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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.



23

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
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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
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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.
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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 ind