral transport concept is supported by
new Nd isotopic data for the western equatorial At-
lantic where a shift toward more radiogenic €yy values
is observed in the bottom waters, indicating the pre-
sence of northward spreading Antarctic Bottom Water
(enq % -9) underneath southward spreading NADW. Though
Nd fluxes from sediments may be an important source in
deep waters, these new data indicate it is not the
only source. Lateral transport of Nd is indicated at
other locations in the Atlantic and Pacific, as well.
Features such as observed maxima in trace element and
nutrient profiles from the Atlantic may also be re-
lated to lateral transport phenomena, consistent with
the Nd isotopic observations reported here.
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Appendix X: An ion exchange technique for the separation of REE from

seawater using Chelex 100 chelating resin

For samples collected during the Transient Tracers in the Oceans
Tropical Atlantic Study (TTO/TAS) a new method for the shipboard separation
of the REE was developed and tested. The method is based on an ion exchange
technique using a chelating resin which has proven successful for the
separation of a variety of trace elements from seawater for concentration
analysis (for example, see Bruland et al. [1979]). The first determinations
of rare earth concentrations in seawater using a similar extraction
technique was made by DeBaar et al. [1983], and a detailed description of
their procedure has been presented by DeBaar [1983]. A similar method, but
with some modifications, was used for the shipboard extraction of REE from
seawater samples collected during the TTO/TAS expedition. The modifications
were designed primarily to simplify the chemical procedures at sea and to
keep procedural blanks at a minimum. Approximately half of each sample
collected was used for the shipboard REE extraction while the other half was
stored in a plastic container and acidified for later extraction and
analysis by the Fe coprecipitation method to allow for comparison between
the two extraction techniques.

Chelex~100, the chelating resin used for this method, is a weakly
acidic cationic exchanger manufactured by BIORAD Laboratories. This resin
contains iminodiacetate (IMDA) ions on a styrene divinylbenzene copolymer

base. The basic functional groups are:

CHZCOO—H+

CHZCOO—H+

¢ 'CHZN



229
These IMDA ions act as chelating groups in binding metal ions. Thompson
[1962] has determined the stability constants for binding REE to IMDA. The
log K, values range from 5.88 to 7.6l indicating that the resin should have
very high selectivity for rare earth ions.

Chelex~100 extraction technique. Columns were made from 1.5cm diameter

polyethylene tubing inserted into plastic hose connectors on either end,
with a porous polyethylene frit placed inside one end of the column. The
Chelex-100 resin (200-400 mesh) was pre—cleaned by daily suspensions in 4N
HC1 for about two weeks followed by several rinses with quartz distilled
Hy0. The columns were packed with resin to a water adjusted height of

7cm. Water was flushed through the columns until the pH of the effluent
matched that of the added water. Approximately 5Sml HZO was left on top of
the resin and the ends of the columns were sealed to prevent the resin from
drying out before being used. Each column was individually packed in a heat
sealed plastic bag and stored in an upright position until ready for use.

On board ship, about four liter samples of seawater were transferred
directly after collection to polyethylene aspirator bottles and spiked with
pre—-weighed 150Ng and !“7Sm spikes. The samples and spikes were allowed to
equilibrate for about 12 hours before beginning the extraction. The rocking
of the ship allowed for continuous stirring of the sample during the
equilibration period. After equilibration, the sample bottles were
connected to the columns with clean plastic tubing and the water was drawn
through the resin at ambient seawater pH (~8) using a peristaltic pump down
stream\from the column. A small amount of seawater from each sample was
allowed to remain on each column after the samples had been pumped through
the resin, and the columns were then resealed and stored as above for return

to the laboratory. At mo times after collection were the samples exposed to
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the air or laboratory environment on board the ship. After return to the
laboratory, the remaining sample on each column was passed through by
gravity flow. The columns were then flushed with 30ml H,0 to remove excess
salts. The REE were eluted using 20ml 4N HNO 4 and evaporated to dryness.
The remaining chemical procedures used to separate Sm and Nd are identical
to those used for the iron precipitates and are presented in Appendix 1 and
2. The procedural blank for the Chelex—-100 separation is about 25pg for Nd.

The procedure used here differs in several respects from that used by
DeBaar [1983] for the REE and others for trace elements. Most workers
convert the chelating resin to the ammonia form after cleaning the resin.
This has not been done here because column blanks of ~100pg were measures on
columns converted to the ammonia form. This may have been due to the use of
relatively dirty NH4OH but the blank of this reagent was not checked.
Instead, the resin was left in the hydrogen form and adjusted with water
only. 1In addition, the seawater samples were pumped through the columns at
ambient pH (the amount of acid in the spikes is not sufficient to affect the
pH of the sample). 1In DeBaar's procedure the pH of the sample is adjusted
to ~6 before being pumped through the resin. There are two reasons for the
lower pH, 1) there is less retention of Ca on the column, and 2) DeBaar
[1983] has determined on the basis of radiotracer studies that there is a
peak in the REE yields at this pH. Radiotracer experiments at ambient
seawater pH in this lab have resulted in yields >90%. Since the samples are
spiked before the chemistry is performed, concentration determinations will
not be sensitive to overall yields. Not adjusting the pH of the samples
simplifies the procedure at sea and reduces overall blanks due to a
reduction in the amount of reagents used in the process. Another difference

in the method used here is that the columns have not been rinsed with an
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acetate buffer solution after the seawater has been pumped through the
resin. The purpose of the acetate buffer is to remove excess salts from the
column before eluting the REE. The remaining chemistry necessary to
separate the Sm and Nd fractions achieves the same purpose, thus reducing
once again the number of reagents used in the procedure.

Comparison between the Chelex~100 extraction technique and the Fe
coprecipitation technique has been made for only two samples. The results
of this comparison are shown in Table X.l. The 1990m sample gives nearly
identical Nd concentration and Nd isotopic results for both methods used.
For the 3890m sample there is a significant difference in the Nd concen-
tration determined from the two methods, but the Nd isotopic compositions
are identical within the analytical uncertainty of the measurements. There
are two possible reasons for the differences in concentration between the
two methods. One reason may be that the spike added to the sample separated
by the Chelex-100 technique was not sufficiently equilibrated with the Nd in
the sample. This would account for the lower concentration observed using
the Chelex method. The second possibility is that during storage of the
acidified sample REE may have been desorbed from suspended particles
resulting in an increased concentration in the sample separated by the Fe
coprecipitation technique. This would imply that the deeper sample had a
higher particulate concentration, but there are no means of confirming
this. There is a regular increase in Nd concentration with depth observed
for several samples from this location in which the REE were extracted by
the Chelex method (see Table A2 in the appendix) as would be expected, but
further comparisons with the iron method are necessary to determine if there
is a regular and understandable difference in concentrations determined from

the two methods.
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Table X.1l. Comparison of Nd concentrations and Nd isotopic compositions
determined in seawater samples using the shipboard Chelex~100 and
laboratory Fe co-precipitation REE extraction techniques.

