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Fig. 6b. Lanthanide concentrations in seawater normalized to river water suspended load (Piepgras and Jacobsen 
I992) are shown for average deep water and average surface watet. 

in the absence of direct comparative co3/~n(M) m e a s u r e m e n t s  for La and its neighbors, 
considerable uncertainties remain in log (MT)sN predictions derived using eq. (2). 

Figures 6a and b provide the results of direct log (MT) observations for average deep 
water and average surface watet (a) normalized to North American Shale Composite 
(log (MT)sN) and (b) normalized to river watet suspended load (Piepgras and Jacobsen 
1992). Figure 6c shows the log ~nj(1 + Lj/3n(M)[Lj] n) term in eq. (2) calculated at 
pH 8.3, 7.9 and 7.4. The calculated differences (eq. 2) between fig. 6a and 6b normalized 
log(MT) va]ues and fig. 6c log ~nj  (1 + LjB~(M)[Lj] n) values provide the comparative 
magnitudes of the log K(M) terms shown in eq. (2). The log K(M) curves shown in figs. 7a 
and b were obtained assuming a pH equal to 7.9 and a total bicarbonate concentration 
equal to 2 × 10 3 mol kg 1. Additional calculations indicate that the principal features of 
fig. 7 are insensitive to pH within the normal pH range of seawater. The shapes of the 
formation constant depictions in figs. 7a and b deviate significantly from the average 
behaviors of organic ligands depicted in figs. 5a and b (note that the absolute magnitudes 
of the vertical scale in figs. 7a,b are not significant due to the undetermined constant 
in eq. 2). Nevertheless, the logK(M) trends shown in fig. 7 are within the range of 
behaviors observed for organic ligands (Byrne and Li 1995). The trends shown in fig. 7 
would be typical of monocarboxylate ligands were it not for the very low logK(La) 
values compared to those of Nd. Direct determinations of all lanthanide carbonate 
complexation constants (including those of La) may indicate that the log co3fln(La) 
estimates of Lee and Byrne (1993a) are too small. Larger log co3/~n(La) estimates relative 
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Fig. 6c. The lanthanide solution complexation term, log }-~,,j (1 + L¢ß,,(M) [Lj] n) ,  is shown for seawater (S = 35, 

25°C) and three values of pH. The bicarbonate ion concentration in this figure is equal to 2x 10 .3 mol kg ~. 

to Ce, Pr and Nd would make the trends shown in fig. 7 more closely resemble a 
typical monocarboxylic acid. Alternatively the trends shown in fig. 7 may well-represent 
a surface complexation behavior which deviates from the average patterns shown in fig. 5. 
In addition to emphasizing the importance of direct log co3~ßn(M) evaluations for all 
lanthanides, future efforts to model lanthanide distributions in the oceans must extend 
lanthanide surface complexation observations (Byrne and Kim 1990, Koeppenkastrop et 
al. 1991, Koeppenkastrop and DeCarlo 1993) to include a wide variety of fresh, natural 
surfaces. 

Principal reported features of shale-normalized lanthanide distributions in seawater 
include (a) La enrichments relative to heavier neighboring elements, (b) pronounced Ce 
depletions relative to neighboring elements, (c) Gd enrichments relative to its immediate 
neighbors, and (d) heavy-lanthanide enrichments relative to the light lanthanides. 
Whereas simple thermodynamic models are capable of explaining all of these features 
semiquantitatively, it has proven difficult to construct models which closely reproduce all 
observed distributional features. Lanthanide fractionation models which reasonably depict 
heavy-lanthanide enrichment in seawater underestimate the fractionation of La relative to 
its heavier neighbors. Two possible model refinements can be suggested which might 
improve the coherence of predictions and observations. Fractionation models should be 
constructed which examine lanthanide distributions in terms of multi-step fractionation, 
beginning in rivers (Elderfield 1988, Sholkovitz 1995) and continuing in seawater. As 
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Fig. 7. Predicted logK(M) values (eq. 2) consistent with figs. 6a-c are shown for pH=7,9.  Figure 7a shows 
data using the NASC normalization and fig. 7b shows the results obtained for a river watet suspended load 

normalization. 
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a further means of accounting for observed lanthanide fractionation, it should be noted 
that lanthanide phosphate precipitation (co-precipitation) may support La enrichments in 
solution, relative to its neighbors. The lanthanide phosphate solubility data of Jonasson 
et al. (1985) indicated that the solubility product of lanthanum phosphate is larger than 
that of neodymium phosphate by more than an order of magnitude. This observation is 
consistent with the recent work of Liu and Byrne (1996) wherein lanthanide phosphate 
solubility products decrease between La and Nd, and thereafter increase with increasing 
atomic number. 

Equilibrium predictions of Ce concentrations in seawater combine Ce(IIl) speciation 
calculations with the following redox equation (Elderfield 1988, De Baar et al. 1991): 

Ce 3+ + 2H20 -~ CeQ + 4H + + e-, (3) 

where CeO2 is considered to be very insoluble. Calculations involving eqs. (1) and (3) 
indicate that the total equilibrium concentration of Ce in seawater should be on the 
order of 10 15molkg -l. Since observed concentrations are three to four orders of 
magnitude larger than equilibrium predictions, kinetic factors taust control Ce seawater 
concentrations (Elderfield 1988). The work of Moffett (1990, 1994a,b) indicates that 
Ce(III) oxidation kinetics is the rate-determining step in removal of Ce from seawater, 
and that Ce(III) oxidation is biologically mediated. 

Gadolinium enrichments in seawater relative to its immediate neighbors have appeared 
as a common feature of shale-normalized lanthanide distributions in seawater (De Baar 
et al. 1985a,b, 1991). However, this "anomalous" behavior of Gd relative to its neighbors 
is less conspicuous in recent high-quality data (Piepgras and Jacobsen 1992, Bertram and 
Elderfield 1993, German et ah 1995) obtained by thermal ionization mass spectrometry. 
The investigation by Kim et al. (1991) examined the distribution of Eu, Gd, and Tb 
between seawater and the macroalgae Ulua lactuca L. Positive Gd fractionations were 
observed for tow seawater carbonate concentrations and negative fractionations were 
found for high carbonate concentrations. These observations were shown to be consistent 
with predictions based on eqs. (1) and (2) and K(M) values appropriate to monocarboxylic 
acids (Martell and Smith 1977). Gadolinium complexation constants which are smaller 
than values based on interpolations between Eu and Tb area common feature of compiled 
lanthanide stability constant data. It is also observed that the magnitudes of deviations 
between interpolated and directly measured constants are largest for strongly complexing 
ligands. Consequently, it is predicted (Kim et al. 1991) that positive Gd fractionations 
are promoted by surface ligands which have large effective complexation constants 
[large K(M)]. 

Gadolinium anomalies have occasionally been conceptualized as a particular example 
of the "tetrad" effect (Masuda and Ikeuchi 1979, Masuda et al. 1987), wherein patterns 
in lanthanide stability constants are developed in response to enhanced stability of 
lanthanide 4f shells which are quarter, half and three quarter filled. In the recent analysis 
by McLennan (1994), the existence of a "tetrad" effect in natural systems was termed 
ambiguous. The stability constant analysis of Byrne and Li (1995) provided no prominent 
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evidence for a "tetrad" effect in the aqueous complexation behavior of organic ligands. 
Examination of fig. 5b provides muted evidence for stability constant patterns involving 
four-element lanthanide subseries (e.g. for log L/31 (Dy)= 9, La, Ce, Pr, Nd; (Pro), Sm, Eu, 
Gd; Gd, Tb, Dy, Ho; Er, Tm, Yb, Lu. However, quantification of such suggested patterns 
is presently uncertain. 

Heavy-lanthanide enrichments in seawater are reasonably explained by eqs. (1) and (2) 
wherein the extent of lanthanide solution complexation increases between La and Lu 
to a rauch greater degree than is the case for surface complexation. It is probable 
that competitive solution/surface complexation exerts the dominant role in heavy- 
lanthanide enrichments in seawater. However, it should be noted, as well, that lanthanide 
phosphate co-precipitation also appears to promote heavy-lanthanide enrichments in 
solution. Although the existence of lanthanide phosphate precipitation in seawater has not 
been directly demonstrated, such controls are consistent with observed total lanthanide 
concentrations in some environments (Byrne and Kim 1993, Johannesson et al. 1995) 
and are consistent, as well, with the general features of lanthanide fractionation in the 
oceans. 

5. Inputs of lanthanides to seawater: rivers and estuaries 

5. l. Lanthanide composition and aquatic chemistry of riuer water 

Transport by rivers is the major source of dissolved and particulate lanthanides to the 
oceans. In addition, reactions between river water and seawater in estuaries modify 
the flux and composition of lanthanides reaching the oceans. Hence, a discussion of 
the marine geochemistry of lanthanides requires an overview of the composition and 
aquatic chemistry of rivers and estuaries. This section will focus on dissolved lanthanide 
concentration in rivers. The first lanthanide data on the dissolved and particulate 
composition of river water (Gironde, France) appeared in the article by Martin et al. 
(1976). After a gap of one decade and the application of ID-TIMS analyses to water, a 
series of papers reported high quality data on the dissolved and particulate composition of 
lanthanides in river water. Major contributions in this field of study include Goldstein and 
Jacobsen (1987, 1988a,b), Elderfield et al. (1990) and Sholkovitz (1992b, 1995). The latter 
paper, The aquatic chemistt~ of rare-earth elements in riuers and estuaries, incorporates 
new data into a synthesis of the current state of knowledge. 

Tabular compilations of dissolved and particulate data for rivers appear in tables AI 
and A2 respectively. The focus of this section will be on papers cited above. Other 
papers with dissolved data include Keasler and Loveland (1982), Hoyle et al. (1984), 
Sholkovitz and Elderfield (1988), Sholkovitz et al. (1992) and Stordal and Wasserburg 
(1986). [The poor quality of data in Keasler and Loveland (1982) has been previously 
noted (Elderfield et al. 1990)]. Papers containing data on the composition of suspended 
matter include Martin et al. (1976), Martin and Meybeck (1979), Thomas and Martin 
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(1982), Hoyle et al. (1984), Gordeev et al. (1985), Goldstein and Jacobsen (1988a,b), 
Somayajulu et al. (1993) and Sholkovitz (1995). 

A major conclusion from the literature on rivers is that chemical weathering reactions 
on the continents leads to extensive fractionation between the dissolved lanthanide 
composition of river waters and the lanthanide composition of suspended riverine 
particles and continental rocks. Solution and surface chemistry play a major role in 
establishing the lanthanide composition of freshwater. Both the concentration and the 
extent of fractionation of dissolved lanthanides in river waters are dependent on pH 
and on the presence of colloidal particles. High-pH waters have the lowest dissolved 
lanthanide concentrations, the most fractionated composition and the most well-developed 
Ce anomalies. A large proportion of the dissolved lanthanide inventory in river waters 
exists as fine colloidal particles which undergo large scale coagulation in estuaries. 
Hence, fractionation of trivalent lanthanides and redox forms [Ce(IIt), Ce(IV)] must 
be interpreted in view of low-temperature weathering of rocks, solls and minerals, and 
riverine processes. 

Rivers drain different geological and urban terrain and exhibit large ranges in discharge, 
concentrations of suspended and colloidal particles and chemical composition. Given the 
diversity and individuality in rivers, readers must be wary of generalizations based on the 
chemical features of any one river. Moreover, with respect to their lanthanide composition, 
the global coverage of rivers is poor. Rivers show large temporal variations in the chemical 
composition of their dissolved matter. As time-series data for rivers are lacking, it is 
currently impossible to quantify tempõral variability in the lanthanide composition of river 
water. Having provided these geochemical caveats, we will focus on the larger rivers of 
the world and draw some general conclusions which are well established in the literature. 

Fractionation of the lanthanides is often quantified by shale-normalized patterns. 
Normalization to shale represents an abundance relative to that of the upper crust of the 
continents. A flat shale pattern for river suspended particles would indicate a composition 
similar to that of averaged continental crust. To study fractionation in rivers, it is also 
instructive to normalize the dissolved composition to that of suspended particles on 
the assumption that the particles better represent the solids being weathered in the 
watershed. 

(1) River waters haue dissolved lanthanide compositions which are strongly 
fractionated with respect to continental crust. This feature is illustrated in fig. 8 
which shows the shale patterns of Amazon, Mississippi, Fly (Papua New Guinea) 
Rivers and the "averaged world river water composition" estimated by Goldstein 
and Jacobsen (1988a). Dissolved compositions here refer to 0.22 gm filtrates. All 
rivers have dissolved compositions significantly different from that of the upper 
continental crust. The Mississippi River is similar in relative abundance to that 
of the averaged world rivers and has a shale ratio which increases progressively 
across the series. In marked contrast, the Amazon and Fly Rivers are characterized 
by large enrichments centered in the middle of the lanthanides. Rivers draining 
volcanic rock have light-enriched patterns (Goldstein and Jacobsen 1988a; data 
not plotted). Shale patterns of suspended particles from the same suite of rivers are 
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Fig. 8. Shale-normalized Ianthanide com- 
positions of 0.22btm filtrates of the 
Amazon, Fly (Papua New Guinea) and 
Mississippi River waters. Amazon and 
Mississippi data from Sholkovitz 0993, 
1995); Fly River data from unpublished 
work of Sholkovitz. "G/J Avg." refers to 
the averaged river water composition of 
Goldstein and Jacobsen (I988a). 

(2) 

presented in fig. 9. A general observation is that river particles are characterized by 
a slight depletion in the heavy lanthanides. The compositions of river suspended 
particles are more similar to one another and the upper crust than they are to their 
dissolved counterparts. Hence, a major conclusion is that dissolved lanthanides of 
rivers are strongly fractionated with respect to their source particles and rocks. The 
degree of this fractionation differs greatly between the major rivers of the world 
(i.e., Amazon rs. Mississippi). 
The concentrations and fractionations of lanthanides dissolued in rioer waters 
are highly pH-dependent. This conclusion is based on both field and experimental 
data, and figures illustrating this point can be found in Goldstein and Jacobsen 
(1988b), Elderfield et al. (1990) and Sholkovitz (1995). Higher pH results in 
lower concentrations. As an example, Elderfield et al. (1990) reported that the 
concentration of dissolved Nd ranges from 100 to 3000 pmol/kg over a pH range of 
9.5 to 5.5. Higher pH also results in more fractionated compositions, specifically 
the enrichment in the heavy lanthanides as defined by shale-normalized patterns. 
Elderfield et al. (1990) reported that the dissolved Er/Nd (mole) ratio increases by a 
factor of 10 (0.03 to 0.3) as the pH increases from 6.0 to 8.0. With increasing pH the 
order of  lanthanide adsorption onto river particle surfaces is light > middle > heavy. 
With decreasing pH, lanthanides are released from surfaces in the same order, 
light > middle > heavy (Sholkovitz 1995). Hence, the composition of lanthanides 
in the dissolved form of river waters is mainly controlled by surface reactions 
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(3) 

where pH is a master variable in establishing the absolute and relative lanthanide 
abundance. The order of fractionation associated with adsorption and release at 
different pHs is consistent with chemical models of lanthanide partitioning between 
solutions and surfaces (sect. 4). 
Within the dissolued matter of riuer waters, Fe-organic colloids are major 
carriers of lanthanides, and coIloidaI lanthanides are strongly fractionated with 
respect to the dissoIued and solution phases in riuer water (Goldstein and 
Jacobsen 1987, Elderfield et al. 1990, Sholkovitz 1992b, 1995). This observation 
explains the highly correlated relationship between the dissolved concentrations of 
lanthanides and Fe in river waters. Filtration with progressively finer pore sizes 
results in filtrates with lanthanides which are lower in absolute concentrations and 
more fractionated. As an example, the Nd concentrations in filtered Connecticut 
River water decrease from 576 to 179 to 87pmol/kg for <0.22gm pore-size 
membranes and 50K and 5K molecular weight ultrafilters (Sholkovitz 1995). 
Studies employing ultrafiltration of river water allow direct comparisons of colloid 
composition and dissolved lanthanide composition (Sholkovitz 1995). Figure 10 
compares lanthanides in colloidal particles (5K and 50K ultrafiltration) with 
dissolved lanthanides (<0.22 gm) in the Connecticut River (Sholkovitz 1995) and 
shows a 10-fold fractionation between these two phases. Note that with respect 
to the dissolved phase, colloidal particles are progressively enriched in the light 
lanthanides and ultraßltrates are heavy-lanthanide enriched. These results show 
that river waters, stripped of their suspended particles and colloidal particles, 
have lanthanide compositions which are strongly evolved (heavy-enriched) relative 
to the composition of rocks in their watersheds. As argued by Goldstein and 
Jacobsen (1987, 1988a) and by Elderfield et al. (1990), solution chemistry, not rock 
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Fig. 10. The "calculated" lanthanide con- 
centrations of river colloids normalized 
against the dissolved (0.22~tm filtrate) 
lanthanide concentrations for the Con- 
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1992 and on 17 December 1992. From 
Sholkovitz (1995). "Dissolved" refers to 
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refers to the difference between the dis- 
solved composition and the composition 
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compos i t ion  o f  the drainage basin, is the most  important  factor in establishing the 

d isso lved  lanthanide composi t ion  o f  r iver waters. 