Depth Method CNd €Nd(0)
(m) (pg/g)

1990 Chelex-100 2.50 -13.3

+0.3

1990 Fe 2.53 -13.6

co—-precip. +0.4

3890 Chelex-100 3.71 -12.4

. +0.5

co-precip. +0.6
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Appendix XI: Review of REE Solution Chemistry

Introduction

The initial interest ih the solution chemistry of the rare earth
elements was directed towards finding efficient methods of separating the
rare earths from one another. As more data became available on the
stabilities of rare earth complexes in aqueous solution, interests shifted
toward gaining an understanding of the physical and chemical processes which
might affect these stabilities. The majority of the information on the
solution chemistry of the rare earths concerns complexes formed with organic
ligands in dilute solutions. Only a limited number of determinations have
been made for the stability of inorganic ligand complexes with REE in
aqueous solution. More recently, some effort has been made to determine the
rare earth element speciation in natural waters and their stabilities.

These data are very limited and mostly based on theoretical caleculations.
This section will review the data and interpretations for the observed
stability trends of the rare earth complexes and will discuss their impli-
cations for the rare earth distributions in natural waters. A comparison
between the effects expected as a result of REE complex stabilities on REE

distributions in natural with actual observations will be made.
Electronic configuration and bonding of the rare earth elements
Table 1 summarizes numerical data for neutral rare earth metals and

their trivalent cations., The first and second transition series elements

are characterized by the filling electrons intc 3d and 4d orbitals
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respectivelf. After lanthanum, electrons are added to the 4f orbital rather
than the 5d. Because of the spectroscopic stability associated with half-
filled and completely filled subshells, only the ground state configurations
of lLa (4f05d16sz), Gd (4f75d16sz), and Lu (4f145d1632) have electrons
occupying the 5d orbital level [Yost et al., 1947]. The REE are found to
give up three electrons to form trivalent cations. The high oxidation
potentials shown in Table 1 for the reaction In 2 In3* + 3e” indicate that
oxidation of the REE to the trivalent state is quite favorable. 1In this
trivalent state, the rare earths differ from one another only by the number
of electrons in the 4f orbitals and by their cationic radii which decrease
with increasing atomic number (the "lanthanide contraction”). Thus, the
rare earth elements should exhibit similar behavior throughout the series,
and only effects related to the progressive changes in their electronic
configuration and size should be observed during the formation of complexes
in aqueous solution.

With the exception of hydrated cations, only strongly chelating
ligands, especially those with highly electronegative donor atoms such as
oxygen, form appreciably stable complex species [Moeller et al., 1965].

This can be understood in terms of the electronic configuration and size of
the REE cations. Transition metals form highly stable compounds due in part
to their relatively small ionic radii and to the participation of the d
electrons in the metal-ligand bonds through the hybridization of the metal
electronic orbitals and their overlap with the ligand orbitals. 1In the case
of the rare earths, the 4f orbitals are shielded from interaction with the
ligand orbitals by the electrons in the 5s and 5p orbitals. Therefore, for
hybridization to occur in the rare earth series, 4f electrons must be

promoted to the unoccupied higher energy 5d, 6s, and 6p orbitals. Because
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this is enefgetically unfavorable (the energy required to promote a 4f
electron to a 5d orbital is ~50,000cm_1), significant cation-ligand
interactions are largely electrostatic (ionic) in nature. Electrostatic
attraction is essentially a function of zz/r, where z is the charge and r is
the ionic radius. Thus, for the trivalent rare earths the ionic radii will
be the dominant factor controlling the electrostatic interactions with other
ligands. Electrostatic attractions with a given ligand would be expected to
increase with atomic number along the rare earth series as a result of the
corresponding decrease in ionic radii. Consequently, the heavy rare earths
would be expected to form stronger complexes than the light REE. According
to Moeller et al. [1965], the ilonic bonding theory is supported by obser-
vations which show that complexing groups have negligible effects on the
permanent magnetic moments [Fritz et al., 1960, 1961; and others] and the
sharply defined visible and ultraviolet adsorption bands [Holleck and
Eckardt, 1953; and others] of the trivalent rare earths. Ground state energy
levels are up by only 100 - 200cm_1. This small shift in the ground state
energy would not be expected if the 4f electrons were involved in the
bonding. As predicted by the electrostatic theory, the general trend in REE
complex stability is for increasing stability with decreasing ionic radius
for REE in the trivalent state as well as an increase in stability with
increasing charge of REE cations for those elements which exist in more than

one oxidation state in solution [Moeller et al., 1965].
Stabilities of REE complexes in aqueous solution

Organic complexes

The most intensely studied REE complexes in aqueous solution have been
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those with ethylenediaminetetraacetic acid (EDTA) and closely related
compounds [Wheelwright et al., 1953; Vickery, 1952; Spedding et al., 1956;
Harder and Chaberek, 1959]. With growing interest in the stabilities of REE
complexes, many other compounds have been studied. Reviews by Moeller et
al. [1965,1968] summarize the available stability constant data for REE
complexes with over 50 organic compounds in aqueous solution. Of these,
only the limited number of ligands which have been studied for all of the
rare earth ions can be considered when discussing trends in their stability
constants.

The general reaction for binding n ligands (L) sequentially to a metal

ion (M) is
L L L
M *—-'“‘I-(-i-——> ML T> ML2 Kzl—-"> MLn (1)

where the stability constants (Kn) for the addition of each new ligand are
determined from the concentrations (denoted below by brackets) of the

complexed and uncomplexed species:

]

- e B (.
n T ML__ JIL]

Only the first stability constant, K, is considered when interpreting the
results of REE complex formation in aqueous solution. This is due primarily
to complications introduced by steric effects resulting from the addition of
more than one 1igand.

From the compilation of available data for trivalent rare earths, three
general trends or groupings of the REE stability constants have emerged

which differ primarily in the behavior of the heavy rare earths [Moeller et
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al., 1965].’ These three trends are shown in Figure 1 using representative
examples to illustrate each trend. The three major trends are 1) a fairly
regular increase in stability constant with atomic number for the entire
series, 2) an increase to Eu or Gd followed by relatively constant values
. in the Gd to Lu region, and 3) an increase to a maximum around Dy, followed
by a decrease to Lu. For each trend, nearly all of the ligands studied
exhibit an increase in the first stability constants (Kl) of the light rare
earths with decreasing ionic radius in the region from la to Eu (there are
some ligands for which the Eu complex is less stable than for Sm [Moeller et
al., 1965]). This trend for the light REE is in agreement with the
prediction based on simple electrostatic theory discussed above. For the
heavy rare earths, the trends are dependent on the ligand present and do not
follow the simple electrostatic model. In general, REE complexes from all
three groups exhibit a discontinuity in the stability constants at Gd
generally referred to as the "gadolinium break”,

No conclusive mechanisms have been determined which would account for
the differences in the three trends in the stability constant data. Several
mechanisms have been suggested. 1) Ligand-field effects, which would pre-
sumably result if 4f electrons were involved in bonding. Thus far, however,
no evidence has been found for the involvement of 4f electrons in REE
bonding. 2) A reduction in coordination number at or near Gd. Originally
the REE were assumed to all be six coordinate, but higher coordination has
now been demonstrated for several compounds which are stable in solution.
For example, Hoard et al. [1965] and Lind et al. [1965] have demonstrated
the existence of both 9- and 10-coordinate La[EDTA] complexes. A change in
coordination number is considered the most likely explanation for the

ubiquitous Gd break. 3) Steric hindrances may also be important. With the
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decreasing ioﬁic radii of the REE, crowding of large organic ligands may
occur in the heavy REE region. It is generally believed that a combination
of steric factors and a change in coordination number are responsible for
the different trends. Regardless of the reasons for these differences, the
important observation in these trend as it relates to the stabilities of REE
complexes in natural waters is that in all cases the heavy rare earths form
more stable complexes than do the light rare earths. The implications this

has for natural waters are discussed helow.