The  impor tance  o f  colloids on the lanthanide composi t ion  o f  rivers waters was 

deve loped  in Elderf ie ld  et al. (1990) who suggested that lanthanides are contained 

in three pools:  particles,  col loids  and solution. The  combinat ion  o f  the latter two 

pools  de te rmined  the lanthanide composi t ion  reported as dissolved concentrat ions 

(i.e., 0.22 and 0.45 g m  filtrates). In fig. 11 we have up-dated their  plot  o f  N d  

versus the Er /Nd (mole)  ratio o f  r iver waters using data col lated in table A1. This  
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plot contains all the available dissolved data (mostly 0.22 and 0.45 ~tm filtrates) 
plus a limited amount of data from > 5K and > 50K colloids extracted from the 
Connecticut and Hudson Rivers (Sholkovitz 1995). The outstanding feature of 
this plot is the curved relationship. That is, the Er/Nd ratios are not constant but 
rather decrease markedly in a curved manner as the dissolved Nd concentration 
inereases. The largest decrease occurs from 50 to 350pmol/kg of Nd. Above 
Nd concentrations of about 1000pmol/kg, the Er/Nd ratio levels oft at values 
between 0.06 and 0.09. The colloids have Er/Nd (0.08-0.10) ratios which lie on 
the rat  part of the plot and which are similar to those upper crust (shale ~ 0.08). 
This figure reinforces an earlier point that the dissolved matter of river water can 
be highly fractionated from the lanthanide composition of the crust and of the 
bedrock of a river's watershed. Elderfield et al. (1990) interpreted the curvature in 
this plot to reflect the addition of colloids to the solution pool as Nd concentration 
increases. That is, rivers with high dissolved Nd concentrations also have larger 
proportions of colloidal Nd. Data on colloids in this plot support that idea. Based 
on their Er/Nd ratios, the river colloids appear to be fine crustal material. As the 
colloidal pool becomes less abundant, the dissolved coneentrations decrease and 
the dissolved composition becomes enriched in the heavy lanthanides (increasing 
the Er/Nd/ratio to values as high as 0.6). These rivers have pHs in the high end 
(8-9) of the observed range. In contrast, rivers with more crustal ratios have low 
pHs (4-6). This reinforces a previous point that the higher-pH rivers have the most 
fractionated lanthanide compositions. 

(4) The dissolved phase Ce anomaly of river waters is pH-dependent. In general, 
higher-pH rivers have more negative Ce anomalies (along with more fractionated 
lanthanide compositions). The Amazon River watet has a value of 0.98 (little 
fractionation from the crustal value of 1) while the Mississippi River water has 
the most negative (0.37) anomaly reported for river waters (fig. 8) (Goldstein and 
Jacobsen 1987, 1988a, Elderfield et al. 1990, Sholkovitz 1993). One explanation 
is that there is oxidation of dissolved Ce(III) to particulate Ce(IV) oxides in the 
Mississippi River where high (8.0) pH and an abundance of surface sites promote 
oxidation and adsorptive removal from the dissolved pool. The microbial oxidation 
of Ce(III) to Ce(IV) has been measured in seawater (Moffett 1990) and estuarine 
waters (Moffett 1994a,b) and inferred for the Amazon estuary (Sholkovitz 1993). 

In summary, several avenues of researeh would make valuable additions to out 
knowledge of the aquatic chemistry of lanthanides in rivers. A study of the oxidation 
kinetics of Ce(III) in freshwater has not been reported. The control of pH, particles and 
bacterial reactions on the development of Ce anomalies needs study. Water/rock reactions 
on the continents are poorly understood. There have been no studies of lanthanides in 
streams of small watersheds which undergo different degrees and types of chemical 
weathering. Temporal compositional variations in response to daily and seasonal ehanges 
in river properties (e.g., rainfall, discharge, solute composition and pH) are unknown. 
Comparison of watersheds with different rock types (i.e., granite vs. basalt) would provide 
insights into weathering processes and the aquatic chemistry of the lanthanides. Field data 
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of this type could be used to guide speciation models appropriate to low ionic strength 
systems. 

5.2. The estuarine chemistry of the lanthanides 

Estuaries are one of the two interfaces between the continents and oceans, the ocean/air 
interface being the other. Estuaries can be viewed as highly complex biogeochemical 
reactors which modify the flux and composition of trace elements delivered by rivers 
to the ocean. It can be argued that the complexity of estuaries exceeds that of other 
aquatic systems such as lakes, ground waters, rivers and the oceans. This complexity 
not only extends to the types of reactions but also to the dynamics of the reactions 
and the accompanying hydrology. When rivers mix with sea watet to form estuarine 
waters, there are large changes in three basic properties - pH, salinity, suspended 
particle concentration - which play important roles in establishing the concentration and 
speciation of trace elements. Important reactions operating on trace elements in estuaries 
include: coagulation of river-borne colloids, desorption oft river particles, diagenetic 
release from sediments, adsorption onto particles and sediments and uptake by biota. The 
dynamics of these reactions become complex when interactions with large scale temporal 
variability in hydrographic processes are considered; these include river discharge, tidal 
and wind mixing and currents. Large hydrographic variability occurs on the times scales 
of hours to seasons. Hence, the kinetics of biogeochemical reactions are superimposed 
on hydrographic dynamics. Most estuarine sampling provides only snap-shots of a trace 
elements distribution. This certainly applies to the lanthanides. 

The field of estuarine chemistry has developed within marine geochemistry. A principal 
focus in this field is elucidation of the processes which modify the concentration and 
composition of trace elements during the mixing of river water and sea water. Here the 
lanthanides can be well used to understand how reactions fractionate trace elements. The 
results of both field and laboratory studies will be discussed. The latter allow controlled 
experiments to simulate natural reactions. 

The first report on the estuarine distribution and chemistry of lanthanides was published 
for the Gironde estuary by Martin et al. (1976). This work pointed to the reactive nature of 
these elements during estuarine mixing, specifically the removal of dissolved lanthanides 
from river water. Papers on the estuarine chemistry of the lanthanides are few in number 
and include: Martin et al. (1976), Hoyle et al. (1984), Goldstein and Jacobsen (1988c), 
Sholkovitz and Elderfield (1988), Elderfield et al. (1990), Sholkovitz et al. (1992) and 
Sholkovitz (1992b, 1993, 1995). The subject of these works, reactivity of dissolved and 
colloidal phases, is the focus of this section. While there are no review articles on the 
estuarine chemistry of lanthanides, Elderfield et al. (1990) and Sholkovitz (1995) provide 
the most comprehensive overviews. Papers on lanthanides in suspended particles and 
sediments (Gordeev et al. 1985, Sholkovitz 1990, Somayajulu et al. 1993) will not be 
discussed here. 

Estuarine data are compiled in table A3 which includes unpublished data for the Fly 
River in Papua New Guinea (Sholkovitz, in preparation). As with river studies, data on 
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estuaries are limited in geographic and temporal eoverage. Except for one time-series 
station in Chesapeake Bay (Sholkovitz et al. 1992), there are no lanthanide seasonal 
variability data for an estuary. 

The main features of the estuarine chemistry of lanthanides are as follows: 
(1) River water concentrations are significantly higher than those of seawater. 
(2) There is large-scale coagulation of dissolved (<0.22 gin) lanthanides at low (0- 

5) salinity whereby a large percentage of the lanthanides is removed from the 
dissolved phase of river waters. Hence, lanthanides are highly non-conservative 
and have a similar behavior to that of iron and humic acids. 

(3) Coagulation is caused by salting out of river-borne colloid-containing lanthanides. 
This removal proeess leads to lanthanide fractionation. 

(4) Sediments of the seaward, high-salinity regions of estuaries a r e a  source of 
dissolved lanthanides to coastal seawater. Fractionation accompanies this release 
of lanthanides from sediments. 

(5) Cerium anomalies develop under different types of conditions. The development of 
sub-oxic and anoxic conditions leads to the preferential release of Ce to estuarine 
waters. Chesapeake Bay is a classic example of this process (Sholkovitz et al. 
1992). In regions of high biological productivity, there is biologically-mediated 
removal of dissolved cerium through an oxidative process. This has been observed 
in the Amazon estuary (Sholkovitz 1993). 

Dissolved lanthanide concentrations of river waters greatly exceed those of seawater. 
Goldstein and Jacobsen's (1988a) world average river eoncentration for Nd is 280 pmol/kg 
while the seawater concentration range is 5-15pmol/kg. For the Amazon River, this 
difference is even greater, 500-600pmol/kg compared to 15 pmol/kg for high salinity 
Atlantic seawater transported onto the Amazon shelf (Sholkovitz 1993). 

The Amazon and Fly River (Papua New Guinea) estuaries serve as good examples 
of the five features outlined above. The salinity distribution of dissolved Nd (<0.22 gin) 
in fig. 12 is representative of the other trivalent lanthanides. This figure contains data 
for both surface and deep waters; the bottom part B is an expanded scale for S > 3 
samples. The Fly and Amazon data sets have Nd-salinity distributions for surface waters 
which are remarkably similar and exhibit the same two major features: (1) removal of 
dissolved lanthanides in the low (0-5) salinity region and (2) desorption in the seaward 
region. Hence, it appears that the removal process and the release process (desorption) 
are decoupled. 

The large-scale removal of dissolved lanthanides in the low salinity region is an 
ubiquitous feature of estuaries (Martin et al. 1976, Goldstein and Jacobsen 1988c, 
Sholkovitz and Elderfield 1988, Elderfield et al. 1990, Sholkovitz et al. 1992, Sholkovitz 
1993, 1995). As illustrated for the Amazon and Fly (fig. 12), the Nd concentrations 
of surface waters decrease sharply between the river (S ~ 0) and a salinity of 5-7. In 
the case of the Amazon, Nd removal represents approximately 95% of the river-borne 
dissolved flux. Of all the trace element distributions reported for estuaries, the lanthanides 
stand out as being the most similar to dissolved Fe and humic acids, both of which 
undergo extensive removal in estuaries. Since there is also a strong correlation between 
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Fig. 12. Dissolved Nd concentration vs. salinity for the Amazon and Fly (Papua New Guinea) River estuaries. 
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waters which are transported into the Amazon estuary. Amazon data from Sholkovitz (1993); Fly data from 

unpublished work of Sholkovitz. 

the concentrations o f  dissolved Fe and lanthanides in rivers, the estuarine chemistry of  
lanthanides is seen to be tightly coupled to that of  Fe and humic acids (Elderfield et al. 
1990). Since Fe, humic acids and lanthanides predominately exist as colloids in river water 
(Sholkovitz 1976, 1992b, 1995), it is understandable that salt-indueed coagulation would 
be responsible for their removal in the low salinity region of  estuaries. The existence of  
this coagulation process has been confirmed in laboratory simulations of  estuarine mixing 
(Elderfield et al. 1990, Sholkovitz 1995). 

The removal o f  lanthanides in the low-salinity region of  estuaries is accompanied by 
fractionation. The removal o f  river-borne dissolved lanthanides decreases between La and 
Lu. For the Amazon, the removal percentage ranges from 95 to 86%. As summarized 
in Sholkovitz (1995), other estuaries exhibit larger ranges in this type o f  fractionation. 
This pattern of  fractionation is consistent with the observed fractionation of  colloids 
within the dissolved phase of  river water (sect. 5.1). Since river colloids are enriched 
in light lanthanides, coagulation results in the removal order of  light >middle > heavy. 
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An important observation emerging from estuarine studies is that estuarine reactions not 
only markedly reduce riverine lanthanide fluxes but also modify the relative abundance 
of dissolved lanthanides reaching the oceans. The preferential removal of light elements 
at low salinity creates an "effective" river composition (that reaching the ocean after 
modification in estuaries) which is evolved toward that of seawater, which has a heavy- 
lanthanide enriched shale pattern. This conclusion assumes that no other processes are 
returning the river-borne lanthanides to the oceans. 

The release of lanthanides in the outer regions of estuaries is a newly observed 
feature, first reported for the Amazon by Sholkovitz (1993). As shown for both the 
Fly and Amazon estuaries in fig. 12, surface watet concentrations of Nd gradually 
increase by 20pmol/kg (from 20 to 40pmol/kg) between 5 and 35 salinity. Hence, 
Nd concentrations in high-salinity shelf waters are three to eight times larger than those 
of open ocean water adjacent to the coastal regions. Moreover, three of five near-bottom 
Amazon samples have higher (1.5-2times) Nd concentrations than surface waters at 
comparable satinities. These observations suggest that estuarine sediments are a source of 
dissolved lanthanides to coastal waters and the oceans. Neither the mechanisms nor the 
fluxes associated with this release have been studied or quantified. However, available 
evidence suggests that fractionation dufing the release of lanthanides from estuarine 
sediments (Sholkovitz 1993) creates a preferential release of heavy l anthanides. The whole 
question of release and fractionation in estuarine regions is critical to understanding the 
processes controlling the oceanic composition and residence times of the lanthanides. 
It appears that the combination of removal in low-salinity waters and release in high- 
salinity waters contributes to the evolution of the heavy-lanthanide enriched composition, 
characteristic of seawater. 

In the Amazon estuary enhanced removal of dissolved Ce (relative to trivalent La 
and Nd) occurs in the low-salinity zone and in the zone of high biological productivity 
at a salinity of 18-26 (Sholkovitz 1993). These two regions have Ce-anomaly salinity 
gradients which are attributable to biogeochemical reactions rather than mixing. The 
largest change in the Ce anomaly (0.99 to 0.30) occurs between the freshwater and a 
salinity of 6, the same region where all the dissolved lanthanides undergo extensive 
removal. Over this salinity range the calculated percent removals for dissolved La, Ce and 
Nd are 95%, 97% and 95% respectively. The 2% higher value for Ce translates into large 
differences in Ce anomalies. Sholkovitz (1993) suggested that the colloidal properties of 
river water are responsible for the fractionation of Ce in the low-salinity region of the 
Amazon. This feature does not appear in the Fly River estuary. There are insufficient data 
from other estuaries to generalize about these processes. 

In the Amazon estuary the second large gradient in the Ce anomaly occurs between a 
salinity of 20 and 28 where the value drops from 0.64 to 0.42. The sharp decrease in the 
anomaly at a salinity of 20 is driven by a combination of a Ce decrease and a continued 
rise in La and Nd concentrations. The large decreases in Ce and in the Ce anomaly are 
coincident with a large decrease in nutrient concentrations (phosphate and nitrate) and 
an increase in chlorophyll-a. As these latter two gradients reftect enhanced biological 
productivity, Sholkovitz (1993) argued that there is biologically-mediated oxidation of 
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dissolved Ce(III) to particulate Ce(IV) occurring in this estuary. This proeess has been 
experimentally documented for the open ocean and coastal water (Moffett 1990) and 
estuaries (Moffett 1994a,b). While not observed from the field data of other estuaries, 
the development of Ce anomalies in the mid-region of the Amazon estuary may reflect 
its high biological productivity. 

The effect of sub-oxic and anoxic conditions on lanthanide distributions in estuaries is 
very pronouneed and will be discussed in sect. 7. 

In summary, the lanthanides undergo an array of reactions in estuaries which affect both 
their absolute and relative lanthanide abundances. Hence, estuaries are excellent natural 
laboratories to test and study the influence of aquatic geochemical processes on lanthanide 
fractionation. To what extent does fractionation in estuaries control the composition of 
seawater? Is the release of dissolved lanthanides from estuarine shelf sediments a quan- 
titatively important process with respect to the ocean budget and composition? Answers 
to these and other related questions will require more detailed study and modeling. 

6. The oceanic chemistry of the lanthanides: distributions, biogeochemical cycles, 
mass fractionation, Ce redox reactions and Nd isotopes 

6.1. Introduction 

This section describes and discusses lanthanide distributions in the oceans and the 
biogeochemical and physical processes responsible for these distributions. Three inter- 
related subjects will be developed. These are (a) profiles of lanthanide concentrations in 
the water column and their variations within and between ocean basins, (b) the redox 
geochemistry of Ce as revealed by vertical and horizontal variations in the Ce anomaly 
and (c) the inter-oceanic mass fractionation of the strictly trivalent lanthanides. 

Since the first reliable measurements of seawater by Elderfield and Greaves (1982), 
approximately 25 publications have been reported on the distribution of lanthanide 
concentrations in the oceans and inland seas. Table A4 provides a bibliography of 
these papers sorted by region (Atlantic, Indian, Pacific and Arctic Oceans and the 
Mediterranean, Black and Baltic Seas). There are also approximately ten papers which 
have focused on the Nd isotopic composition of seawater; they usually report the 
concentration of Nd and Sm. These papers also listed in table A5. 

Five papers form the core of this section's discussion: Elderfield (1988), Piepgras and 
Jacobsen (1992), Bertram and Elderfield (1993), Sholkovitz et al. (1994) and German 
et al. (1995). While other papers make important contributions and will be mentioned 
to different extents, these five papers provide the most detailed coverage of this subject. 
Elderfield (1988) reviewed the field using data from papers prior to 1988. The two detailed 
profiles from Piepgras and Jacobsen (1992) best illustrate vertical distributions in the 
North Pacific Ocean. Bertram and Elderfield (1993) used all existing data including their 
detailed study of the Indian Ocean to provide a broad discussion of the distribution and 
fractionation of lanthanides in the world's oceans. The study by Sholkovitz et al. (1994) 
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used chemical digestion techniques to show that surface coatings on suspended particles 
are responsible for the removal and fractionation of lanthanides from seawater. Building 
on a vertical profile frõm the South Atlantic Ocean, German et al. (1995) discuss mass 
fractionation of the lanthanides between the three oceans, and the oxidative removal of 
dissolved Ce as deep waters evolve with transport between the three oceans. 