Inorganic complexes.

In general, coordination by inorganic anions such as halides,
carbonates, nitrates, and sulfates in solution is limited to ion-pair
associations. Consequently, inorganic REE complexes are generally very
weak. A compilation of the available stability constant data up to 1976 for
inorganic REE complexes is given by Smith and Martell [1976]. Of most
importance to the study of natural waters is the hydrolysis of the REE
cations and their carbonate and phosphate complexing ability. These will be
discussed in detail below.

Hydrolysis. Among the most important of the inorganic REE complexes
are the products of hydrolysis. This subject has been reviewed in some
detail by Baes and Mesmer [1976]. The only hydrolysis products which are
formed to a significant extent in natural waters are the mononuclear species
of which Ln(OH)2+ is the most abundant. The polynuclear species an(OH)g+
and Ln3(OH)§+ are also known to occur for some but not all of the rare
earths, however, their abundances are very low relative to the mononuclear

species. The general reaction for the formation of mononuclear hydrolysis
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products written in terms of a reaction with water is Ln3+ + nHy0 2

Ln(OH)IBl"n + nH' and has hydrolysis constants of the form

[Ln(OH)i"“][H*]“

R = » (n>1) (2).
[1n

Values of log *Kl at zero ionic strength (I = 0) are reported by Baes and
Mesmer [1976] to lie in the range from —8.5 for La to -7.7 for Lu indicating
that significant hydrolysis does not occur below pH = 7. The solubility
product for the complete dissociation of the solid hydroxide according to

the reaction Ln(OH)B(s) + 3t b Ln3+ + 3H20 is given by

3+
*e 7] (3).

Baes and Mesmer [1976] report values of log *KSO for the REE at I = 0 in the
range from 20.3 for La to 14.5 for Lu indicating a fairly regular decrease
in solubility with increasing atomic number. From Eq.(3), the maximum

3+

concentration of free In ion in aqueous solution before precipitation of

3+] = log *KSO - 3pH. The

the hydroxide begins is given by log [Ln”"] ..

solubility of the solid hydroxide according to the equilibrium reaction
Ln(OH)3(s) z Ln(OH)3(aq) has log Kj3 in the range -7.9 to -9.6 at u = 0, but
values for all of the REE are not reported [Baes and Mesmer, 1976)]. These
values indicate maximum solubilities of the neutral hydroxides in the range
of 1078 - 107 in aqueous solutions. The hydrolysis is often written in
terms of a reaction with OH™ ions as Ln(O]':l)g"n + OH™ 2 Ln(OH)g;§n+l) which

has hydrolysis constants of the form

[Ln(OH)3;§n+l)]

K = » (n20) (4).
n+l [Ln(OH)i“n][OH"]
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The hydrolysis constants are dependent on the ionic strength of the
solution. At I = IM the first hydrolysis constants are reduced by
approximately one log unit and results in a correspondingly similar increase
in the solubility.

Carbonate complexing. Very little data on the stability of REE

complexes in aqueous solutions are available in the literature. 1In a recent
study related to actinide chemistry, Lundqvist [1982] compiled the data for
REE carbonate complexes and determined new values for the stability of Eu
complexes with carbonate ions and hydroxyl ioms at I = l. Eu was shown to
form stable mononuclear carbonate complexes, the most important species
being Eu(003)+ and Eu(CO3)£. Evidence for polynuclear species and
bicarbonate complexes were not found in his experiments. The general
reaction for the formation of mononuclear complexes is Eudt + n CO%_ e

Eu(CO3)i—2n which has an overall stability constant given by

. - [Eu(COB)i—zn] )
n [Eu3+][CO:2,’—]n

At T = 1M, log B; = 5.93 and log B, = 10.72 for mononuclear Eu carbonate
complexes. Values for the solubility product, Ks0s for the complete
dissociation of In,(CO5)3(s) has been reported for some rare earths by
Turner and Whitfield [1979]. Log Kgq values of -26.4 for La and -25.2 for
Gd were given for I = 0.7.

Lundqvist has demonstrated graphically, that Am3+ carbonate complexes
can dominate over hydrolysis at pH up to ~9. Using Lundqvist's values of Bl
and B, above and log *Kl = —-8.1 for Eu(OH)2+, I have constructed a similar
plot for Eu complexes shown in Figure 2 which shows the value log

[EulL ]/[Eu3+] as a function of log [COZ—], where L. = (OH ), or (COZ—)
i 3 i i 3

i
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This figurebshows that for Eu, carbonate complexes will also dominate over
hydrolysis for log [CO%—] > 107°M and pH < 9. As an illustration, consider
a solution at pH = 8.1, [CO%—] = 10—5M, and [Eulq = 1078, 1f only
hydrolysis were involved, about 50% of the total Eu would be complexed as
Eu(OH)2+. In the presence of CO%_ however, the mass balance for Eu can be

written as
By = ([Ba™*] + [Eu(co)*] + [Bu(co)]] + [Eu(om)?*]) 6).

Substituting expressions for the stability constants in (2) and (5) gives

= [2?*)(1 + Bl[cog'] + Bz[cog']2 +—) 7.

Only the first hydrolysis constant for Eu is considered because no values
are reported for the second and third hydrolysis products. These complexes
would be much lower in concentration than Eu(OH)2+ and would not signifi-
cantly alter the results of the calculation. Using the values for *Kl, Bl’

3+ concentration from which the

and 82 given above in (7) gives the Eu
concentrations of the remaining species can be calculated. The resulting

concentrations and relative abundances are as follows:

[Eu3t] = 6.4 x 10710, 6%
[Eu(0H)2*] = 6.4 x 10710y, 6%
[Eu(C04)T] = 5.4 x 1077, 54%
[Ea(C04)7] = 3.3 x 1077, 33%

As can be seen, the carbonate complexes in this example completely dominate
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over the hydrolysis of Eu. 1In the absence of carbonate ion, 507 of the
total Eu should be complexed as Eu(OH)2+. These results indicate that
carbonate complexes in natural waters could be far more important to the
solution chemistry of the REE than hydrolysis. The relative speciation in
natural waters will be different, however, due to competition with other
cations in solution for the available ligands. The main influence of pH omn
the REE carbonate complex formation will be the effect on the free carbonate
ion concentration of the solution. Higher pH will increase the
concentration of the carbonate ion.