To help readers locate sample sites discussed in the text, fig. 13 provides a world 
map with station locations listed in tables A4 and A5. The figure shows the locations of 
surface water samples and vertical profile samples for which lanthanide data are reported 
in the literature. The numbers hext to references refer to location numbers on the map. 
Studies plotted include both those that measure a group of lanthanides as well as those that 
report only Nd isotopes and Nd and Sm concentrations. Table A5 distinguishes between 
those two types of studies, again by referencing to a common location number. Table A5 
also lists the analytical methods used (ICP-MS versus TIMS) and the type of analysis 
made (lanthanide seiles vs. Sm-Nd only in Nd isotope papers). Tables A6, A7 and A8 
contain the lanthanide data (dissolved and particulate matter) for the Atlantic, Pacific and 
Indian Ocean respectively. Table A9 contains Elderfield's unpublished data for the Pacific 
Ocean (H. Elderfield, Department of Earth Sciences, Cambildge University, England). 
His data are unique in providing a transect of surface samples across the Pacific Ocean. 
As Elderfield is presently interpreting the oceanographic significance of these data, his 
unpublished data will not be discussed in this article, and readers are requested to consult 
Elderfield pilot to using these data in publications. Data for the Arctic Ocean are presented 
in table A10. Although studies of the Mediterranean and Baltic Seas will not be discussed 
in this article, data from these regions are included in table A11. Data in all tables are 
reported in units of pmol/kg seawater. 

A comparison of profiles from one station in the western North Pacific (Piepgras and 
Jacobsen 1992) and õne station from the South Atlantic Ocean (German et al. 1995) are 
used below to introduce the major features (fig. 14) of oceanic lanthanide distilbutions. 
The following characteilstics summarize the major features of lanthanides in the oceans: 

(1) Vertical profiles of the dissolved concentrations o fa l l  the lanthanides, except Ce, 
are characterized by low values in the upper ocean and increasing values with 
increasing watet depth. With the exception of profiles from the well-mixed water 
column of the Arctic (Westerlund and Öhman 1992), this feature is ubiquitous 
in the three major oceans. Profiles in fig. 14 point to large and variable vertical 
gradients between surface and deep waters. In the Pacific profile of station 271-1 
the Nd concentration increases from 5 pmol/kg in surface water to 35 pmol/kg in 
deep waters. As indicated in fig. 14, the magnitude of the surface depletion (and 
hence deep-water enrichment) varies from region to region. This figure also shows 
that there are large differences in the vertical gradients within a single profile 
(e.g., the South-Atlantic station) and between regions. With respect to regional 
differences, the gradient in Nd is much steeper in the upper 3000 m of western 
North Pacific than it is in the South Atlantic. A gradient increase below 3000 m 
at the South-Atlantic site results in a similar deep to surface water ratio for Nd at 
these two locations. 
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(2) Dissolved Ce, in marked contrast to its strictly trivalent neighbors, typically 
decreases in concentration with depth in the upper lO00m of the water 
eolumn (fig. 14). Below about 1 km Ce concentration profiles display a variety of 
distributions. Ce concentrations can remain constant, decrease slightly or increase 
to various degrees as illustrated in fig. 14d. There are large regional variations in 
Ce concentrations and in Ce anomalies. The Ce anomaly is a revealing indicator 
of processes operating on this redox-sensitive lanthanide; this parameter directly 
compares the distribution of Ce to its strictly trivalent neighbors. As demonstrated 
in fig. 14e for the western North Pacific and South Atlantic Oceans, the Ce anomaly 
rapidly decreases (becomes increasingly negative) in the upper 1000 m followed by 
relatively constant values to 5000 m. 

(3) Mass fractionation of  the strictIy trivalent lanthanides in the oceans is a 
feature which uniquely characterizes these trace elements (Bertram and Elderfield 
1993, German et al. 1995). Mass fractionation - variation in relative lanthanide 
concentrations through biogeochemical reactions - oceurs within the water column 
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(4) 

(5) 

and between ocean basins. Inter-oceanic mass fractionation provides a global 
view of the fundamental processes operating on trace elements in concert with 
their marine biogeochemical cycle. A major characteristic of lanthanides in 
the oceans is their deep-water concentration decrease with the following order: 
Pacific > Indian >Atlantic Oceans. Accompanying this change in the absolute 
concentrations of all the lanthanides (except Ce) is a change in the relative 
abundance of the lanthanides. Heavy-lanthanide concentrations increase with 
respect to the light lanthanides as the deep waters age in their passage between 
ocean basins. This feature is apparent when one compares the deep-water 
concentrations of La and Nd with the concentration of Er for the South-Atlantic 
and western North-Pacific stations (fig. 14). The concentrations of La and Nd are 
approximately equal in both basins whereas the concentration of the heavy element 
Er is 15-20% higher in the deep water of the western North Pacific. 
Ce undergoes an active redox chemistry in the upper oceans. Experiments have 
shown that the oxidation of dissolved Ce(III) to particulate Ce(IV) oxides is 
mierobially mediated and related to the redox chemistry of Mn (Moffett 1990, 
1994a,b). High surface water concentrations of dissolved Ce (fig. 14d) appear to 
reflect oxidative removal at depth and reductive solubilization near the surface. 
Profiles of surface-bound Ce on suspended particles confirm that there is in situ 
oxidation of dissolved Ce(III) to particulate Ce(IV) in the upper oceans (Sholkovitz 
et al. 1994). 
There is slow but progressive oxidation of dissolved Ce(III) to particulate Ce(IV) 
in the deep waters as they age in transport from the North Atlantic to the North 
Pacißc and Indian Oceans (Elderfield 1988, German et al. 1995). This redox-driven 
oxidation is reflected in the development of more negative Ce anomalies along 
the path of deep water transport. This feature is apparent when one compares the 
deep water samples of the western North Pacific with those of the South Atlantic 
(figs. 14d, e). Between these two locations the Ce anomalies change by about 50% 
(from 0.12 to 0.06). 

6.2. Profiles and cycles 

The partitioning of trace elements between particles and seawater is controlled by an 
interplay of surface and solution chemistry. Surface binding and solution complexation are 
fundamental processes underlying the profiles and cycling of trace elements in the oceans. 
The extent to which trace elements are bound to different types of inorganic and biogenic 
particles (colloidal, suspended and large fast-sinking types) will affect their removal rates, 
remineralization in the water column and the composition of seawater. One outstanding 
question with respect to particle/solution interactions is the extent to which trace elements 
fractionate during the partitioning process(es). Fractionation is defined here as a relative 
change in the lanthanide composition of solutions or particles due to biogeochemical 
reactions. As noted in sect. 2, the lanthanides have chemical properties which make them 
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an excellent natural probe ofparticle/solution interactions and redox reactions at surfaces. 
Moreover, group coherence makes them especially useful indicators of  fractionation. 

Two case studies, one from the North Atlantic and the other from the North Pacific 
Ocean, are presented below. 

6.2.1. Case study I -  Sargasso Sea (western North Atlantic Ocean) 
Sholkovitz et al. (1994) compared the lanthanide composition of  seawater with that of  
coatings on suspended particles. A conceptual picture of  lanthanides cycling in seawater 
(Sholkovitz et al. 1994) with a focus on the role ofpart icle surface coatings as active sites 
for the removal, remineralization and fractionation of  trivalent lanthanides and oxidation 
of  Ce(III), is reproduced in fig. 15. To compare the composition of  surface coatings to the 
underlying mineral matrix, Sargasso Sea suspended particles were sequentially digested 
with three chemical treatments (acetic acid, mild HCI/HNO3 and H F / H N Q / H C I  in a 
reaction bomb). The latter two treatments dissolve detrital minerals while the acetic acid 
treatment removes surface coatings (organic matter and Mn oxides). 

Coatings 
(organic er oxide) 

Ce(lll) ~ Ce(IV) Detrital 

~materials 

I i òj~~j~ °°ea°'° Particles 

~~ 4JI 
nCOä-La-..-Ce.-..Nd.--.Eu....Er.-..Lu-nCO~- Seawater Complexes 

Oceanic Removal 
via Particle Settling 

Fig. 15. Schematic model of lanthanide fraction- 
ation between particles and seawater reproduced 
from Sholkovitz et al. (1994). Main features 
include (1) the systematic variation in the rel- 
ative affinity of lanthanide(IlI) for complexation 
to solution carbonates and binding to particles, 
(2) the enhanced formation of particulate Ce 
due to the oxidation of Ce(lII) to Ce(IV) and 
(3) presence of surface active coatings on detrital 
particles. These features lead to fractionation of 
lanthanides between seawater and particles and 
to fractionation via the settling of large sinking 
particles. 

Shale-normalized data from a 255 m sample illustrate the major features observed 
by Sholkovitz et al. (1994) (fig. 16). Included in this comparison is the lanthanide 
composition of  dust collected in Bermuda within a few months of  the water sample 
collection (Sholkovitz et al. 1993). The major observation is that surface coatings have 
a lanthanide composition which is distinct from that of  seawater, dust and the two 
mineral phases of  the suspended particles. The mineral matrix of  suspended particles 
and the atmospheric dust are similar in composition. Both mineral matrices have crust- 
like patterns indicating a detrital source from the atmosphere. About 40-70% of  the 
lanthanides are contained in the acetic acid digest; the strong acid digest carries 10-30% 
and the bomb digest carries 15-25%. At the heavy end of  the seiles (Yb and Lu) the 
three fractions contribute equal proportions. These observations indicate that the surface 
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Fig. 16. (a, b) Shale-normalized ratios of filtered seawater and suspended particles from a sample collected at 
255 m in the Sargasso Sea in April 1989. Results from three sequential digestions of the suspended particles 
(acetic acid, strong acid and bomb) are compared. (c) Shale-normalized ratio of dust collected at Bermuda in 
August 1989. Dust data from Sholkovitz et al. (1993) include the results of a mild digestion with dilute HCI 

and a strong acid digestion in bomb. 

coatings of suspended particles in surface waters carry a large inventory of the particulate 
lanthanides. These results suggest that atmospheric particles delivered to the Sargasso 
Sea surface become coated with organic matter and Mn-oxides. These coatings, in turn, 
remove and fractionate lanthanides from seawater. 

To reinforce the arguments for the role of surface coatings in lanthanide cycling, the 
compositional patterns of fig. 16 can be considered in more detail. The filtered seawater 



MARINE CHEMISTRY AND GEOCHEMISTRY OF THE LANTHANIDES 545 

has a shale-pattern typical of seawater (a large negative Ce anomaly within an overall 
enrichment of the heavy lanthanides). In marked contrast, the acetic acid digest is enriched 
in the light lanthanides and exhibits a large positive Ce anomaly. A large decrease in shale- 
normalized ratios occurs at the heavy end of the series (flora Gd to Lu). Hence, the acetic 
acid digest has a pattern which is the mirror image to that of seawater. Both the strong acid 
and bomb digests have fairly flat patterns indicative of crust-like compositions. This is 
consistent with the major fraction of A1 being in these two digestions (Landing and Lewis 
1991) and not in the acetic acid digest. The bomb digests of both the suspended particles 
and Bermuda dust show a subtle but systematic decrease from La to Lu (figs. 16b,c). This 
compositional similarity between dust at Bermuda and the mineral matrix of suspended 
particles indicates a common (atmospheric) source of minerals to the Sargasso Sea. An 
African source of mineral dust to Sargasso Sea is well documented (e.g., Prospero and 
Ness 1986, Prospero et al. 1987). 

The lanthanide compositions of acetic acid digests normalized to filtered seawater 
(fig. 17) for Sargasso Sea samples collected between 60 and 2000m (Sholkovitz et al. 
1994) exhibit two main features: (1) a systematic and 10-fold decrease in the ratios from 
La to Lu excluding Ce and (2) large positive anomalies in normalized Ce below 105 m. 
The large size of the Ce peaks results from the combination of Ce removal from the 
dissolved phase and Ce uptake by the particle coatings. The seawater-normalized plots 
of all samples fall closely together even though the absolute concentrations show large 
variations within the 2000 m profile. Fractionation can be assessed by comparing the 
acetic acid digest/seawater ratios for La and Yb. The mean and standard deviations for 
the nine samples are 1.85(0.39) for La and 0.27(0.05) for Yb. Thus a 7-fold difference 
in the partitioning of La relative to Yb, when surface coatings are normalized against 
their respective seawater concentrations, provides a convincing case for fractionation - 
the preferential uptake of the lightest trivalent lanthanides. 

The shift from no Ce anomalies in the 60m and 105m samples to large positive 
anomalies in samples at 150 m and below is a unique feature of this data set (fig. 17). 
The development of large positive anomalies (ratio of coating to seawater composition) 
provides convincing evidence that the surface coatings are active sites for the oxidation 
of dissolved Ce(III) to particulate Ce(IV) in the upper oceans. 

Vertical profiles from the Sargasso Sea (Sholkovitz et al. 1994) are shown in figs. 18 
and 19. Figure 18 contains dissolved La, Ce and Nd profiles and fig. 19 shows Mn 
profiles for both filtered seawater and the acetic acid digest of suspended particles. The 
main feature of dissolved lanthanide profiles is the contrast between Ce and its trivalent 
neighbors, La and Nd, in the upper 550 m. There is extensive depletion of dissolved Ce 
(15.7pmol/kg at 15m to 6.3pmol/kg at 550m) while La and Nd concentrations show 
little variation over this depth range. Ce reaches a minimum at 750 m and then increases 
slightly at greater depths. There is also extensive downward depletion of dissolved Mn 
over the upper 250 m. The profile of dissolved Mn differs from that of Ce in tbat Mn 
reaches a minimum concentration at a rauch shallower depth (250m vs. 750m). The 
removal of Ce from the dissolved phase leads to the development of increasingly negative 
Ce anomalies with depth. Surface waters have anomalies of 0.45 while the 750 m sample 
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Fig. 17. The lanthanide composition of acetic acid digestions of suspended particles normalized to the 
composition of filtered Sargasso Sea seawater, (a) for samples in the upper 340 m and (b) for samptes between 

340m and 2000m. Note log scale. From Sholkovitz et al. (1994)• 

has a value of 0.18. Trivalent tanthanide concentrations, as illustrated by La and Nd, 
increase between 500 and lO00m and then level oft. As already documented in fig. 14, 
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Fig. !8. Vertical profiles of dissolved (<0.22 ~tm) La, Ce and Nd from the Sargasso Sea. The profile of the 
calculated Ce anomaly is also shown. From Sholkovitz et al. (1994). 

the remineralization of trivalent lanthanides in the deep water is a constant feature of 
oceanic profiles (e.g., Elderfield and Greaves 1982, De Baar et al. 1985a,b, Elderfield 
1988, Piepgras and Jacobsen 1992, Bertram and Elderfield 1993). 

Large vertical gradients of particle-bound La, Ce and Nd and Ce anomalies are 
seen (fig. 20) in acetic acid digestions. La and Nd concentrations double between 
60 m and 105 m and then increase gradually with depth. Ce concentrations increase about 
?-fold between 60 m and 225 m and then remain fairly uniform (the high value at 550 m 
being an exception). The in-growth of Ce onto particle surfaces mirrors the depletion 
of dissolved Ce (fig. 18). A major feature of this data set is the shift from negative to 
positive Ce anomalies between 105 and 150 m. The acetic acid digests of the 60 and 105 m 
particles have anomalies of 0.44 and 0.47 (like seawater) while samples below 200 m have 
values of 1.4-1.6. These data confirm prior experimental studies (Moffett 1990) that there 
is in situ oxidation of dissolved Ce(III) to particulate Ce(IV) in the upper water column 
of the Sargasso Sea. The production of particles with positive Ce anomalies corresponds 
with the production of a sub-surface maximum in particulate Mn and a minimum of 
dissolved Mn (fig. 19). As the acetic acid digest carries the major portion of the particulate 
Mn signal, this phase must be Mn oxyhydroxide formed within the water column. This 
oxidation of dissolved Mn(II) to particulate Mn(IV) is a well documented feature of the 
Sargasso Sea (Sunda et al. 1983, Sunda and Huntsman 1988). 
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In summary, profiles of dissolved and particulate lanthanide concentrations in the 
Sargasso Sea (Sholkovitz et al. 1994) provide the following conclusions: 

(1) The extensive fractionation oftrivalent lanthanides between Sargasso Sea water and 
suspended particles can be qualitatively explained by a solution/surface competition 
model (fig. 15). The progressive decrease from La to Lu in the extent to which 
dissolved lanthanides are removed by suspended particles results from an increase 
in the solution complexation constants as predicted by chemical models (e.g., 
sect. 4 of this chapter; Erel and Morgan 1991, Erel and Stolper 1993, Byrne and 
Li 1995). 

(2) Acetic acid digestions of suspended particles demonstrate that removal and 
fractionation of lanthanides in seawater are caused by processes which result in 
particle surface coatings. In contrast, the detrital phases have dust and crust-like 
lanthanide compositions indicative of a continental source. 

(3) The oxyhydroxides of Mn provide important surface sites for the oxidation of 
dissolved Ce(III) to particulate Ce(IV) and the fractionation of trivalent lanthanides 
during sorption. Oxidative processes become important at water depths between 
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Fig. 20. Vertical profiles of La, Ce and Nd concentrations from the acetic acid digestion of suspended particles 
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100 to 200m, in concert with oxidation of dissolved Mn(II) to particulate Mn(IV) 
oxides. Organic matter coatings may also play a key role in the cycling of the 
lanthanides. 

Jeandel et al. (1995) used a different approach (Nd isotopes) to study the water 
column cycling of the lanthanides in the Sargasso Sea. They measured the Nd isotopic 
composition of small suspended particles and large sinking particles and compared their 
results with previously published data for filtered seawater (Piepgras and Wasserburg 
1987). They concluded that there is reversible exchange of Nd between suspended 
particles and seawater. The uptake of Nd onto the surfaces of suspended particles and 
the reversible exchange of Nd during the remineralization of sinking particles were used 
by these authors to explain both the observed Nd isotopic variations within water column 
of the Sargasso Sea and between the three ocean basins (sect. 6.7 covers Nd isotopes in 
more detail). Reversible exchange between seawater and particles is consistent with the 
observation of Sholkovitz et al. (1994) that the surface coatings of suspended particles 
are responsible for the removal, release and fractionation of lanthanides in the oceans. 
Jeandel et al. (1995) also concluded that approximately 50% of the particulate Nd leaving 
the surface is remineralized in deep waters. 
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6.2.2. Case study I I -  North Pacißc Ocean 

The behavior of lanthanides in the North Pacific allows insights into important 
oceanographic processes operating on these trace elements. The following discussion is 
centered on two detailed vertical profiles (Piepgras and Jacobsen 1988, 1992) from the 
western North Pacific Ocean. Station 39-1 lies at 47°N and station 271-1 lies at 24°N; 
both lie at about the same longitude (161 and 150°E respectively). Their data come from 
the analyses of unfiltered samples. The vertical profiles of La and Yb are compared in 
fig. 21; this figure also compares the vertical profiles of the La/Yb ratio and of the Nd 
isotopic composition. Figure 22 compares the vertical profiles ofNd with those of salinity, 
silica and phosphate. 

Profiles at both Pacific stations exhibit a familiar distribution of surface depletion and 
deep water enrichment in the concentrations of lanthanides. The two profiles have deep 
waters with approximately the same concentrations of La and Yb (and other lanthanides). 
What distinguishes the two profiles is the composition of the upper (<1000m) watet 
column (fig. 2la). Station 271-1 at 24°N has much lower surface concentrations of 
lanthanides than does station 39-1 at 47°N. For La this difference is 6 vs. 23 pmol/kg 
and for Yb this difference is 2 vs. 5pmol/kg. Piepgras and Jacobsen (1992) argued 
that this difference reflects the presence of different water masses in the upper water 
column of these sites. Hence, they ruled out a direct biogeochemical cause. Their 
evidence for a hydrographic explanation includes large differences in temperature-salinity 
properties and in Nd isotopic composition (fig. 21 c) for depths < 1000 m. The major inter- 
station differences in nutrient concentrations and gradients are an important feature, not 
previously explored. Surface waters of the 24°N station (fig. 22) are almost completely 
depleted in phosphate (0.03), silicate (1.5) and nitrate (1.5) concentrations (~tmol/kg); 
nitrate profiles are not plotted but they are similar in shape to phosphate. This 24°N station 
with depleted nutrient levels is characterized by lower concentrations of lanthanides. 
In contrast, the 47°N station with higher lanthanide concentrations, has much higher 
surface water concentrations of phosphate (1.18), silicate (17.8) and nitrate (12.4). The 
large inter-station differences in nutrient concentrations could reflect a different set of 
biological processes such as higher phytoplankton productivity at the 24°N station, driving 
down the nutrient levels. Hence, biogeochemical processes, as well as hydrographic ones, 
may be responsible for the inter-station variations in lanthanide distributions. With this 
alternative in mind the profiles of La/Yb ratlos can be examined (fig. 21b). This ratio 
exhibits large vertical variations at both stations. At the 47°N station the La/Yb ratio 
continuously decreases (6.5 to 4.5) from the surface to a depth of 2 km; this is followed 
by a continuous increase to 5.5 at a depth of 5.5 km. The 24°N station has a more 
complicated distribution. Its La/Yb ratio reaches a low value (4.2) in the surface and 
increases to a value of 5.4 at 1000m; below 1000m the profile at 24°N is similar to that 
of the 47°N station. Piepgras and Jacobsen (1992) interpreted the La/Yb divergence in 
the upper 1000 m to water mass differences. An alternative explanation is that depletion 
of lanthanide concentrations by biological processes in the upper water column of the 
24°N station leads to the preferential removal of the light lanthanides relative to the heavy 
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lanthanides. Fractionation of this type is consistent with the previously discussed study of 
the Sargasso Sea where surface coatings of surface particles are preferentially enriched 
in the lightest lanthanides. 

Future studies will be needed to resolve the role of hydrography and biogeochemistry 
in controlling the absolute and relative abundance of the lanthanides in the seawater. 
Time-series studies in regions with large seasonal cycles in biological productivity and 
nutrient distributions are required. The North Atlantic Bloom Experiment is a prototype 
for such a study. The results ofthis experiment in the eastern North Atlantic demonstrated 
that a large spring bloom of phytoplankton reduces nutrient levels and produces a bloom 
of sinking biogenic particles (Honjo and Manganini 1993). Determining the extent of 
fractionation during a spring bloom would add greatly to our knowledge of the marine 
chemistry of lanthanides. 

6.3. Lanthanide-nutrient relationships 

The oceanic profiles of many trace elements (e.g., Cd, Cu, Zn) closely resemble those of 
the nutrients (silica, nitrate and phosphate). Like nutrients, the concentration profiles of 
these metals are characterized by surface water depletion and deep water enrichment. This 
observation has lead to the well-established concept that the cycling of many trace metals 
in the water column is driven by the biological cycle. That is, the production of biogenic 
particles in the surface waters reduces nutrients and metals to low levels, and subsequent 
remineralization of biogenic particles at depth release silica, nitrate, phosphate and trace 
metals back to the water column. In detail, the remineralization of silica differs from that 
of nitrate and phosphate. Silica is associated with skeletal matter (hard parts) of siliceous 
plankton while nitrate and phosphate are accumulated in the organic tissue (soft patts) of 
plankton. This type of fractionation leads to a shallow-water (upper 1000 m) regeneration 
of nitrate and phosphate as organic marter is decomposed. Silica, in contrast, has a deep- 
water enrichment as siliceous tests are transported to depth and are less rapidly dissolved 
than the organic matter components of the sinking biogenic material. Figure 22, with 
profiles from the western North Pacific Ocean, illustrates the shallow watet and deep water 
regeneration of phosphate and silica. Trace metals and nutrients in the oceans are strongly 
correlated as for example Cd profiles which are almost identical to those of phosphate. 
Hence, Cd is incorporated into the organic component of plankton and predominately 
regenerated in the upper part of the water column. In contrast, Zn has a Si-like profile 
suggesting a deep water regeneration following its incorporation into siliceous skeletal 
matter. 

The relationship between dissolved lanthanides and nutrients has received considerable 
discussion in the literature. Unlike for many other trace metals, there appears to be no 
metabolic requirement for lanthanides by plankton. At pmol/kg levels such a requirement 
is unlikely. Hence, surface water depletion must reflect a general type of "scavenging" 
onto newly formed surfaces (plankton). The extremely low concentrations of lanthanides 
in the calcium carbonate or siliceous skeletal matter of plankton suggest that such 
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incorporation is not an important process in controlling the water column profiles of 
lanthanides (Palmer 1985, Elderfield et al. 1981). 

Bertram and Elderfield (1993) used data from the Atlantie, Pacific and Indian Ocean 
to produce plots of Si verses Nd, Er and the Ce anomaly (fig. 23). As noticed earlier by 
De Baar et al. (1983, 1985a,b), Klinkhammer et al. (1983), Elderfield (1988) and others, 
the heavy lanthanides are more closely related (in a statistical sense) to silica than are 
the lighter elements. A comparison of Nd and Er vs. Si brings out this point (fig. 23). 
Because the vertical profiles of dissolved lanthanides are most similar to profiles of Si (as 
compared to nitrate and phosphate), lanthanide-Si relationships have been used to suggest 
that there is a biogeochemical eoupling between the two cycles. De Baar et al. (1983, 
1985a,b) argued that uptake and release from biogenic silica is responsible for the vertical 
distribution of lanthanides. More recent studies have argued that the lanthanides are not 
simply eyeled along with biogenic silica (Klinkhammer et al. 1983, Piepgras and Jacobsen 
1992, Bertram and Elderfield 1993, Sholkovitz et al. 1994). As noted by Piepgras and 
Jacobsen (1992) and illustrated in fig. 22, "In general, the REE concentrations increase 
downward long after Si and PO 3- have reached their respective deep-water maxima. This 
observation in itself indicates an independent behavior between REE and nutrients. We 
also find that Er-Si relationships vary with location in agreement with the observations 
made by Klinkhammer et al. (1983)". This variation of Er-Si was noted by Bertram and 
Elderfield (1993) and is apparent from their compilation of data in fig. 23. They also 
point out that, unlike nutrients and many trace metals, surface water eoncentrations of the 
lanthanides do not reach zero values (fig. 10). Bertram and Elderfield (1993) coneluded 
ù... in detail, the description of linear stoichiometry is a simplification and there is a 
significant range in values (Er/Si ratios) both within and between oceans." They then note 
that ". . .  it is intriguing that small average interoceanic differences in AEr/ASi in deep 
waters are such that they increase in the following sequence: Atlantic < Indian < Pacific, 
that is in the direction of deep water movement. This may indicate small systematic 
differences in regeneration behavior, but there is considerable scatter in the data and a 
larger data set is needed to test this hypothesis." 

The study by Sholkovitz et al. (1994) emphasized the role of sorption to suspended 
particles in the marine chemistry of the lanthanides. They concluded that "It is difficult to 
reconcile a geochemieal eoupling between Si and REEs. Out data point to the uptake and 
release of REEs from surfaee coatings ("soft" parts) while Si is released from dissolved 
siliceous plankton ("hard" patts) in deep waters .. .  ". 

Summing up this subsection, while the lanthanides most closely resemble Si in profile 
shape, the silica regeneration cycle does not control the distribution of lanthanides in 
the oceanic water column. The evidence suggests that the lanthanides are removed from 
surface waters through a scavenging process onto the surfaces of biogenic particles and 
particles of air-borne dust which become coated in surface waters with Mn oxides and 
organie matter. The lanthanides are then released to the deeper water as small particles 
aggregated in surface waters and form larger sinking particles which are bacterially 
deeomposed. The study of Nd isotopes in seawater and particles supports this process. 
While driven by the biological/nutrient cycle, the ineorporation of lanthanides into either 
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the organic tissue or the skeletal matter of the biogenic particles is not the dominant 
process. Hence, one would not expect the vertical distributions of the lanthanides to 
exactly follow those of the nutrients. Rather one might expect profiles with a shape 
broadly like those of nutrients, that is, surface depletion and deep water enrichments 
associated with particle remineralization in the watet column. 

6.4. Mass fractionation 

Interelement lanthanide fractionation in the oceans allow insights into basic processes 
controlling the concentrations and relative abundance oftrace elements. The best synthesis 
of lanthanide fractionation in the oceans appears in Bertram and Elderfield (1993). This 
subsection relies heavily on this paper and focuses on strictly trivalent elements. 

Figures 23 and 24 (from Bertram and Elderfield 1993) illustrate interelement 
fractionations. "There is a clear regional variation between oceans [fig. 23]. Sur- 
face water concentrations of both Er and Nd increase in the following sequence: 
Atlantic > Indian > Pacific. . .  This is the reverse of the situation in the deep waters of  the 
oceans . . . .  deep waters concentration of the REEs increase in the following sequence: 
Atlantic < Indian < Pacific. The oceanwide trend in surface waters REE concentrations 
suggests that the primary control is that of REE input from the continents rather than 
scavenging efficiency for REE removal." Studies of Nd isotopes confirm this key point - 
continents as the dominant source of lanthanides to oceans (sect. 5.1). 

Bertram and Elderfield (1993) point out the major features with respect to fractionation. 
As expected from their close positions in the lanthanide series, the oceanic distributions of 
Nd and Sm are tightly coupled. Sm and Nd molar ratios range between 0.181 and 0.203, 
with very minor variability and a mean value equal to 0.189. Sm/Nd ratios decrease in 
the following sequence: Atlantic (0.203±0.009, mean and standard deviation)> Indian 
Ocean (0.196+0.013)> Pacific (0.181±0.024). Thus, the inter-basin differences are not 
significant relative to the range for each ocean. Since the Sm/Nd ratio for average shale 
is identical to the oceanic mean but is smaller than Sm/Nd for dissolved lanthanides 
(Sm/Nd ~ 0.25) in many rivers (Elderfield et al. 1990), oceans are fractionated relative 
to the dissolved river input with a small enrichment in Nd relative to Sm (Bertram and 
Elderfield 1993). 

Bertram and Elderfield (1993) note that "In contrast to Sm-Nd, there is significant 
fractionation of Nd relative to Er . . . .  A comparison of the major oceans shows that there 
is separation of Er and Nd, and average Er/Nd ratlos increase in the following sequence: 
Atlantic (0.26+0.06)< Indian Ocean (0.34±0.05)< Pacific (0.35±0.09). The contrast 
between the oceans can be seen from fig. 25. Because of mixing of oceanic deep waters, 
it is to be expected that ratios of each ocean overlap. The range of each ocean also reflects 
the increasing HREE enrichment with depth seen in REE abundance patterns [not shown]. 
The oceanic mean Er/Nd is 0.32. This compares with 0.084 for average shale. In REE- 
poor rivers, the dissolved Er/Nd ratio is about 0.25; seawaters are Er-enriched relative to 
Nd as compared with this value. In summary, Sm/Nd ratios are very similar everywhere 
in the oceans. On average, the world ocean has the same Sm/Nd as average shale but 
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Table 10 
River and ocean compositions: Nd, Er and Er/Nd ratio 

559 

Nd (pmol/kg) Er (pmol/kg) Er/Nd 
(molar) 

1. Goldstein and Jacobsen (1988a) 

Average dissolved river water 
"Effective" dissolved river water 

2. Bertram and Elderfield (1993) 

Oceanic mean 
Atlantic Ocean 
Indian Ocean 
Pacific Ocean 
3. Shale (table 1) 

284 50.6 0.179 
114 30.8 0.270 

0.321 
0.260 
0.340 
0.350 
0.084 

has a lower ratio than river waters. In contrast, seawater Er/Nd ratios are on average 
nearly four times higher than shales (40% higher than river waters), and they increase 
in the following sequence: rivers < Atlantic < Indian < Pacific, consistent with removal of 
Nd from seawater relative to Er in the direction of deep watet flow." 

This last point describes one of the important and distinctive features with respect 
to the distribution and geochemical cycling of lanthanides in the oceans, that is, the 
inter-ocean fractionation of lanthanides. Arguments about the extent of fractionation 
rely on knowing the composition of lanthanides reaching the oceans via the rivers. As 
discussed in earlier sections, weathering on continents and reactions in estuaries cause 
fractionation within the dissolved component of the river water. Returning to the Er/Nd 
ratio as proxy for fractionation, table 10 compares the oceanic data of Bertram and 
Elderfield (1993) with the river data of Goldstein and Jacobsen (1988a). It is important 
to emphasize that both sets of data represent "average" compositions. The effective river 
load refers to the dissolved concentrations of  Nd and Er reaching the oceans after the 
lanthanides undergo removal in estuaries. As the light elements are removed to a larger 
extent than the heavy elements, significant fractionation occurs between the rivers and the 
oceans. Goldstein and Jacobsen (1988a), using estuarine removal factors of 60 and 40% 
for Nd and Er respectively, concluded that the average Er/Nd ratio increases from a 
river value of 0.179 to an effective river value of 0.270. This is a large shift. The effective 
river ratio of  0.270 is much closer to that of  mean ocean water (0.321) and similar to that 
of  the Atlantic Ocean (0.260). The Atlantic ratio clearly reflects a continental source. 
Both the river and effective river ratios greatly exceed that of shale (0.084), indicating 
the enrichment of heavy elements over light elements during weathering and estuarine 
transport. 

As noted above, the river and effective river Er/Nd ratios are calculated using an 
average riverine composition and an estimate of estuarine removal; data from relatively 
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few rivers and estuaries are extrapolated to yield global values (Goldstein and Jacobsen 
1988a). Figure 11 shows Er/Nd ratios for the dissolved component of river waters 
plotted against the concentration õf dissolved Nd. These data come from the most recent 
compilation of river data (see sect. 5). The Er/Nd ratio has a large range (0.05-0.5) and, 
as noted by Elderfield et al. (1990), the Er/Nd vs. Nd plot has strong curvature. The 
ratio approaches the shale value (0.084) as dissolved Nd concentrations increase. This 
feature is interpreted as reflecting the increasing inventory of clay-like colloidal particles 
in rivers with increasing dissolved lanthanide concentrations. This figure emphasizes the 
great variability of river composition. Uncertainty in river composition has a large effect 
on interpretations of mass fractionation in the oceans. While averaged compositions allow 
the development of an ocean-wide view of fractionation, one should realize how little is 
known about the composition of river input and fractionation within estuaries and the 
coastal region. The poorly documented composition of rivers draining into the Pacific 
Ocean and uncertainties (Goldstein and Jacobsen 1988a, Elderfield et al. 1990, Sholkovitz 
1995) in the extent of release (Sholkovitz 1993, 1995) of dissolved lanthanides from 
estuarine coastal sediments add substantial uncertainty to characterizations of the mass 
fractionation of lanthanides. 

The vertical profiles of the Er/Nd ratio for different ocean basins are compared in 
fig. 26. This type of presentation allows a closer inspection of fractionation within 
and between ocean basins. Profiles include those from the eastern North Atlantic 
offNW Africa (Elderfield and Greaves 1982), the Sargasso Sea near Bermuda (Sholkovitz 
et al. 1994, plus new unpublished data for samples at 3 and 4 km), the South Atlantic 
(German et al. 1995), the Indian Ocean (Sta. 1507 from Somali Basin, Bertram and 
Elderfield 1993) and two stations from the western North Pacific (Piepgras and Jacobsen 
1992). The Er/Nd ratio in deep waters (arbitrarily taken here as >3 km) increases from 
a low 0.1 off NW Africa to a high 0.28 in the western North Pacific. Waters of the 
South Atlantic have a ratio between that of the Sargasso Sea and the western North Pacific, 
and the Indian-Ocean ratio is slightly smaller than that of the western North Pacific. The 
deep water oft NW Africa has a Er/Nd ratio which is close to that of shale, reflecting a 
continental source (Elderfield and Greaves 1982). Data for the Arctic Ocean (Westerlund 
and Öhman 1992) show Er/Nd ratios approximately equal to 0.2 below 3 km. 