Phosphate complexes. Of the inorganic ligands, it appears that only

phosphate ligands form strong, ionically bonded complexes with the rare
earths. The most studied complexes are those involving triphosphate
(P3010)5— and its sodium salts [Giesbrecht and Audrieth, 1958; Giesbrecht,
1960; Kundra, 1963; Kundra et al., 1965]. Giesbrecht and Audrieth [1958]
have shown that the soluble triphosphate complexes are formed when the
phosphate to lanthanide ratio is greater than 2:1. Although they could not
determine the exact structure, they suggested that the soluble anionic tri-
phosphate species is represented by the general formula [NaXLn(P3010)2]7_X
where x < 7. Kundra [1963] and Kundra et al. [1965] has found the 1:1
complex LnHPBOlo— to be stable at low pH. In all of these studies, the
complexes are generally found to be most stable when the pH is acidic

(= 3.5). At basic pH levels the complexes are generally insoluble. These
authors have not reported any stability constants for the heavy rare
earths. In the light rare earth region the stability constants exhibit the
same trend as observed for organic complexes. In seawater, phosphate occurs
in solution as the orthophosphate, H4P0,, in various states of dissociation

[Spencer, 1975]. Data summarized by Smith and Martell [1976] show LnH2P0%+
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complexes to be stable at low pH, but at the pH of seawater, only 17 of the
total phosphate is present as HZPOZ and therefore these complexes should not
be important in seawater. No formation constants were given for HPOZ— and
POZ— complexes which may be more important in seawater and fresh water.
Turner and Whitfield [1979] reported solubility product values for two rare
earths (La and Gd) for the dissociation of LnPO4(s) both of which had log
Kgg ® —18.3 for I = 0.7.

S

Implications of stability constant data for the distribution of the REE in

natural waters

The data for REE complexes discussed above have several implications
for the distribution of rare earths in natural waters. It is clear from the
preceding discussion that the most stable REE complexes are those with
organic ligands in which oxygen acts as the primary electron donor. Thus,
it may be expected that organic ligands will make the most stable complexes
with the REE in natural waters. The effects such complexes may have on REE
distributions in natural waters will depend on whether organic ligands are
in solution or associated with particulate matter, as well as the total
concentration of the organic ligands relative to competing inorganic
ligands. It has been postulated that most particles in seawater are coated
with a thin film of organic matter [Neihof and Loeb, 1974; Loeb and Neihof,
1977; Hunter and Liss, 1979]. Modeling of adsorption of trace metals onto
sinking particles indicates that the adsorption properties are indeed
controlled by organic coatings as opposed to surface hydroxide groups
[Balistrieri et al., 1981]. Because the heavy rare earths are found to form
more stable complexes than the light rare earths, it would be expected that

adsorption onto sinking organic matter or organic coated particles would
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preferentially remove the heavier rare earths producing a heavy rare earth
depleted abundance pattern (relative to source abundances) for REE dissolved
in seawater. Furthermore, if Ce is oxidized to the +4 state in natural
waters, then from electrostatic theory it should form more stable complexes
than its neighbors La and Pr, resulting in a Ce depletion. Similar effects
would be expected for fresh water systems if organic matter is important.
If organic ligands are primarily in solution rather than being associated
with particles, then the opposite effects should be observed, namely, the
heavy rare earths and Ce should preferentially be held in solution.
Inorganic complexes, though not as stable as organic complexes, could be
more important in controlling the concentrations of the REE in natural
waters, particularly if organic ligand concentrations are low. In
Lundqvist's [1982] determinations of stability constants for hydrolysis and
carbonate complexes, the constants were determined based on changes in the
distribution coefficients for the extraction of the REE onto organic ligands
as a function of the pH and carbonate ion concentrations. Thus, hydrolysis
and carbonate complexing can prevent the formation of organic complexes. As
long as the concentrations of the REE do not exceed the limits set by the
solubility of their inorganic salts, inorganic complexes should serve to
keep the REE in solution, but this should affect the abundance pattern only
if the individual solubilities are exceeded. The possible exception to this
is complexes involving phosphate ligands. If strong complexes with phos-
phate are important, then a covariation between phosphate and REE concen-
trations in natural waters might be expected. However, according to the
observations discussed above, it is apparent that REE phosphate complexes
should not be important in natural waters where the pH is generally high

enough to render these complexes insoluble. These predictions will be
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compared to actual observations of rare earth distributions in marine and
fresh waters in the discussion below.

Distribution and speciation of REE in river and seawater

The distribution of REE in river water and seawater

River water. Only a few measurements of the concentrations of the REE

series have been made for river waters [Martin et al., 1976; Keasler and
Loveland, 1982; Hoyle et al., 1984]. WNo consistent pattern emerges from
these data for the REE abundances in river waters. The chondrite normalized
abundance pattern for a sample collected from the confluence of the Garonne
and Dordogne Rivers in France [Martin et al., 1976] is shown in Figure 3a.
For comparison, average continental REE values represented by North American
Shale (NAS) [Haskin et al., 1966] are shown on the same figure (Fig. 3b).

It is seen that this river sample has an abundance pattern nearly identical
to NAS, reflecting a derivation of its REE from an average continental
source., Filtered waters from Pacific Northwest rivers [Keasler and
Loveland, 1982] and the Luce River [Hoyle et al., 1984] all exhibit a heavy
rare earth enrichment relative to NAS but to varying extents. It is not
clear from the available data whether the differences in the REE patterns
observed between these rivers reflects differences in the mean REE abun-—
dances in the geologic terranes drained by these rivers or if they are
related to REE fractionation processes active within the different rivers.
A slight negative Ce anomaly is observed in the 0O.7um filtered Luce River
sample [Hoyle et al., 1984] and possibly in the Pacific Northwest rivers
[Reasler and loveland, 1982] which suggests that the variations may be

related to fractionation of the REE in the riverine environment.



247

Seawater; Concentrations of the rare earth element series in seawater
have been determined by several authors [Goldberg et al., 1963; Hégdahl et
al., 1968; Masuda and Tkeuchi, 1978; Elderfield and Greaves, 1982; DeBaar et
al., 1983; Klinkhammer et al., 1983; Hoyle et al., 1984]. Chondrite nor-
malized REE concentration data for two Atlantic Ocean locations at similar
depths of about 3000 meters are shown in Figure 3c,d. The abundance
patterns for these two samples, which are representative of typical seawater
REE distributions, are similar to each other but significantly different
from river water (Fig. 3a) -and NAS (Fig. 3b). Seawater exhibits a distinct
V-shaped chondrite normalized REE pattern with a minimum in the normalized
values at Eu indicating both light and heavy rare earth enrichments. The
heavy REE enrichments in seawater are generally more pronounced than in
river waters (when present in the latter). 1In addition, there is a gener-
ally well developed negative Ce anomaly characteristic of seawater which is
either absent or only poorly developed in rivers and completely absent from
NAS. The only exception to this was reported by DeBaar et al. [1983] for
western North Atlantic samples which exhibited a positive Ce anomaly in near
surface waters. In general, there is an increase in concentration of all

the REE with depth with only slight changes in the REE pattern.