Watet column profiles of the Er/Nd ratio have a complex structure (fig. 26). Many 
profiles (e.g., Indian and Pacific Ocean) are characterized by a large maximum in Er/Nd 
in the upper 1-2 km region of the water column. Below this depth range, all profiles 
show a large decrease in Er/Nd with increasing depth. The upper ocean variability 
probably reflects local effects such as input of African dust to the eastern North Atlantic 
leading to shale-like ratios in surface waters (Elderfield and Greaves 1982). As both water 
mass mixing and watet column geochemistry operate on lanthanide distributions, the 
comparative contributions of hydrographic effects and geochemical effects on curvature in 
Er/Nd profiles are not well defined (Piepgras and Jacobsen 1992, Bertram and Elderfield 
1993, German et al. 1995). 

Figure 27a compares the vertical distributions of Nd and Er in the South Atlantic and 
fig. 27b shows these same data in a plot which normalizes the Nd and Er concentrations 
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et al. (1995). 

to surface water values. In deep water the light elements have larger vertical gradients 
than do the heavy elements. In this particular profile, Nd increases by a factor of 2.5 
between 3 to 5 km while Er increases by only 50%. This relative increase of Nd over Er 
drives the large decrease in Er/Nd below 1000 m. Over the upper 1000 m there is a prefer- 
ential increase of Er leading to a maximum in the Er/Nd ratio at about 1 km. Observed de- 
creases in heavy(III)/light(III) ratlos with increasing depth have been reported frequently 
(fig. 26) and have been interpreted as being controlled by a biogeochemical cycle (Elder- 
field and Greaves 1982, De Baar et al. 1985a,b, Elderfield 1988, Bertram and Elderfield 
1993). The maximum in the Er/Nd ratio can be interpreted as being caused by (1) prefer- 
ential removal of light elements by suspended particles in the productive surface waters 
and (2) preferential release oflight elements offsinking particles in deep (>1 km) waters. 

As developed in sect. 6.2, Sholkovitz et al. (1994) noted that there is systematic 
fractionation between the surface coatings of suspended particles and filtered seawater 
(fig. 17). Observation of surface coatings allows insight into particle/solution interactions 
responsible for fractionation. Vertical profiles of the La/Nd and La/Yb ratios of filtered 
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seawater and acetic acid digests (oxide and organic coatings) for suspended particles from 
the Sargasso Sea (figs. 28 and 29) indicate preferential removal of  light lanthanides(III) 
onto surface coatings in the upper few hundred meters is followed by the preferential 
release of  light lanthanides(III) at depth (Sholkovitz et al. 1994). The La/Nd ratio provides 
a good contrast to the La/Yb ratio as La and Nd should exhibit less fractionation due to 
their more similar masses. The La/Yb ratio in particle coatings increases by a factor of  1.6 
between 60 and 105 m reflecting the preferential removal of  light lanthanides in the upper 
oceans. Between 105 and 550 m this ratio reverses direction and decreases sharply (by 
3.2-fold), indicating the preferential release of  light lanthanides during remineralization. 
Between 550 and 2000 m the La/Yb ratio does not change appreciably. The La/Yb ratio 
of  the filtered seawater, while more subtle in its vertical variation, does show systematic 
changes. These changes are in the opposite direction to those of  the acetic acid digestions. 
The La/Yb seawater ratio decreases in the upper 100 m (4.0 to 3.6) and then increases 
to a value of  5.1 at 2000m. While the La/Yb ratios of  seawater and particle coatings 
are converging at depth due to fractionation during remineralization, the coatings remain 
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significantly more light-lanthanide enriched throughout the 2000 m section. As predicted, 
variations in the La/Nd ratios are smaller than their La/Yb counterparts. Although 
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Table 11 
Dissolved lanthanide concentrations (pmol/kg) in the ocean water masses ~ 

Water mass La Ce Nd Sm Eu Gd Dy Er Yb Lu Ce anomaly Er/Nd 

AAIW 15 3.1 9.5 1.8 0.50 3.0 3.8 3.9 3.9 0.66 0.12 0.41 

CDW 29 6.6 17 3.1 0.86 5.3 6.6 6.7 7.2 1.1 0,13 0.39 

NADW 29 5.4 21 4.1 1.I 6.3 6.4 5.5 5.4 0.88 0.10 0.26 

AABW 54 12 38 7.1 1.8 8.8 9,7 8.4 8.5 1.4 0.12 0.22 

PDW 54 5.9 36 6.8 1.8 9.7 11 9.8 11 1.9 0.06 0.27 

a Data reproduced from German et al. (1995). 
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of North Atlantic Deep Water (NADW) and the composition of Antarctic Bottom Water (AABW). Plots of  
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La/Nd variations are small, they are measurable and systematic. Between the surface and 
250 m, preferential removal of La relative to Nd by surface coatings (La/Nd increases 
from 1.4 to 1.6) is mirrored by a small decrease in the La/Nd ratio (1.00 to 0.92) of the 
filtered seawater. Between 250 and 550 m the seawater ratio reverses directions indicating 
the preferential release of La oft particles to the seawater. Below 1000 m the La/Nd ratios 
of the two phases converge and cross. This convergence and cross-over of La/Nd ratios 
from starting ratios of 1.0 and 1.6 in the surface waters exemplifies the active nature of 
fractionation resulting from surface/solution interactions. This cross-over is not observed 
for the La/Yb ratio as these two lanthanides exhibit a greater extent of fractionation 
between seawater and surface coatings. 

An increase in Er/Nd ratios along the path of deep water flow is a major feature of deep 
waters. Bertram and Elderfield (1993) suggested that this increase is caused by preferential 
removal of dissolved light elements (e.g., Nd) along the transport path. Using the end- 
member concentrations (table 11) reported by German et al. (1995), fig. 30 provides 
a comparison of lanthanide concentrations in Pacific Deep Watet, North Atlantic Deep 
Watet and Antarctic Bottom Water. Excluding Ce from the discussion, there is no removal 
of the light lanthanides (e.g., Nd) along the path of transport. Rather, the light elements 
either remain constant or increase slightly. In contrast, the heavy elements do increase 
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more than the light elements between the NADW and PDW. In the plot of PDW/NADW 
composition ratios, there is a continual decrease from La (1.9) to the middle element 
Gd (1.5) and then a continual increase to the heaviest element Lu (2.2). Taken at face 
value, the PDW/NADW comparison suggests that all lanthanide concentrations increase 
between the deep waters of the North Atlantic and North Pacific by 1.5-2.2 times. This 
pattern suggests that the middle lanthanides undergo a smaller increase, and the light 
and heavy elements are slightly enriched, suggesting fractionation during transport. A 
comparison of PDW/AABW compositions shows a continual increase across the series 
starting with a ratio of 1.0 for La to a ratio of 1.4 for Lu. In detail, this comparison shows 
a flat pattern from La to Eu. From Eu to Lu the ratio increases continuously, suggesting 
that there is a preferential increase in the heavier lanthanides along this section of deep 
water transport. A more quantitative analysis of fractionation in the oceans would require 
a complex mixing model and more profiles. 

In summary, the mass fractionation of the lanthanides remains an intriguing process 
controlled by complex reactions between surfaces and solution. Deciphering fractionation 
processes is complicated by hydrography and the variable composition of the river 
sources. With a growing knowledge of the solution chemistry of lanthanides in seawater 
(e.g. Erel and Stolper 1993, Byrne and Li 1995), it may be possible to develop a global 
model which incorporates geochemistry and water mass mixing in absolute and relative 
abundance predictions for the lanthanides. A larger coverage of the water column from 
the world's oceans would promote progress toward this goal. 

6.5. Suspended and trapped particles 

There have been only a few studies of the lanthanide composition of particles in the 
oceans. We will distinguish suspended particles collected in bottles from settling particles 
collected in sediment traps. Sediment trap data have been reported by Murphy and Dy- 
mond (1984), Masuzawa and Koyama (1989) and Fowler et al. (1992). Suspended-particle 
compositions have been reported for anoxic basins by De Baar et al. (1988) and German 
and Elderfield (1989, 1990). The only data for oceanic suspended particles are those of 
Bertram and Elderfield (1993) for the Indian Ocean and Sholkovitz et al. (1994) and 
Jeandel et al. (1995) for the Sargasso Sea (N. Atlantic). The latter study only measured Nd 
concentrations on suspended and trapped particles. A fuller discussion of the results and 
interpretations of particle studies is by Sholkovitz et al. (1994). A brief overview follows. 

Sediment trap data provide a means of quantifying fractionation between solution 
and particle phases and for determining in situ processes such as remineralization and 
downward flux. The most comprehensive study is that by Fowler et al. (1992), who 
deployed traps at depths of 200, 500, 1000 and 2000 m in the northwest Mediterranean 
Sea. They report lanthanide data for material collected for six thirteen-day deployments 
over a total period of 10weeks. Their samples were digested in strong acid (HNO3/HF) 
using microwave heating. By way of example, consider samples collected between 18 June 
and 1 July 1990. Their 200m trap had a crust-like composition while their 2000m trap 
was both elevated in lanthanide concentrations and highly fractionated. This fractionation 
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takes the form of a positive Ce anomaly (1.18) and a large enrichment in the light 
lanthanides. Many of Fowler et al.'s deep traps from other time periods have similar 
fractionated compositions. Fowler et al. (1992) noted that the extent of fractionation in 
sediment-trapped material is much less well developed in the deep water samples after 
a phytoplankton bloom. The bloom yields a large increase in total sediment trap flux 
throughout the water column. After a high-flux period, deep samples show Ce anomalies 
that are negative and shale-normalized patterns for trivalent lanthanides that are flat. The 
authors suggested that the extent of fractionation is indirectly related to the residence time 
and size ofparticles in the water column. That is, short residenee times of fast sinking par- 
ticles lead to little fractionation between particles and seawater whereas longer residence 
times of small, slowly sinking particles lead to extensive fractionation of lanthanide(III) 
and the biologically mediated oxidation of Ce(III) on surfaces. Hence, it was proposed 
that the extent of fractionation is a kinetically controlled interaction between solution 
and particle phases. This conclusion was also reached by Koeppenkastrop et al. (1991) 
and Koeppenkastrop and DeCarlo (1992, 1993) based on laboratory uptake experiments 
using inorganic oxides of Mn and lanthanide radiotracers in a seawater medium. More 
field studies are needed to confirm the interpretations of Fowler et al. (1992). 

Masuzawa and Koyama (1989) attributed the positive Ce anomalies of their sediment 
trap samples (Japan Sea) to a biologically-mediated oxidation process associated with 
the presence of Mn oxide particles. This process is discussed in detail in the subsection 
on Ce redox chemistry. The shale-normalized patterns of Masuzawa and Koyama (1989) 
do not show any consistent form from which to draw conclusions about lanthanide(III) 
fractionation. Only their 2750 m sample is slightly light-element enriched; the other four 
samples have flat or heavy-enriched patterns. Sediment trap particles from the eastern 
equatorial Pacific Ocean (Murphy and Dymond 1984) are strikingly different in that their 
shale-normalized patterns are like those of seawater: heavy-lanthanide enrichment and 
negative Ce anomalies. 

One difficulty in interpreting particle data lies in the complexity of the particle 
phases. A second difficulty lies in the fact that different researchers use different 
dissolution procedures; hence direct comparisons are not usually possible. The results 
and interpretation of the study of the Sargasso Sea by Sholkovitz et al. (1994) are 
described in detail near the beginning of this section. These authors used a set of 
chemical digestions steps and concluded that a large part of the lanthanide inventory 
on suspended particles resides on surface coatings of Mn oxides and organic matter. 
Hence, more emphasis should be placed in the future on studying the phase distribution 
of lanthanides. This is a very difficult area of research but one which is necessary in 
order to understand those processes causing uptake, remineralization and fractionation of 
lanthanides as seawater and particles chemically interact in the water column. Similarly, 
the study of sediment trap particles offers opportunities to decipher key parts of the marine 
geochemical cycle of the lanthanides. Comparisons of dissolved, suspended and trapped 
material, like the orte carried out for Nd and Nd isotopes by Jeandel et al. (1995), under 
different oceanic conditions, should prove valuable in better quantifying recycling rates, 
extent of fractionation, residence times and sediment input rates. 
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6.6. Cerium redox cycles in the ocean 

Cerium, the only lanthanide with redox transformations at ambient oceanic conditions, has 
been exploited by geochemists to learn more about redox-controlled reactions in seawater. 
Background on the redox chemistry of Ce is presented in sect. 2. To emphasize a previous 
point, the Ce anomaly allows one to focus on the redox-controlled reactions of Ce by 
comparing its concentration to those of near neighbors (La and Nd in most cases cited 
next) which undergo no redox transformations. This section will focus on cerium and the 
Ce anomaly in open ocean seawater. The dynamic nature of the Ce redõx chemistry in 
anoxic basins and pore waters will be discussed in the next section. 

Goldberg et al. (1963) first recognized that Ce is depleted in seawater relative to its 
lanthanide neighbors. Carpenter and Grant (1967) carried out the first process-oriented 
study of Ce redox chemistry using radioactive tracers. Like Goldberg et al. (1963), they 
also used large volumes (100 l) of seawater to determine Ce concentrations. While both 
studies were pioneering, it was not until the development of more sensitive analytical 
methods that the Ce redox chemistry ofnatural waters could be understood. The following 
two subsections will focus on the processes operating in the upper oceans and the deep 
water. 

6.6.1. Upper ocean processes 

The existence of maxima in Ce anomalies in surface waters and marked decreases 
in the upper water column are universal features of watet column profiles. This is 
illustrated in fig. 31 for three different regions of the world's oceans, the Sargasso Sea, the 
South Atlantic and the western North Pacific. The upper 750-1000 In of the water column 
is eharacterized by large gradients, termed "ceroclines" by Sholkovitz and Schneider 
(1991); profiles below this boundary are fairly constant in their Ce-anomaly values. 
Surface water anomalies cover a wide fange of values (0.18 to 0.75) indicative of large 
regional differences. All surface water values remain below a value of 1. Hence, Ce is 
uniformly depleted relative to La and Nd leading to the long-known (Goldberg et al. 1963) 
negative shale-normalized Ce anomalies in seawater. The large Ce gradients in the upper 
ocean are accompanied by increasingly negative anomalies with depth. Below 1000 m the 
anomalies level oft at values between 0.07 and 0.15. The South Atlantic profile shows 
a small increase in the anomaly between 4000 and 5000m. This increase (0.05 units) 
coincides with a large increase (through a near-bottom gradient) in the concentrations of 
all the lanthanides. German et al. (1995) suggested that this gradient in the Ce anomaly 
reflects a benthic source with a more shale-like composition and/or bottom watet with a 
different lanthanide composition. 

The Ce-anomaly gradient in the upper water column has been studied in some detail 
using both field and experimental observations. Decreases in the anomaly usually reflect 
(a) a decrease in Ce concentration only or (b) a decrease in Ce coinciding with increases in 
La and Nd concentrations. An example of a type "a" profile comes from the Sargasso Sea 
(fig. 18) where Ce concentrations decrease in the upper 500 m by about 10 pmol/kg while 
La and Nd coneentrations remains rather constant. Type "b" profiles exist in the South 
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Atlantic Ocean and the western North Pacific Ocean (as described in fig. 14). In both 
cases it is clear that Ce in upper water column is being removed from the dissolved phase. 
The study ofparticle surface coatings by Sholkovitz et al. (1994), (discussed in sect. 6.2), 
demonstrates in-situ oxidation of dissolved Ce to partieulate Ce. As shown in fig. 20 with a 
Sargasso Sea profile, there is a large continuous increase in Ce associated with the surface 
coatings of suspended particles between surface and 500 m water. The in-growth of Ce 
in the upper 500 m of the water column corresponds with the subsurface maximum in 
particulate Mn oxyhydroxide (fig. 19), suggesting that the oxidation of Ce(III) is directly 
coupled to the redox chemistry of Mn. 

Moffett (1990, 1994a,b) applied a series of laboratory experiments to study the redox 
chemistry of Ce in seawater. This chemical approach complements the field approach 
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described above. His studies focused on determining the chemical and biochemical 
processes responsible for the upper ocean gradients in Ce and Ce anomalies. Moffett 
made use of radioisotopes (139Ce and lS2Eu) to follow the redox reactions of Ce in natural 
waters; Eu served as a control against which the redox-driven aspects of the Ce cycle 
can be measured. To investigate the hypothesis that the redox chemistry of Mn in the 
upper oceans controls that of Ce, Moffett also used »4Mn as a radiochemical probe in 
experiments designed to compare and to contrast the oxidation and reduction rates of Ce 
and Mn. 

Building on the Mn oxidation rate experiments of Sunda et al. (1983) and Sunda 
and Huntsman (1988), Moffett (1990) used incubation experiments to determine the 
rates of Ce(III) and Mn(II) oxidation in Sargasso Sea samples. He observed that Ce(III) 
and Mn(II) have similar oxidation characteristics. From a comparison of experiments 
using poisoned and unpoisoned samples, Moffett (1990) showed that, like Mn, the 
oxidation of Ce is microbially mediated. No abiotic oxidation was observed. A second 
key observation is that the oxidation rate of both elements has a strong depth dependence: 
slow in the mixed layer and rauch faster in the lower euphotic zone. The rate of Ce(II1) 
oxidation gradually increased from insignificant values at 20 m to 0.3% per day at 60 m 
and 0.7% per day at 200m. The rate of Ce(][II) oxidation is photosensitive whereby 
sunlight inhibits oxidation. This effect has been documented for Mn. Photoinhibition of 
Ce oxidation is consistent with field observations which show that Ce surface coating 
of Sargasso Sea particles commences below a depth of about 100m (figs. 17 and 20). 
Reduction of Mn(IV) and Ce(IV) oxides represents the second half of their redox cycles. 
While the photoreduction of particulate Mn(IV) oxides in the upper oceans has been 
confirmed to be a key part of the cycling ofMn (Sunda et al. 1983, Sunda and Huntsman 
(1988), the reduction of particulate Ce(IV) to dissolved Ce(III) has not been studied. 
Photoreduction of Ce along with photoinhibition of Ce(III) oxidation, could serve to 
maintain Ce concentration maxima in the upper ocean and the large Ce-anomaly gradient 
observed in nature (fig. 31). This cycle would be similar to the orte proposed for 
Mn whereby Ce(III) would be oxidized to particulate Ce(IV) below some photoactive 
threshold depth, and particulate Ce(IV) would be reduced to dissolved Ce(III) above this 
depth. Again, this cycle fits the profiles of dissolved and particulate Ce observed in the 
oceans. 

The rate of Ce oxidation is three to four times slower than that of Mn in the 
100-200m zone of the Sargasso Sea. This difference in rates is consistent with water 
column profiles which show that Mn concentration gradients in the upper 200meters 
are approximately 2.5 times larger than those of Ce (figs. 18 and 19). Moffett (1990) 
also compared the oxidation of Ce in Sargasso Sea seawater with that of a coastal site 
(Vineyard Sound, MA, USA). The rate of microbial oxidation of Ce was about 50 times 
faster than the highest measured rate in the Sargasso Sea. The increased rates of microbial 
oxidation and adsorption of Ce were attributed to the higher concentration of biogenic 
particles in this coastal site. 

Further investigation (Moffett 1994a,b) of the relationship between Ce and Mn 
oxidation in the coastal zone (Vineyard Sound and Chesapeake Bay) showed that the 
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specific rates of Ce(III) and Mn(II) oxidation co-vary over a wide range of environments 
and values, and indicate the existence of a mechanistic relationship. "The results are 
consistent with a common oxidative pathway for Ce and Mn ...  non-biological Ce 
oxidation on freshly formed Mn oxides is unlikely" (Moffett 1994a). The oxidation 
of Ce is closely coupled to the mierobially-mediated oxidation of dissolved Mn(II) to 
partieulate Mn(IV) oxides. Data can be modeled (Moffett 1994a) by a set of chemical 
reactions and rate equations in which Ce(III) in solution is first rapidly adsorbed to 
Mn(IV) oxide particles and then slowly microbially oxidized to particulate Ce(IV). In 
a study of Chesapeake Bay, Moffett (1994b) showed that the rate of Ce oxidation was 
several orders of magnitude higher during the warm summer months than in the cold 
winter months. "The seasonal differences probably reflect strong seasonal variations in the 
abundanee of Mn-oxidizing bacteria . . . .  The specific rates of oxidation for both elements 
(Ce and Mn) were over 1000 times higher than those measured in the Sargasso Sea. 
However, the specific rates for Ce(III) and Mn(II) were similar to each other. This faet, 
coupled with similar spatial and temporal trends for specific oxidation rates, suggests a 
common mechanism of oxidation of both elements which may be significant in a wide 
range of marine environments" (quote from abstract of Moffett 1994b). 

Masuzawa and Koyama (1989) reported positive Ce anomalies on settling particles 
collected in sediment traps deployed in the Japan Sea. They noted a strong relationship 
between excess (excess being that quantity over and above that contained in detrital 
minerals) solid phase Ce and Mn concentrations and suggested that the formation of 
particulate Mn(IV) oxides is a key process responsible for the preferential removal of Ce 
from the water column. 

6.6.2. Ce redox chemistry in deep waters 

The oxidative removal of Ce from the deep ocean has been addressed in several studies 
(Elderfield 1988, Bertram and Elderfield 1993, German et al. 1995). As briefly mentioned 
earlier in this section and illustrated in figs. 14 and 31, the deep waters of the Pacifie 
Ocean have a more negative Ce anomaly than do the deep waters of Atlantic Ocean. 
German et al. (1995) compiled all the existing data for Ce anomalies of deep waters 
(<1000m) of the Atlantic, Pacific and Indian Oceans and plotted these values against 
silica concentrations (fig. 32). To quote German et al. (1995), "A trend of more negative 
Ce anomaly with increasing dissolved Si concentrations is seen, indicating progressive 
Ce fractionation along the flow direction of oceanic deep waters. Because fractionation 
of dissolved Ce from its trivalent REE neighbors can only be effected by oxidation of 
dissolved Ce 3+ and precipitation of some insoluble Ce(IV)-oxide phase, the observed trend 
in Ce/Ce* values provides evidence that dissolved Ce 3+ oxidation occurs over the mixing 
time of the deep oeean.". From an earlier compilation of the same data Elderfield (1988) 
estimated that the oxidation rate of Ce(III) in the direction of deep water flow was similar 
in magnitude to the input rate of dissolved Ce(III) from the rivers. One cautionary remark 
with respect to interpreting the trend of fig. 32 is the fact that the Ce anomaly only 
decreases by a small (0.10 to 0.05) amount over the major part of the deep-water transport 



MARINE CHEMISTRY AND GEOCHEMISTRY OF THE LANTHANIDES 571 

0.25 

0.20- 

0.15- 
0 

0 0.10- 

0.05 - 

0.00 
0 

I 1 I 

0 

0 

0 0 

0 0 

® 

• ~ A • 
• 0 AA'AA 

i i I 

50 100 150 20, 
Si (gmol/kg) 

Fig. 32. Plot of Ce/Ce* vs. dissolved Si concentrations from the North Atlantic Ocean (open circles, Greaves 
et al. 1991, Mitra et al. 1994); from the southeastern Atlantic Ocean (solid circles, German et aI. 1995); from 
the Indian Ocean (open triangles, Bertram and Elderfield 1993); and from the Pacific Ocean (open diamonds, 
Piepgras and Jacobsen 1992). Linear regression of the data (excluding AABW-influenced southeastern Atlantic 
bottorn waters) yields the equation Ce/Ce* = 0.136 - 0.000463 [Si] (r 2 = 0.67). From German et al. (1995). 

path. The different ocean basins have a cluster of data points along the trend. German et 
al. (1995) have measured and ealeulated the end-member Ce anomalies of the major deep 
water masses; the North Atlantic Deep Water and the Pacific Deep Water, for example, 
have values of 0.12 and 0.06 respectively. It is a tribute to their analytical methods, that 
small differences in inter-ocean composition can be measured. 

Ce-anomaly data presented by Bertram and Elderfield (1993) are shown in figs. 23 and 
24. These two figures demonstrate that the majority of ocean samples (surface and 
deep) have anomalies below 0.5 with no correlation between Ce concentration and the 
Ce anomaly. The histogram in fig. 25 shows the distribution of values in the three 
oceans. Bertram and Elderfield (1993) concluded that the average Ce anomalies of deep 
waters decrease in the following sequence: Atlantie (0.16i0.05)> Indian (0.09+0.02) 
and Pacifie (0.08+0.03). They also noted that the anomaly values of rivers (0.3-1.2) are 
more positive than those of surface seawater which, in turn, exceed those of deep waters. 
Henee, there is large scale oxidative removal of dissolved Ce(III) from the upper oceans 
and additional removal along the flow of deep water between the ocean basins. 

6.7. The Nd and Ce isotopic composition of the oceans 

The objective ofthis section is to provide a short overview of the Nd isotopic composition 
of the oceans. Nd isotopes have been applied to a large fange of problems in earth science 
(see books by Henderson 1984 and Taylor and McLennan 1985). When combined with 
the signature of lanthanide concentrations, the Nd isotopie composition of rocks and 
minerals is an exeellent indicator of differentiation and chemical evolution of the earth 
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and of the provenance and age of detrital minerals. The study of Nd isotopes in river and 
seawater naturally evolved from studies on the geochemistry of petrogenesis (Goldstein 
and Jaeobsen 1987, 1988b). This evolution was driven, in part, by the development of 
analytical methods. Articles by Piepgras and Jacobsen (1988), Bertram and Elderfield 
(1993) and Jeandel et al. (1995) provide a good background and discussion on the subject 
of the Nd isotopic composition of the oceans. 

A suite of publications describing Nd isotopes in seawater followed the first rneasure- 
ments by Piepgras et al. (1979). These works include Andersson et al. (1992), Bertram 
and Elderfield (1993), Elderfield (1988), Henry et al. (1994), Jeandel (1993), Jeandel et 
al. (1995), Piepgras and Jacobsen (1988), Piepgras and Wasserburg (1980, 1982, 1983, 
1985, 1987), Piepgras et al. (1979), Shimizu et al. (1994), Spivack and Wasserburg 
(1988) and Stordal and Wasserburg (1986). The studies by Goldstein and Jacobsen 
(1987, 1988b) are key ones with respect to the Nd isotopic composition of river water. 
Isotopic measurements of Mn nodules, sediments and dust also contribute greatly to out 
understanding of the Nd isotopic composition of seawater (e.g., Albarède and Goldstein 
1992, Alpin et al. 1986, Frost et al. 1986, Goldstein and O'Nions 1981, Goldstein et al. 
1984, Jones et al. 1994, McLennan et al. 1990, Naki et al. 1993, O'Nions et al. 1978). 
Papers on sedimentary phases will not be discussed. 

Nd isotopie composition measurement of seawater is difficult. Diffieulties arise from 
the need to collect high-precision Nd isotope ratios on samples with only a small amount 
o fNd (approximately 2 ng per kg of seawater vs. 40 gg Nd per gram of continental crust). 
Typically, the lanthanides are extracted and pre-concentrated from 10-30kg samples of 
seawater, and Nd is separated from its neighbors. The 143Nd/144Nd ratio is measured by 
thermal ionization mass spectrometry (e.g., Piepgras et al. 1979, Piepgras and Jacobsen 
1988, Bertram and Elderfield 1993). 

Isotopic fractionation of Nd occurs within rocks. One of the isotopes of Sm, 147Sm, 
undergoes alpha deeay (half-life of 1.06 x 1011 years) to l•3Nd. Because of fractionation 
within the earth, different rocks have evolved with different ratlos of Sm to Nd. 
Fractionation of lanthanides during the crystallization of rock has segregated materials 
into light depleted oceanic mantle and light enriched continental crust, each with 
distinctive Sm/Nd and ages. Hence, the combination of radioactive decay and source 
rocks with different Sm/Nd leads to rocks with different Nd isotopic compositions or 
different ratios of radiogenic 143Nd to non-radiogenic 144Nd. The isot0pic composition 
(143Nd/144Nd) variations are expressed as 

e n t ( 0 )  = 

143Nd/144Nd) ) 
meas. __ 1 × l 0 000, 

0.512636 

where 0.512636 is the present-day value for CHUR (Chondritic Uniform Reservoir). 
Oceanic crustal rocks are charaeterized by positive eNä values (0 to + 10). In marked 

contrast, the eontinental crust has negative values (-10 to -30). Hence, the weathering 
of different rock types delivers Nd, in dissolved and particulate river matter, with 
regionally distinct isotopic compositions (Goldstein and Jacobsen 1987, 1988b). Rivers 
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and Elderfield (1993). 

draining into the Atlantic Ocean have been estimated to have a weighted average of 
eNd(0)=--10.8 to -12.6 while values for rivers draining into the Pacific are rauch lower, 
-2 .9  to -3 .7  (Goldstein and Jacobsen 1987). Rivers entering the Indian Ocean have an 
intermediate averaged composition (-9). Dissolved matter and particulate matter in rivers 
are isotopically similar. The regional differences in source composition reftect the relative 
importance of continental and oceanic crust weathered around each ocean basin. For 
example, the Pacific Ocean receives river water draining both old continental crust of 
China (eNd(0) ~ -- 10 to -- 12) and young volcanic islands (e.g., Japan, Philippines) with 
positive values of end(0). Rivers entering the Atlantic Ocean drain old continental crust, 
an extreme example being the -20  values reported for eNd(0) of Baffin Bay in Canada 
(Stordal and Wasserburg 1986). 

The major observation is that each major ocean basin is characterized by a distinct Nd 
isotopic composition. There is some overlap in deep waters due to mixing of water masses. 
The averaged values of Atlantic, Indian and Pacific Ocean are -12,  - 8  and -3  (Piepgras 
et al. 1979, Piepgras and Wasserburg 1980, 1983, Piepgras and Jacobsen 1988, Bertram 
and Elderfield 1993). This inter-ocean difference is presented in histograms for surface 
and deep waters (fig. 33). The isotopic composition of seawater reflects the averaged Nd 
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isotopic composition of dissolved river Nd entering the three ocean basins; the eNä values 
are estimated to be -12.6, -8.7 and -2.9 respectively (Goldstein and Jacobsen 1987, 
1988b). Hence, the inter-oceanic variation can be qualitatively explained by variations in 
Nd isotopie eomposition of river waters which, in turn, reflect the isotopic composition 
of the land masses being weathered. 

In order to maintain inter-ocean differences in Nd isotopie composition, the ocean 
residence time (replacement time) of dissolved Nd taust be shorter (i.e., <1000years) 
than the mixing time of the ocean water. In this regard, it is instructive to compare the 
Nd and Sr isotopic composition of the õceans. In marked contrast to Nd, the Sr isotopic 
composition of seawater is exactly the same in all three ocean basins even though the 
river sources to each ocean are isotopically different in both Sr and Nd (Goldstein and 
Jacobsen 1987). Because Sr has a very long (~106 years) residence time relative to the 
mixing time of the oceans, the Sr isotopic composition of the oceans is uniform. 

A fundamental dilemma arises when trying to reconcile the inter-ocean variations in 
the isotopic composition of Nd with the estimated long oceanic residence time of Nd 
(Goldstein and Jacobsen 1987, Bertram and Elderfield 1993). Goldstein and Jacobsen 
(1988b) calculated a 7100 year ocean residence time based on the effective river water flux 
of Nd. The effective flux is the total dissolved river flux minus the removal of dissolved 
Nd during estuarine mixing. The authors employed a 70% removal in their calculations. 
An earlier estimate of the oceanic residence time of Nd by Elderfield and Greaves (1982) 
yielded a value of about 4400 year. This value, based on an effective river flux, is derived 
using a river dissolved Nd concentration of 1010 pmol/kg, a value which greatly exceeds 
the 280 pmol/kg world river average value used by Goldstein and Jacobsen (1988a). On 
the good assumption that the latter is a better estimate, the 4400 year Nd residence time 
of Elderfield and Greaves (1982) would increase to l 5 000 years. Hence, it appears, based 
soMy on river input of dissolved Nd, that the oceanic residence time of Nd (and other 
lanthanides) greatly exceeds the 500-1000 year mixing time of ocean water. 

Jeandel et al. (1995) concluded that 50% of the particulate Nd leaving the surface is 
remineralized back to the deep waters and estimated a "scavenged Nd residence time 
of approximately 1900 y . . .  ". They reached these conclusions from a vertical transport 
model which used their measurements of the Nd isotopie composition of small suspended 
particles and large sinking partieles in the Sargasso Sea. The uptake of Nd onto 
the surfaces of suspended particles and the reversible exchange of Nd during the 
remineralization of sinking particles was used by these authors to explain Nd isotopic 
variations within the water column of the Sargasso Sea and between the three ocean 
basins. 

Goldstein and Jacobsen (1987, 1988b) concluded that an additional source of Nd to 
the oceans is required in order to lower the residence time by a factor of about 10 
and maintain the inter-oeeanic variations in the Nd isotopic eomposition. The missing 
source(s) of Nd to the three oeeans would need to be isotopically different, like those of 
the averaged river fluxes. The authors argued that neither hydrothermal nor atmospheric 
sources are quantitatively important, leaving the dilemma unresolved. Estimates of 
atmospheric fluxes resulted in only a doubling of the total dissolved Nd flux to the 
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oceans (Sholkovitz et al. 1993, Greaves et al. 1994). As pointed out by Goldstein and 
Jacobsen (1987), Naki et al. (1993) and Jones et al. (1994), dust reaching the North 
Pacific Ocean is derived mainly from the continental soils of China and, as a consequence, 
has an Nd isotopic composition (eNd ~--10) which is quite different from that ocean's 
composition (-2 to -5). These authors concluded that dissolution of Nd from Asian 
dust is not a quantitatively important process. Furthermore, Jones et al. (1994) disagreed 
with the conclusion of Albarède and Goldstein (1992) that the Nd isotopic composition 
of the oceans is controlled by the release of Nd from eolian detrital sediments. From 
their detailed synthesis of the processes responsible for the Nd isotopic composition of 
the Pacific Ocean, Jones et al. (1994) argued that neither the dissolution of Asian dust 
reaching the central Pacific Ocean nor dissolution of margin sediments from volcanic 
islands are important sources of dissolved Nd to the North Pacific. Reeently, Bertram 
and Elderfield (1993) constructed a seven-box model for the Nd isotopic composition of 
the oceans. They concluded that ". . .  interoceanic variations in neodymium compositions 
and Nd concentrations cannot be reconciled unless particle-water exchange is invoked, 
unless inputs to the oceans are much larger than currently envisioned." Based on estuarine 
studies, Sholkovitz (1993, 1995) suggested that the release of Nd from coastal estuarine 
sediments may be a major unrecognized source of dissolved Nd to the oceans; this 
explanation was also invoked by Jones et al. (1994). However, there are no reliable 
estimates of sedimentary fluxes of dissolved Nd. The sources and processes maintaining 
inter-ocean differences in Nd isotopic composition require further quantification. In 
particular, studies in the western North Pacific Ocean are important as this is a region 
with high weathering rates and isotopically different sources. 