Speciation of REE in fresh and seawater

Determinations of the chemical forms of the REE in natural waters have
never been made by direct experimental measurements. The main reasons for
this are the complex nature of natural waters (which makes it difficult to
identify the possible interactions with REE cations) and the difficulty of
determining the concentrations of the different complex species. The

oxidation states of the REE in natural waters are fairly well known. With
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the exceptioﬁ of Ce, the oxidation state of all the REE in fresh and
seawater is +3. In seawater, Ce is known to occur primarily in the +4
oxidation state, which may: account for its anomalous behavior in this
reservoir. Carpenter and Grant [1967] determined from florescence data in
controlled experiments that cerium should be almost completely oxidi?ed to
the +4 state at the pH of seawater. Ce may also occur in the +3 oxidation
state in the marine environment, especially in anoxic waters and sediment
pore fluids. Mobilization of Ce in the +3 oxidation state from anoxic
sediments was the explanation for the positive Ce anomaly reported for near
surface, western Atlantic waters by DeBaar et al. [1983]. 1In fresh water,
however, Ce shows normal behavior relative to La and Pr, indicating that it
probably occurs only in the +3 state in these waters. FEuropium is known to

occur in the +2 and +3 oxidation states. Sverjensky [1984] estimated the

2+ 3+

stability of Eu and Eu in aqueous solution over a wide range of
temperatures and pressures. His calculations demonstrate that Eu should be
in the +3 oxidation state in most waters below temperatures of 250°C with
the possible exception of very reducing alkaline pore waters of marine
sediments., The +2 oxidation state would presumably prevail for Eu in
hydrothermal solutions at temperatures greater than 250°C.

Turner et al. [1981] used an equilibrium model to estimate the
speciation of trace elements in fresh and seawater. Their model is based on
the assumptions that 1) published stability constants can be corrected for
the difference in ionic strength between the media in which they were
measured and the natural system, 2) the activity coefficients of the free
metal ion, free ligand, and complex are not affected by changes in the

composition in the medium at constant ionic strength, and 3) any strong

interactions between the medium ions and the element or ligand of interest
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have been taken into account in the original measurement of the stability
constants. Their model uses the compilations of stability constants by
Smith and Martell [1976] and hydrolysis constants by Baes and Mesmer
[1976]. 1t should be noted that their speciation model does not take into
account the possibility of complexes involving organic ligands, although
they do discuss the possible implications for this.

The results of their calculations for the speciation of the REE in
seawater (pH = 8.2) and fresh water (pH = 6 and pH = 9) are given in Tables
2, 3, and 4 respectively. . From the data in Table 2, the model predicts the
carbonate complex will be the most abundant REE complex species in seawater
with a general trend towards increased carbonate complexing with increasing
atomic number. The dominance of the carbonate complex is in agreement with
the stability field for hydrolysis and carbonate complexes shown in Figure 2
discussed above. As indicated earlier, the relative abundances of the
carbonate and hydroxide species calculated here for the complex natural
water systems are different that calculated above for the one rare earth
cation, two ligand system and presumably reflects the competition from other
Vcations for the ligands as well as other ligands for the cations. The
increase in carbonate complexing is compensated by parallel decreases in the
free ion concentration, Cl, and 804 complexes of the REE. In freshwater at
pH = 6, the REE are determined to be primarily in the free ion state with
some S0, and C03 complexing. At pH = 9, freshwater REE are calculated to
occur primarily as OH (heavy REE) and Co4q (light REE) complexes. These
trends generally reflect the electrostatic attractions between the REE
cations and the uncomplexed ligand in addition to the competing effect of
hydrolysis. It is clear from the data of Turner et al. [1981] and Baes and

Mesmer [1976] that the degree of hydrolysis increases with increasing pH.
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The increasingly stable hydrolysis constants along the rare earth series
[Baes and Mesmer, 1976] are also consistent with electrostatic theory.

Turner et al. [1981] did not include data for organic complexes in
calculating the speciation of natural waters. However, they did do species
calculations for some metals which included humic acid data. They found a
correlation between the stabilities of metal complexes with CO3 and humic
acids in seawater. From this they suggested that rare earths and other
metals which form strong carbonate complexes are the most likely to form
strong complexes with organic ligands in seawater and even more likely in
freshwater due to the generally higher organic concentrations. These data
further support implications for REE distributions in natural waters based

on stabilities of organic REE complexes discussed above.

Discussion

It is significant to note that both river water and seawater have REE
concentrations which are several orders of magnitude below the limits set by
the solubility of their salts. At the pH of seawater (~8), the total solu-
bility of Nd, based on hydrolysis products alone, should be about 10—4M.

The carbonate solubility may be slightly lower, based on Kso values given by
Turner and Whitfield [1979], but the distribution of the REE among the may
different ligands available should increase the overall solubility. REE
phosphates have the lowest solubilities, but at the phosphate ion concen-
tration of seawater, the REE concentrations are still several orders of
magnitude too low to precipitate. It is therefore quite clear that some
sort of removal process acts to keep the concentrations in these waters so

low. The REE patterns of both river water and seawater must reflect this
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removal proéess. The relative distribution of rare earth species calculated
by Turner et .al. [1981] should not be affected by differences in concen-—
trations of the REE in fresh and seawater since even the highest REE
concentrations observed in natural waters are well below the solubility
limits of the REE complexes which are determined to dominate the speciation.

It was suggested originally by Goldberg et al. [1963] that the REE in
seawater are derived from the weathering of the continental crust, a point
that has been substantiated on the basis of Nd isotopic measurements of
marine sediments and waters [Piepgras et al., 1979; Piepgras and Wasserburg,
1980]. It might therefore be expected that seawater REE abundance patterns
be similar to NAS or average river water. Because of the differences
between seawater REE patterns and those of NAS and rivers, it is probable
that the seawater pattern is developed largely as a result of REE
fractionation processes within the oceans rather than reflecting the pattern
in the sources of REE in the oceans. Further evidence for this comes from
two studies which have attempted to determine the effects of estuarine
mixing of seawater and river water on the REE transport to the oceans by
rivers. Martin et al. [1976] sampled waters in the Gironde estuary (at the
confluence of the Garonne and Dordogne Rivers) at various salinities from
0.1 - 28 °/oo. The dissolved load concentrations decrease with increasing
salinity indicating substantial REE removal in the estuary, but the overall
REE pattern is little changed during the process. The light rare earths
remain relatively unchanged from the 0.1 %/00 configuration shown in Figure
3a, and in particular, there is no Ce anomaly produced such as seen in
seawater. There is some indication of a heavy rare earth enrichment
relative to the 0.1 ®/oo sample, but a lack of data for many of the heavy

rare earths makes it unclear whether the trends are applicable to the entire
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series from Eu to Lu. A second study by Hoyle et al. [1984] involved
laboratory mixing experiments designed to simulate estuarine mixing between
river water and seawater at different salinities. Their results indicated
that the heavy rare earths are removed from solution onto particles to a
greater extent than the light rare earths. This observation suggests that a
heavy rare earth depleted pattern should be produced in the estuarine zone
in apparent contradiction to the results of Martin et al. [1976] from the
Gironde estuary. (It should be noted that the removal pattern generated in
the experiments by Hoyle et al. is in contradiction with the observed
distribution of REE on particles suspended in the Luce River. Their data
shows that the light rare earths are preferentially associated with
particles rather than the heavy rare earths. This problem was not resolved,
however). Also of significance in the experiments of Hoyle et al. is the
fact that no Ce anomaly was produced. The failure to develope a Ce anomaly
is consistent with the observations in the Gironde estuary and suggests that
this element may under go a change in oxidation state from +3 to +4 after
entering the oceans which allows its more efficient removal from seawater.
It is not clear the extent to which the results from these to studies are
representative of processes in major river and estuary systems, but the data
suggest that fractionation processes in the open ocean may be largely
responsible for producing the REE patterns observed in seawater.

It is apparent that both fresh water and seawater REE distributions are
generally different from what would be expected on the basis of stability
constant data for organic REE complexes. Relative to NAS (which is assumed
to represent the average source pattern for REE in rivers and oceans) there
is a heavy rare earth enrichment in seawater and many rivers which suggests

that dissclved organics may be more strongly complexing the heavy REE and
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keeping them in solution. There are two major problems with this explan-
ation, however. First, a positive Ce anomaly rather than negative would be
expected since Ce should behave similarly to the heavy rare earths from
electrostatic considerations discussed earlier. There would be no reason to
expect any unusual behavior for Ce if it was in the +3 state. Positive Ce
anomalies have only been observed in areas where they can be attributed to
enhanced Ce fluxes from anoxic sediments [DeBaar et al., 1983]. Secondly,
Turner and Whitfield [1979] have shown that the REE concentrations in
seawater are well below the concentration limits set by the solubilities of
their salts indicating that all of the rare earths are being extensively
scavenged from seawater. If the model of Balistrieri et al. [1981] which
suggests that the adsorption properties of particles are controlled by
organic coatings is correct, then heavy rare earth depletions relative to
NAS should be observed according to predictions made on the basis of the
stability constant data. Since this is not observed in seawater or fresh
water, it would appear that inorganic scavenging, possibly on hydroxide
surfaces, may also be important,

There is considerable evidence that inorganic phases do indeed control
the rare earth abundances in seawater. Although there is no obvious corre-
lation between rare earth abundances and phosphate in seawater [Piepgras and
Wasserburg, 1983], Elderfield et al. [1981] have demonstrated a very strong
positive correlation between P and REE (except Ce) concentrations in marine
sediments indicating that a phosphatic component controls the concentration
of the trivalent REE in sediments. 1In ferromanganese nodules there are
positive correlations between the REE and both P and Fe concentrations
[Elderfield et al., 1981; Lyle, 1978], indicating the presence of two

separate carrier phases in nodules. Cerium, which is tervalent in seawater,
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does not correlate at all with P but shows a very strong positive corre-—
lation with Fe [Elderfield et al., 1981]. Positive Ce anomalies in ferro-
manganese nodules with slow growth rates compliment the negative Ce anomaly
in seawater {[Piper, 1974] alsé indicating that iron and manganese oxides or
hydroxides control the removal of Ce from seawater. (Negative Ce anomalies
have been observed in rapidly growing nodules and Fe-Mn crusts in active
hydrothermal areas and the Bauer Basin [Toth, 1977; Elderfield and Greaves,
1981]). Thus, it is apparent that the removal of REE from seawater is
controlled primarily by inorganic processes. The heavy REE enrichment in
seawater relative to presumed continental source abundance patterns may be
the result of greater carbonate complexing of these REE in seawater as
indicated from the data of Turner et al. [1981] shown in Table 2. The only
observations which can be explained in terms of organic complexing alone are
the data of Hoyle et al. [1984] for the experimental mixing of seawater and
river water which show that the heavy rare earths are more extensively
removed from solution than the light rare earths during the flocculation of

particles.

Conclusions

The solution chemistry of the rare earth elements and their distri-
bution in natural waters has been reviewed. Although evidence for organic
complexing in natural waters has been noted, predictions for the distri-
bution of rare earths in natural waters based on measured stabilities of
organic REE complexes are generally not supported by observations of the REE
in natural waters. The only exception to this is the removal pattern

generated for rare earths from the experimental mixing of river and seawater
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[Hoyle et al., 1984]. These experimental removal patterns indicate that
there is a preferential removal of heavy REE from solution onto particulate
phases dominated by organic colloids. This is consistent with the obser-
vations that the heavy rare earths form stronger complexes with organic
ligands than do the lighter rare earths. It is apparent that the REE
pattern in seawater requires a more complex behavior of the REE than would
be expected from the patterns based on the stabilities of REE complexes.
This may be related to competition for cations resulting from the presence
of numerous ligands in natural waters. It is shown that carbonate
speciation will dominate the REE in seawater. In slightly acidic fresh
waters free ion and sulfate complexes dominate, whereas in basic fresh
waters hydrolysis dominates the heavy REE and carbonate speciation dominates
the light REE. The concentrations of the REE in river and seawater are
shown to be well below their solubility limits indicating extensive removal
in natural waters. The strong correlation between the REE and Fe and P

concentrations in marine sediments and ferromanganese nodules suggests that

inorganic scavenging dominates the removal of REE from seawater.
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Table 1. Numerical data for rare earth metals and tri-valent cations (after
Moeller et al., [1961]). Oxidation potentials are for the reaction

In 2 In tro3e”.

Symbol Atomic Electronic Oxidation Crystal
Number Configuration Potential Radius jof L3t
z In In3% v A
La 57 4£0 53les?  4£0 +2.52 1.04
Ce 58 4£2 6s2 4fl 2.48 1.02
Pr 59 4£3 6s2 4f2 2.47 1.00
Nd 60 LEY 6s2  4f3 2.44 0.99
Pm 61 4E5 | 682 4fh (2.42) (0.98)
Sm 62 4£6 6s2  4f5 2.41 0.97
Eu 63 4£7 6s2 4f® 2.41 0.96
Gd 64 487 sdles?  4f7 2.40 0.94
Tb 65 4£9 6s2  4f8 2.39 0.92
Dy 66 4810 g2 4f9 2.35 0.91
Ho 67 4£11 g2 4510 2.32 0.89
Er 68 4812 gs2  4fll 2.30 0.87
Tm 69 4F13 g2 4£12 2.28 0.86
Yb 70 4flt pg2  4f13 2.27 0.85

Lu 71 4Fl%54lpg2  4f1M 2.25 0.84
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Table 2. Calculated speciation (in 7% abundance) of REE cations in model
seawater at pH-8.2 (from Turner et al. [1981]).