Many studies have applied inter-ocean differences of Nd isotopes as tracers for 
global or basin-wide ocean circulation. Key references include Bertram and Elderfield 
(1993), Elderfield (1988), Jeandel (1993), Piepgras and Jacobsen (1988), Piepgras and 
Wasserburg (1980, 1982, 1983, 1985, 1987), and Piepgras et al. (1979). By way of 
example, the radiogenic signature of North Atlantic deep water can be used to trace deep 
and bottom water circulation through the southern oceans and into the Pacific Ocean. On a 
smaller scale, there is vertical structure in the Nd isotopic composition of seawater within 
individual profiles. This structure has been interpreted to reflect the different sources of 
water (e.g., Piepgras and Jacobsen 1988). This point is illustrated in sect. 6.2 in which a 
case study of the western North Pacific Ocean is presented (fig. 21). 

There is a small and emerging literature on the isotopic systematics of Ce in the 
oceans. Elderfield (1992), in a short overview of this subject, raises points of concern 
with respect to interpreting the isotopic data. Recently, Shimizu et al. (1994) presented 
data on the Ce isotopic composition of the oceans. An earlier paper from the same group 
reported on the Ce isotopic composition of ferromanganese nodules (Amakawa et al. 
1991). The La-Ce isotopic system is based on the decay of 138La to 138Ce with a half- 
life of 2.5x 10 l~ years. Hence, the application behind the Ce isotopic system is similar 
to that of  the Nd isotopic system. For example, as with Nd and Sr isotopes, continental 
and ocean crust have different Ce isotopic compositions. In principle, these differences 
can be exploited as a new indicator of the sources of lanthanides (Ce) to seawater and 
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to authigenic minerals such as in Mn nodules. Because the redox shift of Ce makes 
this lanthanide more mobile than the others, the Ce isotopic composition should help 
to constrain the source and cyeling of Ce in the oceans. In practiee, the measurement 
of the Ce isotopic composition of seawater is more difficult than that of the Nd isotopes 
(Shimizu et al. 1994). Given the small number of papers on this subjeet, this article will 
not provide a fuller discussion of Ce isotopes. 

In summary, the distinct Nd isotopic composition of the major ocean basins and the 
rivers feeding these basins make Nd unique amongst other tracers. This feature has been 
exploited as provenance indicators of wind- and ocean-borne sediments, as tracers for 
water circulation within and between ocean basins and as probes for particle-solution 
interactions in seawater. Reliable values for ocean residence times of the lanthanides 
are still needed. The inter-oceanic differences in Nd isotopic composition suggest short 
residence times whereas river/estuarine studies points to long residence times. This 
dilemma has lead to the hypothesis that Nd (and other lanthanides) are being added to 
the oceans from the sediments. 

7. Lanthanide cycling in anoxic marine basins, pore waters and hydrothermal 
waters 

7.1. Anoxic marine basins 

Redox potential (oxidation-reduction) is considered a master variable with respect to 
controls on the concentration and speciation of many trace elements in natural waters 
(Stumm and Morgan 1981). Shifts between oxic, suboxic and anoxic conditions represent 
orte of nature's most dramatic chemical variations. The response of lanthanides to 
variations in redox conditions has been studied in many of the world's classic anoxic 
and suboxic basins. These inelude: (1) the Black Sea (German et al. 1991, Schijf et al. 
1991, 1994, Schijf and De Baar 1995), (2) Saanich Inlet (Canada) (German and Elderfield 
1989), (3) Chesapeake Bay (Sholkovitz and Elderfield 1988, Sholkovitz et al. 1992), 
(4) the Cariaeo Trench (De Baar et al. 1988), (5) the Mediterranean Sea (Schijf et al. 
1995) and (6) the northwest Indian Oeean (German and Elderfield 1990). The latter two 
regions are located on ocean shelves while the first three basins are estuarine and coastal. 
Data from the papers cited above are compiled in table A12. 

The objective of this section is to describe the major features of lanthanides in the 
water column of anoxic basins and briefly discuss the mechanisms responsible for spatial 
and temporal variations. Two examples will be used, the Black Sea and Chesapeake Bay. 
The next subsection on lanthanides in pore waters follows naturally in that many of the 
processes operating in anoxie water columns occur in marine sediments. 

The following features emerge from all studies oflanthanides in anoxic marine basins: 
(1) The transition from oxic to anoxic conditions results in large increases in 

the dissolved coneentrations of all lanthanides. Sharp gradients develop across 
oxic/anoxie boundaries. 
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(2) The increase in concentration between oxic and anoxic waters is accompanied by 
large scale fractionation of the trivalent-only lanthanides. Although these elements 
have no redox chemistry of their own, their absolute and relative abundance are 
altered by variations in redox conditions, in particular the cycling of iron and 
manganese. 

(3) Cerium, with its own redox chemistry, undergoes extensive fractionation between 
oxic and anoxic waters. Ce is preferentially released to anoxic water as it is reduced 
from particulate Ce(IV) to dissolved Ce(III). Hence, large Ce anomalies develop 
across redox boundaries. 

(4) A time-series study of Chesapeake Bay demonstrated that the dissolved lanthanides 
have a large seasonal cycle in both the water column and pore water in response to 
the development of anoxia in the spring and reoxygenation in the fall (Sholkovitz et 
al. 1992). Short-term variations in fractionation accompany the release and removal 
of lanthanides from the water column under seasonally-varying redox conditions. 

Before presenting two case studies, it is instructive to consider De Baar et al.'s (1988) 
geochemical cycle for lanthanides in anoxic basins. They proposed that the oxides 
of Fe and/or Mn scavenge dissolved lanthanides from oxic seawater, transport them 
downward on sinking particles and release them to suboxic and anoxic waters as the 
oxides themselves are reduced to dissolved Fe(II) and Mn(II). Hence, the strictly-trivalent 
lanthanides are coupled to the active redox chemistry and cycles of Fe and Mn. In the 
De Baar et al. (1988) model, fractionation occurs during the redox cycling of Fe and Mn 
because the heavier lanthanides form stronger complexes with ligands in solution leaving 
the lighter lanthanides preferentially adsorbed to the oxide surfaces. This difference in 
binding of lanthanides to the surface of oxide particles is critical in that it results in 
the preferential removal of dissolved light lanthanides above the oxic/anoxic boundary 
and their preferential release below the boundary. In essence, there is a distillation of 
lanthanides driven by a combination of solution chemistry and the formation, transport 
and dissolution of Fe/Mn oxides in anoxic basins. 

Figure 34 (from German et al. 199 l) shows a series of vertical profiles from the Black 
Sea where the dissolved oxygen concentration reaches undetectable values at 90-100 m. 
Note the large gradients in dissolved Fe and Mn across the oxic/anoxic boundary. The 
production of high concentrations of hydrogen sulfide in the anoxic waters results in the 
removal of dissolved Fe as insoluble iron sulfides; the formation of particulate Mn oxides 
in the water column above the oxic/anoxic boundary (not shown) is a prominent feature of 
the profile. As illustrated with Nd and Er, the concentrations of strictly-trivalent dissolved 
lanthanides decrease slightly from the oxic surface waters to the anoxic boundary and 
then increase markedly (3-to-4-fold) across the oxic/anoxic boundary. The decrease in 
the upper region is attributed to the scavenging of dissolved lantbanides by Mn oxide 
particles. The large increase in anoxic waters is attributed to the release of Mn oxide- 
bound lanthanides as this carrier phase is reduced to soluble Mn(II). Different opinions 
have been published as to the relative importance of the Mn and Fe cycles on the 
lanthanide cycles in anoxic basins (Sholkovitz 1992a, German et al. 1992). Nevertheless, 
the main conclusion remains that the distribution and cycling of the lanthanides are closely 
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Fig. 34. Vertical profiles of dissolved trace metals at station BS3-6: (a) Mn and Fe (data from Lewis and 
Landing 1991); (b) Ce, Nd, and Er; (c) the Ce anomaly: Ce/Ce* (after De Baar et al. 1985a) and Er/Nd. The 

dashed line represents the depth of the sulfide interface. From German et al. (1991). 
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Fig. 35. Concentration of dissolved oxygen, and dissolved Fe, Mn, and Ce in the bottom water (28m) as a 
function of time for the CHEER time-series study of Chesapeake Bay. From Sholkovitz et al. (1992). 

associated with the redox cycles of Mn and/or Fe. The depth plot of the Nd/Er ratio 
exhibits extensive fractionation as lanthanides are removed from the oxic waters and 
released to anoxic waters. The Nd/Er ratio increases 3-to-4-fold across the boundary and 
into the upper part of the anoxic water column. This change reflects the preferential release 
of the lighter lanthanides in anoxic waters. As shown by German et al. (1991) (their fig. 2), 
the shape of the shale-normalized patterns also changes from the oxic upper waters to the 
lower anoxic waters. The former are strongly heavy-lanthanide enriched (as is typical of 
ocean water) and the latter are flatter in response to the preferential release of the lighter 
lanthanides. Hence, fractionation within the trivalent lanthanides is such that the extent of 
release increases from Lu to La (light > middle > heavy). This observation is consistent 
with the fractionation model described earlier in this section. 

Chesapeake Bay, with its seasonally anoxic deep waters, is an excellent natural 
laboratory to study the coupling between redox conditions and lanthanide cycling. Vertical 
profiles of other anoxic basins have only yielded a snap-shot of dynamic geochemical 
and physical systems. Sholkovitz et al. (1992) carried out a time-series sampling study 
(called CHEER) of orte deep basin in Chesapeake Bay in order to document the response 
of lanthanides to seasonally-varying redox conditions. Their bottom water data are 
presented in figs. 35-37, and their pore water data are discussed in the next section. 
The dissolved oxygen time series in fig. 35 shows that the bottom waters go anoxic in 
the summer and are reoxygenated in the fall. The dissolved concentrations of elements 
with a redox chemistry, Fe, Mn and Ce, all exhibit large increases as anoxia develops 
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Fig. 36. Concentration of dissolved Ce, Nd, Eu, and Yb in the bottom water (28 m) as a function of time for 
the CHEER time-series study of Chesapeake Bay. From Sholkovitz et al. (1992). 

and sharp decreases during reoxygenation. As illustrated for Nd, Eu and Yb in fig. 36, 
the strictly trivalent dissolved lanthanides also show well-developed seasonal cycles. Their 
concentrations increase in response to anoxia and decrease with reoxygenation in the fall. 
The closure on the year time seiles is excellent. There is a very high correlation between 
the time-series cycles of dissolved Fe and the lanthanides. It appears that iron oxide phases 
are controlling the release and removal of dissolved lanthanides in association with the 
seasonal redox cycle of iron. 

Large scale fractionation accompanies the seasonal cycle of the dissolved lanthanide 
concentrations in Chesapeake Bay. This is illustrated in fig. 37 which presents the 
time seiles of the Nd/Yb ratio for bõttom waters (and upper pore waters). This 
light to heavy lanthanide ratio increases in the spring and is followed by an equally large 
decrease in the fall. At its maximum in the summer, the Nd/Yb ratio is three times greater 
than its winter baseline ratio. Hence, the lighter lanthanides are preferentially released in 
the spring and summer and then preferentially removed in the fall. 

Shale-normalized patterns quantify the extent of fractionation during periods of anoxia 
as illustrated by the water column data collected from different depths of Chesapeake 
Bay on 26 July 1988 (fig. 38). The oxic surface watet exhibits a heavy-enrichment and 
large negative Ce anomaly while anoxic bottom water has an almost flat pattern and 
a small negative Ce anomaly. Hence the lanthanide compositiõn shifts away from the 
heavy-enriched pattern of oxic seawater toward one that is more crust-like. As redox 
conditions become more reducing, the relative order of trivalent lanthanide release to the 
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et al. (1992). 

deep watet is light > middle > heavy. The top plot in fig. 38 shows that the anoxic waters 
relative to oxic surface watet are systematically and progressively enriched toward the 
light trivalent lanthanides. Lu concentrations barely increase whereas La is ten-fold higher 
in the anoxic waters. During reoxygenation in the fall the order of  lanthanide removal from 
the deep waters remains the same, light > middle > heavy. After reoxygenation in the fall, 
the shale pattern returns to that of  oxic seawater. This type of  fractionation is consistent 
with the model of  De Baar et al. (1988) in which the formation of  oxides o f  Fe and 
Mn preferentially removes the lighter lanthanides from oxic seawater and the reductive 
solubilization of  these oxides releases this fractionated composition to anoxic waters. 

Ce anomalies are major features of  anoxic basins. The Black Sea Ce anomaly 
has two sharp gradients, one between the oxic surface waters and the anoxic/oxic 
boundary and one across the anoxic/oxic boundary (fig. 34). The first gradient reflects 
the preferential removal o f  dissolved Ce by the formation of  Mn oxide particles above 
the anoxic boundary. This removal includes both the oxidation of  dissolved Ce(III) to 
particulate Ce(IV) and the adsorption of  Ce(III) onto oxide surfaces. These processes 
lower the Ce anomaly to 0.1, a value much smaller than that of  the surface watet (0.6). 
The second gradient is extremely large, Õ.l-l .0,  and reflects the preferential release of  
dissolved Ce to the anoxic waters. This release is driven by the reduction of  Ce(IV)- 
enriched oxide particles and by the release of  Ce(III) bound to dissolving oxide particles. 
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Fig. 39. Temporal variation of the 
Ce anomaly in the bottom water and 
upper porewater for the CHEER time- 
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In Chesapeake Bay there are large seasonal variations in the Ce anomaly as illustrated 
in fig. 39 reproduced from Sholkovitz et al. (1992). The bottom waters exhibit a 
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three-fold change in response to seasonal anoxicity. The anomaly increased from 
0.28 in February 1988 to a maximum of 0.80 in August. By October the Ce anomaly 
had returned to 0.29. Even though the bottom waters remain anoxic for about I00 days in 
the summer, the Ce anomaly levels offbetween 0.7 and 0.8 and never exeeeds 1 over this 
period oftime. The snap-shot of the Bay on 26 July 1988 shows the shift from Ce-depleted 
oxic surface waters to anoxie deep waters which have become preferentially enriched in 
Ce compared to La and Nd (fig. 38). 

In summary, the Chesapeake Bay time seiles demonstrates the large dynamic range 
over which the Ce anomaly can vary in response to seasonal anoxia. The concentration 
and composition of the strictly-trivalent lanthanides are sensitive to redox conditions. 
Concentrations increase under anoxic conditions. The lanthanides undergo an active 
geochemical cycle in anoxiß marine basins in association with the redox cycles of Mn 
and Fe. Extensive fractionation occurs as dissolved lanthanides and Ce are released to 
anoxic waters and removed from oxie waters. To date, models of lanthanide cycling 
and fractionation in anoxic marine basins are qualitative. There has been no attempt 
to merge (1) the solution/surface chemistry of the lanthanides, (2) the redox cycling 
of Mn and Fe and (3) the physical dynamics of anoxic watet columns. Lanthanide 
modeling for permanently and seasonally anoxic basins is a challenging future task. The 
required kinetic model would go beyond the equilibrium type models currently available 
for lanthanides in oxic seawater. The complexity of coastal anoxic basins makes such 
modeling difficult. Models of lanthanide cycling and fraetionation would provide a great 
leap forward in understanding the coupling between basic chemistry and natural water 
chemistry. 

7.2. The lanthanide composition of marine pore waters 

What are pore waters and why are their compositions important with respect to the marine 
geochemistry of the lanthanides? The term "pore waters" (or alternatively, interstitial 
waters) refers to the waters contained within the pores of sediments. Pore waters are 
extracted by different types of procedures. Centfifugation and squeezing of sediments 
are two common methods. The latter is aecomplished by using hydraulie systems or 
gas pressure systems. In all methods the extraeted waters are rapidly filtered (typically 
0.22 or 0.45 [xm pore size) to yield dissolved matter for analysis. 

The reason that the chemical composition of pore waters is studied is that these 
fluids are sensitive indicators of post-deposition reactions occurring in sediments (i.e., 
diagenesis). Given the high weight ratio of sediment to pore watet, pore water composition 
is a more sensitive indicator of reactions than solid phase compositions. Hence, an 
increase of pore water concentrations reflects the diagenetic degradation of organic and 
mineral marter. Likewise, a depletion in concentrations ean reflect processes such as in- 
situ formation of minerals, adsorption and consumption. This view is a simplified one; 
in practice the variations in pore water eomposition and concentrations are controlled 
by a complex set of reactions involving many types of solid phases, bacterially-driven 
decomposition of organic matter and water transport. Most studies of pore waters focus 
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on vertical profiles. Not only do concentration profiles provide information about the 
progression of diagenetic reactions upon burial of sediment, but they allow geochemists 
to determine the flux of elements across the sediment/water interface. Gradients in pore 
water concentrations are needed to ealculate the rate and direction of trace element 
transport between seawater and sediments. Hence, pore water studies provide data critical 
to quantifying one part of the marine geochemical cyele of the lanthanides. 