Ln3*

Cation Free OH F Cl S0, COg4
La 38 5 1 18 16 22
Ce 21 5 1 12 10 51
Pr 25 8 1 12 13 41
Nd 22 9 1 10 12 46
Sm 18 10 1 8 11 52
Eu 18 13 1 10 9 50
Gd 9 5 1 4 6 74
Tb 16 11 1 8 9 50
Dy 11 8 1 5 6 68
Ho 10 8 1 5 5 70
Er 8 12 1 4 4 70
Tm 11 21 1 5 6 55
Yb 5 9 1 2 3 81

Lu 5 21 1 1 1 71
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Table 3. Calculated speciation (in % abundance) of REE cations in model
fresh water at pH-6 (from Turner et al. [1981]).

La3t

Cation Free OH F Cl 50, COq
La 73 <1 1 <1 25 1
Ce 72 <1 3 <1 22 3
Pr 72 1 2 <1 23 2
Nd 70 1 3 <1 24 3
Sm 68 1 3 <1 25 4
Eu 71 1 3 <1 21 4
Gd 63 1 5 <1 22 9
Tb 67 1 6 <1 22 4
Dy 65 1 6 <1 21 7
Ho 65 1 7 <1 19 8
Er 63 1 7 <1 19 10
Tm 66 1 8 <1 20 6
Yb 58 1 7 <1 17 17

Lu 59 1 8 <1 15 17



263

Table 4. Calculated speciation (in % abundance) of REE cations in model
seawater at pH-9 (from Turner et al. [1981]).

L3t

Cation Free OH F C1 50, COq
La 2 10 <1 <1 <1 88
Ce <1 5 <1 «1 <1 9
Pr 1 9 <1 (1 <1 90
Nd <1 9 <1 <1 <1 90
Sm <1 14 1 <« <1 86
Eu <1 18 <1 <« <1 82
Gd <1 14 <1 <1 <1 86
Tb ¢! 32 <1 < <1 68
Dy <1 46 <1 <1 <1 54
Ho <1 48 <1 « <1 52
Er <1 78 <1 <1 <1 22
Tm <1 86 <1 (<1 <1 14
Yb <1 62 <1 <1 <1 38

Lu <1 92 <1 <1 <1 8
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Figure Captions

Figure 1. Log K vs. inverse ionic radius for representative examples of the
three major trends in formation constants for rare earth complexes.
Scale on left refers to groups 1 and 3. Scale on right refers to group
2. DTPA = Diethylenetriaminepentaacetic acid. Dipic = 2,6-
Pyridinedicarboxylic acid. EDDA = Ethylenediaminediacetic acid. (From

Moeller et al. [1965]).

Figure 2. Log [MLi]/[M]'vs. log [CO%—] representing the stability field for
1:1 Eu complexes with OH and 1:1 and 1:2 Eu complexes with CO%— at I =
1. The value of log [Eu(OH)2+]/[Eu3+] is shown for pH = 7, 8, and 9.
The equilibria established by Eq. (2) show that there is no carbonate
ion concentration dependence for the ratio [Eu(OH)2+]/[Eu3+], so they
plot as horizontal lines on this figure. Likewise, the equilibria
defined by Eq. (5) show that there is no dependency on pH for the ratio
[Eu(CO3)g—2i]/[Eu3+], so the stability fields for Eu cabonates do not
shift with a change of pH in the solution. For a given [Eu]T, it can
be seen from Eq. (6) that [Eu3+] will be constant for a fixed pH and
carbonate ion concentration. Thus, the relative abundances of Eu
hydroxide and Eu carbonate complexes formed in a solution can be

determined directly from the graph.

Figure 3. Chondrite normalized rare earth abundance patterns in a) Garonne-—
Dordogne Rivers (solid line) [Martin et al., 1976], b) North American
Shale (dashed line) [Haskin et al., 1966], ¢) Western North Atlantic
seawater (solid line) [DeBaar et al., 1983], and d) Eastern North
Atlantic seawater (dashed line) [Elderfield and Greaves, 1982]. The
left—-hand scale refers to water samples (a, ¢, and d) and the right-

hand scale refers to North American Shale (b).
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Table A2. Results of Sm and Nd analyses for seawater samples. The
143Nd /144 Nd ratios were determined in samples spiked with 150N4 and
normalized to l“*Nd/142Nd = 0.878499. Reported errors are two standard
deviations from the mean. 20 errors for concentration measurements are

~ O' 1%'
Depth Cxd Com 147 sm 143Nd ena (0)
(m) (x10712g/g)  (x10712g/g) 144 Ng 144 Ng

I. ATLANTIC OCEAN

OCE 63, Cast 1 (29°53'00"N, 76°14'12"W).

300 2.00 0.462 0. 140 0.511287 -10.9
130 +0.6

OCE 63, Cast 2 (27°57'l4"N, 70°23'25"W).

1000 - - - 0.511174 -13.1
+22 0.4
2200 2.57 0.516 0.121 0.511161 -13.4
+33 +0.6
3400 3.19 0.623 0.118 0.511156 ~-13.5
+27 +0.5

OCE 63, Cast 3 (27°01'42"N, 74°20'00"W).

50 - - - 0.511357 -9.6
+47 +0.9

OCE 63, Cast 4 (27°06'30"N, 74°21'00"W).

4100 - - - 0.511146 -13.7
+37 0.7

A-II 109-1, Station 30 (36°15'38"N, 61°58'27"W).

5 2.08 0.474 0.138 0.511361 -9.5
+23 +0.4
200 1.96 - - 0.511365 -9.4
120 +0.4
400 2.11 - - 0.511303 -10.6
+21 0.4
600 2.11 - - 0.511318 -10.3
+27 +0.5
800 2420 - - 0.511288 -10.9

+27 +0.5



Table A2 (cont.)

274

Depth Cxd Com 147 om 143N €5 (0)
(m) (x10712g/g) (x10712g/g) 144 Nd b g

1100 2.60 0.525 0.122 0.511128 -14.0
+21 +0.4
1800 2.66 - - 0.511157 -13.5
+£22 £0.4
3000 2.72 0.546 0.121 0.511180 -13.0
+13 +0.3
4000 3.80 - - 0.511161 -13.4
+23 +0.4
4850 9.01 - 0.511153 -13.6
+16 +0.3

A-II 109-1, Station 39 (36°13'00"N, 52°07'12"W)
5 1.14 - - 0.511342 -9.9
+£27 £0.5

A-II 109-1, Station 79 (36°15'49"N, 19°57'27"W)
+20 +0.4

A-TII 109-1, Station 95 (36°17'41"N, 10°02'27"W)
Surface 1.80 0.376 0.126 0.511264 ~11.4
+33 +0.7
200 2.01 0.417 0.125 0.511208 -12.5
+19 0.4
500 2.26 0.473 0.126 0.511240 -11.9
+30 $0.6
800 2.48 0.528 0.128 0.511304 -10.6
+28 +0.5
1000 2.34 0.519 0.134 0.511348 -9.8
+29 +0.6
" 2.35 e _— 0.511334 -10.0
+20 +0.4
1150 2.61 0.532 0.127 0.511251 ~-11.7
+28 +0.5
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Table A2 (cont.)

Depth Cxd Com 147 gm 143N €5q(0)
(m) (x10712g/g) (x10712g/g) L4t g it g

1300 2.49 0.533 0.129 0.511253 -11.6
+26 +0.5

2000 2.46 0.498 0.122 0.511221 -12.2
£20 +0.4

3000 2.84 0.556 0.118 0.511208 ~-12.5
+25 0.5

‘ +22 +0.4

A-II 109-1, Station 101 (36°45'15"N, 08°36'20"W).

650 5.16 0.511340 -9.9
+20 +0. 4

TTO/TAS Station 63 (7°44'00"N, 40°42'30"W).

790 2.29 0.511240 -11.9
+18 0.4
1990 2.50 0.511164 -13.3
+16 +0.3
2910 2.65 0.511203 -12.6
120 +0.4
3890 3.71 0.511210 -12.4
126 +0.5
4280 3.82 0.511231 -12.0
+22 +0. 4
4810 4,34 0.511243 -11.8
+16 0.3

TTO/NAS, Station 142 (61°21'N, 8°01'W).

750 3.08 0.618 0.121 0.511455 7.7
29 +0.6

TTO/NAS, Station 144 (67°40'N, 3°17'W)

65 2.06 0.393 0.115 0.511321 -10.3
+25 0.5
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Table A2 (cont.)

147 143
Depth CNd cSm Sm Nd eNd(O)
(m) (xlo—lzg/g) (xlo"'lZg/g) ‘1'-+"+Nd 14'+Nd
3750 2,35 0.441 0.113 0.511359 9.5
+24 +0.5
TTO/NAS, Station 149 (76°53'N, 1°02'E)
2800 2.42 0.466 0.116 0.511299 -10.7
+18 +0.4
TTO/NAS, Station 167 (64°03'N, 33°20'W)
840 2,38 0.424 0.108 0.511124 -14.1
+20 +0.4
2310 2,97 0.581 0.118 0.511408 -8.6
+24 +0.5
I1. PACIFIC OCEAN
CEROP II (36°47'N, 122°48'W)
1000 3.23 0.630 0.118 0.511652 -3.8
+36 +0.7
duplicate - - - 0.511729 -2.3
+25 +0.5
CEROP II (36°50'N, 122°50'W).
2400 - - - 0.511723 -2.4
+25 +0.5
GS-7901-139 (0°47'20"N, 86°07'21"W).
2500 2.24 0.416 0.112 0.511717 -2.5
+34 +0.7
duplicate - - - 0.511742 -2.1
+28 +0.
Marine Chemistry 80, Station 17 (14°41'N, 160°01'W).
2000 - - - 0.511848 0.0
+24 +0.5
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Table A2 (cont.)

Depth Cxd Cop 147 om 14354 €ng(0)
(m) (xlo"lzg/g) (xlo“lzg/g) 1‘+'+Nd 1‘+'+Nd

Marine Chemistry 80, Station 31 (20°00'S, 159°59'W).

30 0.411 - - 0.511861 +0.3
+39 +0.8

2800 2.57 - - 0.511617 -4.5
136 +0.7

4500 3.68 - - 0.511435 -8.1
' +29 +0.6

A-IT 107-11, Station 261 (47°47'33"S, 83°16'31"W).

3900 3.69 0.683 0.112 0.511444 -7.9
126 +0.5

ITI. DRAKE PASSAGE & SOUTHERN OCEAN

A-II 107-11, Station 292 (60°54'02"S, 89°24'23"W).

5050 4.09 - - 0.511430 -8.2
128 +0.6

A-II 107-11, Station 315 (61°01'10"S, 62°15'21"W).

50 1.85 0.347 0.109 0.511381 -9.1
50 +1.0
800 2.30 0.432 0.113 0.511388 ~-9.0
+39 +0.7
2000 3.25 0.610 0.113 0.511418 -8.4
138 +0.7
3600 4,21 0.800 0.115 0.511389 -8.9
121 0.4

A-II 107-11, Statiom 327 (56°27'55"S, 66°33'01"W).

50 1.19 - - - -
650 1.31 - - 0+511375 -9.2

40 0.8
1900 1.93 - - 0.511429 -8.2

+33 0.6
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Table A3. Hydrographic data for seawater samples

Depth Salinity 0, P03~ NO3 $104
(m) (°/o0) (uMol/kg) (uMol/kg) (uMol/kg) (uMol/kg)

A-IT 109~1 Station 30.

5 36.319 221 0.00 0.03 0.69
200 36.523 224 0.11 3.06 1.59
400 35.404 208 0.21 4.90 2.08
600 35.864 174 0.72 13.24 5.81
800 35.351 166 1.27 21.37 12.39

1100 35.063 218 1.08 19.69 13.39
1800 34.977 264 0.98 17.39 12.76
3000 34.958 269 1.14 17.89 20.85
4000 34.901 267 1.17 18.09 28.94
4850 34.896 263 1.24 18.97 34.59

A-TTI 109-1 Station 95

Surface 36.545 230 0.01 0.20 1.34
200 35.891 222 0.33 5.82 2.74
500 35.651 198 0.81 13.97 6.56
800 36.019 184 0.85 14,33 8.76
1000 35.961 184 0.98 16.24 10.97
1150 36.057 186 0.96 16.04 11.46
1300 36.020 193 0.96 15.90 11.74
2000 35.210 238 1.18 18.44 19.48
3000 35.063 238 1.33 20.29 33.35
4000 34.903 240 1.44 21.55 44.90

A-IT 109~1 Station 101

650 36.587
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Table A3 (continued)

Depth Salinity 0, PO3” NO3 510,

(m) (°/o0) (nMol/kg) (uMol/kg) (uMol/kg) (uMol/kg)

TTO/TAS Station 63

0 36.099 - 0.06 0.1 1.8
200 35.006 116 1.74 27.3 13.2
390 34.755 110 2.09 32.9 18.7
590 34.617 132 2.22 34.4 24.0
790 34.610 135 2.31 35.4 29.0
980 34.704 150 2.20 33.1 29.1

1990 34.930 - 1.35 20.4 19.8
2910 34.938 260 1.37 20.2 28.9
3890 34.889 260 1.43 20.9 40.7
4280 34.811 - 1.62 23.7 52.3

4810 34.815 242 1.76 25.7 72.2