As described in sect. 3, small sample volumes (usually 10-50tal) and low concen- 
trations make it extremely difficult to measure the lanthanide concentrations of pore 
waters. Just as lanthanide concentrations in the watet column increase several-fold under 
conditions of low or no oxygen, lanthanides in pore waters respond to redox eonditions. 
There are a small number of studies of lanthanides in pore waters and they focus 
on sub-oxic and anoxic environments of estuaries and coastal regions. These include 
Chesapeake Bay (Sholkovitz and Elderfield 1988, Sholkovitz et al. 1992); Buzzards Bay 
(Elderfield and Sholkovitz 1987, Sholkovitz et al. 1989) and Saanich Inlet (German and 
Elderfield 1989). The first published paper on lanthanides in pore waters is less than a 
decade old (Elderfietd and Sholkovitz 1987). All the above studies used ID-TIMS as the 
method of analysis. Pore water data are compiled in table A13. 

There is only one paper with data on the pore water composition of deep ocean 
sediments deposited under oxygenated water (Ridout and Pagett 1984). This paper mostly 
deals with extraction methods and provides poorly documented lanthanide data for a 
single sample. It is fair to state the lanthanide composition and chemistry of oxic marine 
sediments is unknown. 

Three major observations emerge from the studies of pore waters in anoxic or sub-oxic 
basins. Each of the following points will be briefly expanded upon in this section. 

(1) Sub-oxic and anoxic conditions in the sediments lead to lanthanide concentrations 
which are significantly higher than those of seawater in the overlying oxic water 
column. 

(2) There is a large degree of fractionation across the trivalent lanthanides during their 
diagenesis. 

(3) Cerium concentrations are preferentially enriched as this element has a redox 
chemistry in natural waters. 

Pore water results from a 72 cm sediment core from Buzzards Bay (MA, USA) provide 
good examples of the main features outlined above (Sholkovitz et al. 1989). This profile 
(not reproduced here) shows that there is a large enrichment of the all lanthanide elements 
in the upper half of the profile followed by the preferential removal of light and middle 
lanthanides in the lower part of the core. The diagenetic release in the upper half 
is also accompanied by the preferential release of the light and middle lanthanides. 
Hence, there is active diagenetic chemistry with fractionation occurring during the release 
and removal stages. Nd, for example, increases 16-fold in the upper half of the core 
(fi'om 77pmol/kg in the 14m water column sample to about 1200pmol/kg for the 
40 cm pore water). Nd then decreases to about 500pmol/kg at 72 cm. The mole ratio 
of Nd/Yb, indicative of fractionation between the light and heavy lanthanides, varies by 
a faetor of 2-3 over this core. The Nd/Yb ratio increases from 5-7 in the oxic water 



400 

I I I I 

300 

200 

100 

3800 I I I I I 

Ce 

/ 
F~  

Mn 

I 
60 120 

MARINE CHEMISTRY AND GEOCHEMISTRY OF THE LANTHANIDES 585 

3000 

2000 

'o 

1000 

O0 180 240 300 360 42~ O0 

Time in Days from 1 Jan, 1988 

Fig. 40. Concentration of dissolved Fe, Mn, and Ce in the upper porewater (0-1 cm) as a function of time for 
the CHEER time-series study of Chesapeake Bay. From Sholkovitz et al. (1992). 

column to a maximum of 13 in the 25 cm anoxic pore water; with further diagenesis 
this ratio returns to 6 at 72 cm. With a 31-fold increase in concentration over 40 cm, Ce 
undergoes a greater degree of remobilization than the other lanthanides. The shift from a 
negative (0.68) Ce anomaly in the water column to positive values (1.2-1.8) in the pore 
waters indicates that Ce is being preferentially remobilized as a results of the reduction 
of particulate Ce(IV) to dissolved Ce(III). 

A strong seasonality was also observed for the pore water composition of upper 
(0-1 cm) Chesapeake Bay sediments (figs, 3941) .  For example, the Nd concentration 
of surface pore water increases 6-fold as anoxic conditions develop in the spring and 
summer and then decreases markedly and rapidly during the reoxygenation of the 
Bay's bottom waters in the Fall. During the summer Nd pore water concentrations are 
10-fold larger than those of the bottom waters, reflecting the sensitive response of pore 
water composition to varying redox conditions. The Bay's bottom waters exhibit a tight 
correlation between lanthanide and Fe variations (fig. 35). In contrast, variations in the 
lanthanide concentrations of the upper pore water, including those of Ce, lag variations 
of Fe by approximately 50 days (fig. 40). This decoupling between lanthanides and Fe 
in the pore waters is explained in terms of a redox front which moves upward from the 
sediment to the bottom waters in the spring and summer (Sholkovitz et al. 1992). 

Pore waters also exhibit large scale fractionation of lanthanides during release 
and removal processes. This is demonstrated by the time-series variations in Nd/Yb 
ratios (fig. 37). The summertime development of anoxic conditions results in the 
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preferential release of light lanthanides (increasing the Nd/Yb ratio by a factor of 3) to 
the surface pore waters. This fractionation operates in reverse (shown by the decreasing 
Nd/Yb ratio) during the removal of lanthanides from the pore waters in fall and winter. 

In summary, the lanthanides undergo large scale diagenetic reactions under sub- 
oxic and anoxic conditions. Pore watet concentrations increase greatly over those of 
oxic seawater. Large cerium anomalies develop and large scale fractionation occurs as 
the strictly-trivalent lanthanides are added to and removed from pore waters. These 
features develop in vertical profiles within sediments and in surface sediments exposed 
to seasonally varying redox conditions. 

The application of lanthanides as indicators of paleoredox conditions must take into 
consideration their diagenetic chemistry (German and Elderfield 1990). More sensitive 
analytical methods are required befõre the lanthanide pore water chemistry of deep 
ocean sediments can be studied. This research subject is challenging and would provide 
answers to the transport rate of lanthanides across the sediment/water interface in pelagic 
environments. 

7.3. Lanthanides in marine hydrothermal waters 

The venting of hydrothermal waters to the oceans through the seafloor is one of 
the major discoveries in modern oceanography. Hydrothermal systems have allowed 
geochemists to study two fundamental classes of reactions: (1) watet/rock interactions at 
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high temperatures and (2) hydrothermal water/seawater interactions at low temperatures. 
The first type of interaction is more geological in nature, in that hydrothermal fluids have 
reacted with basalt at high temperatures prior to being vented to the oceans. The second 
type of interaction takes place in the ocean as a plume of hydrothermal water mixes with 
bottom water at low temperatures. Both types of interactions produce a suite of reactions 
and products. The systematics of lanthanide geochemistry in both types of hydrothermal 
interactions have been presented in a series of papers. These studies include German et 
al. (1990), Klinkhammer et al. (1983, 1994a,b), Michard (1989), Michard et al. (1983), 
Michard and Albarède (1986), Mitra et al. (1994), Piepgras and Wasserburg (1985), and 
Rudnicki and Elderfield (1993). Concentrations have been measured by both TIMS and 
ICP-MS. Hydrothermal data are compiled in table A14. 

The following points summarize the major observations and conclusions of hydrother- 
mal studies. 

(1) The reactions of magmatic water with basalt lead to hydrothermal fluids with 
lanthanide end-member concentrations which are rauch greater than seawater. For 
example, the average fluid composition reported by Klinkhammer et al. (1994a) 
has lanthanide cõncentrations which are 10-100 times higher than Goldstein and 
Jacobsen's (1988a) average seawater (2.5 km) composition; Eu is 2100 times higher 
in the hydrothermal fluid! 

(2) The lanthanide composition of hydrothermal waters differs significantly from that 
of basalt and seawater. The leaching of lanthanides from basalt results in large scale 
fractionation whereby hydrothermal end-member waters are strongly enriched in 
the light lanthanides and have extremely large positive Eu anomalies. Eu anomalies 
provide unique compositional signatures of hydrothermal waters. These features are 
illustrated in fig. 42 using the data of Klinkhammer et al. (1994a) and German et 
al. (1990). Average fluid composition (Klinkhammer et al. 1994a) is normalized 
to chondrite and seawater and plotted on a log scale. The fluid/chondrite patterns 
are characterized by large positive Eu anomalies superimposed on a systematic 
decrease from La to Er (fig. 42a). The shale-normalized patterns of a TAG 
vent fluid and ambient seawater are strikingly different (fig. 42b). The latter is 
heavy-enriched with a large negative Ce anomaly while the vent fluid is heavy 
depleted with a huge positive Eu anomaly. As concluded by Klinkhammer et al. 
(1994a), "The REE patterns of deep-sea hydrothermal fluids are remarkably similar, 
regardless of seafloor setting." They also concluded that the reaction with MORB 
(Mid-Ocean Ridge Basalt) plagioclase is critical in establishing the fractionated 
composition (including the positive Eu anomalies) of hydrothermal fluids. 

(3) Upon venting to the ocean, there is almost total removal of hydrothermally- 
derived lanthanides (Rudnicki and Elderfield 1993). Dissolved lanthanides of both 
hydrothermal and seawater origin are scavenged by iron oxide particles which 
form when dissolved Fe(II) from reducing venting water oxidizes in seawater. 
There is a strong correlation between particulate Fe and lanthanide concentrations 
(German et al. 1990). The removal of hydrothermally-derived lanthanides in plumes 
over vent sites has been modeled by Rudnicki and Elderfield (1993). Rapid 
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quantitative, near-vent removal of  hydrothermal lanthanides means that this source 
does not affect the lanthanide composition of  the oceans. In fact, formation of  
oxides removes dissolved lanthanides from ambient seawater. Measurements of  
particulate lanthanide concentrations near and above vent sites have been reported 
by German et al. (1990) and Klinkhammer et al. (1994a). As illustrated in fig. 43 
with data from the TAG site in the North Atlantic Ocean, suspended particles in 
plumes (TAG53B sample) have shale-normalized patterns which exhibit heavy- 
enrichment, negative Ce anomalies and positive Eu anomalies. The Eu anomaly 
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indicates a hydrothermal fluid source whiie the first two features indicate a seawater 
source. Hence, plume particles are scavenging lanthanides from both venting 
fluid and ambient seawater. In contrast, particles above the plume at this site 
(TAG53T sample) and other sites have a flat shale pattern indicating the presence 
of continental detrital minerals. 

In summary, extensive research has been carried out on the lanthanide geochemistry 
of marine hydrothermal vent systems. Lanthanides are good indicators of water/rock 
reactions between hydrothermal fluids and basalt, and reactions between Fe oxide particles 
and seawater. While the lanthanides undergo an active geochemical cycle in and above 
venting fluids, this cycle is not quantitatively significant with respect to river water fluxes 
and oceanic cycles and inventory. 
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additive crystal-field model 189 
c~ spectrum, definition 158 
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- shale-normalized lanthanide composition 529 

- of river suspended particles 530 
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vs. salinity 535 

anoxic marine basins 
- Black Sea 576 
- Cariaco Trench 576 
- Ce anomaly 581 

- Chesapeake Bay 576 
- geochemical cycle for lanthanides 577 
- Indian Ocean 576 
- lanthanide cycling 576-583 
- Mediterranean Sea 576 
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atmospheric particles 544 
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252 
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bicapped square prism 186, 211 
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phosphides 

biologically-mediated oxidation of dissolved Ce(III) 
537 

bipyramids 193 
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- Ce anomaly 581 
vertical profiles 577, 578 

Bleaney factors 7 
Born term 186 
Buzzards Bay, pore waters 584 

CCF (correlation crystal-field) 181 
CD (circular dichroism) 233 

COSY (2D NMR spectroscopy) 13 
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diethylacetamido)- 1,4,7,10- 
tetraazacyclododecane 30 
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CaWO 4 126, 212 
cage-type ligands 70 
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isotopic systematics in the oceans 575 

- photoreduction 569 

Ce anomaly 502 
accurate measure 504 

- Amazon River 532 
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- positive 547 
- salinity gradients 536 
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- South Atlantic 567 
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- surface waters 567 
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CeCI 3 450, 453,470 

Ce depletions 524 
CeF 3 444, 447, 448 
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Ce2F6 444, 448 
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Ce(IlI)/Ce(IV) redox potential 501 

Ce(IlI) oxidation 
Chesapeake Bay 569 

- kinetics 526 
- photoinhibition 569 
- Sargasso Sea 569 
- specific rates 570 
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Ce(IV) 501 
Ce isotopic composition of the oceans 571 576 

CeQ solubility 526 
Ce redox chemistry 
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chemical weathering 528 
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Ce anomaly 582, 583 
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586 
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585 
- concentration of dissolved oxygen 579 

lanthanide concentrations 580 
- lanthanide fractionation 580 

pore waters 584 
- seasonally anoxic deep waters 579 
- shale-normalized lanthanide patterns 582 
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chiral shift reagents 55-57 
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2, 2'-bipyridine (bpy) 82, 87, 101 

- 2, 2'-bipyridine-N,N'-dioxide (bpyO2) 85, 92 

diphenyl 100 
1,10-phenanthroline (phen) 83, 92 
phenyl 93, 100 
pyridine 87 

- pyridine-N-oxide 99 

circular dichroism, see CD 
clay-like colloidal particles in rivers 560 
coefficients of fractional parentage 154 
colloid coagulation 528, 535 
competitive solution and surface complexes 

521 
competitive solution/surface complexation 527 

complexation constants 
estimates 

- - M(CO3) 2 formation 508, 509 
MCO;- formation 508, 509 

- MCI 2÷ 5t4 
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complexation of MCO;- 517 
complexation of M(CO 3)~ 517 
complexation of MOH 2 + 517 
complexes of functionalized calix[4,6,8]arenes 

98-102 
complexes of macrocyclic ligands 87-95 
complexes with 1,4,7,10-tetrakis(N,N- 

diethylacetamido)- 1,4,7,10- 
tet raazacyclododecane 29 

complexes with texaphyrins R(tx) 2 + 50 
composite seawater 500 
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C o n d o n - S h o r t l e y  p h a s e  conven t ion  225 

con f igu ra t i on  in te rac t ion  166 

C o n n e c t i c u t  R i v e r  l an than ide  concen t r a t ions  o f  

r ive r  co l lo ids  531 

contac t  sh i f t s  4, 23,  34, 51 

see also L I S  
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151, 152 
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164 
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C s 2 N a R C I  6 :R  3 + 176 

- cub ic  rat io  199, 2 0 1 - 2 0 3 , 2 0 6  

- def in i t ion  o f  B~ 153 

d i f f e r e n c e s  b e t w e e n  p o l y h e d r a  o f  f- and  

d - c o m p l e x e s  170 

- e x p a n s i o n  o f  c rys ta l - f i e ld  potent ia l  143 

- f i t t ing p r o c e d u r e  167 

f r o m  " d e s c e n t  o f  s y m m e t r y "  m e t h o d  169, 

196 

- i m a g i n a r y  p a r a m e t e r s  171 

- in f luence  o f  d i s to r t ions  196, 197 

- LaC13:R 3 * 175 

L a F 3 : R  3 + 175 

- L i Y F 4 : R  3+ 176 

- m a t r i x  e l e m e n t s  152 

- N v 1 8 2  

P C E M  m o d e l  189 

p h e n o m e n o l o g i c a l  164 

R E S  177 

R O D A  177 

- re la t ion  w i t h  coo rd ina t ion  n u m b e r  218 

sens i t i v i ty  172 

- s i g n  190, 215 

- s t r eng th  p a r a m e t e r s  182 

- s y s t e m a t i c  t r ends  173 

t runca t ion  e f f ec t s  169 
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crys ta l - f ie ld  potent ia l  144 
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crys ta l  q u a n t u m  n u m b e r  156, 157 
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c~-EuP 3 304, 305 
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- - C e P  2 302 

- - D y - P  2 9 3 , 2 9 4  

- - E r - P  294 

- - E u - P  292,  293 

- -  EuP  7 309, 310 

Eu3P 2 299, 300 

- - Eu3P 4 301, 302 

- G d - P  293 

- - H o - P  294  

- - L a - P  288 

- - L a P  2 3 0 3 , 3 0 4  

- -  L a P  s 307,  308 

- -  L a P  7 308,  309 

- L u - P  294 

m o n o p h o s p h i d e s  300,  301 

- N ~ P  290, 291 

- - N d P  5 306,  307 
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Sc P 287 

- - Sc3P 295, 296 

- - Sc3P 2 297 299 

Sc7P 3 296,  297  

- - S m - P  2 9 1 , 2 9 2  

s t ructure  types  

- anti-Sb2S 3 298,  299 

- - - ant i -Th3P 4 299,  300 

- - - B a P  3 304,  305 

Cr3C 2 297 

- - - EuP  7 309,  310 

- - - Fe3C 295 

- - - LaP2 303 

- - - LaP  5 307 

- LaP  7 308 

- - - N a C I  300 

- - N d A s  2 302, 303 

- - - N d P  5 306 

Sr3As 4 301 

- - - SrP  3 305, 306 

s y s t e m a t i c s  295 
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c r y s t a l  s t r u c t u r e  a n d  a t o m i c  p a r a m e t e r s  - o f  b i n a r y  

p h o s p h i d e s  - s t r u c t u r e  t y p e s  (cont'd) 
- - - T h 7 F e  3 2 9 6 ,  2 9 7  

- - T b - P  2 9 3  

- - T m - P  2 9 4  

- Y - P  2 8 8  

- - Y b - P  2 9 4  

- o f  q u a t e r n a r y  p h o s p h i d e s  3 1 9 - 3 4 1  

- o f  t e r n a r y  p h o s p h i d e s  3 1 9 - 3 4 1  

- - CeCuI.12PI.97 3 9 1 , 3 9 2  

- C e F e S i  3 8 0  

- - C e N i  5 _ x P 3  3 6 2  

- - C e g N i 2 6 P I 2  3 4 8 ,  3 4 9  

- - C e N i s _ x P  3 ( x = 0 . 1 )  3 6 2  

- - C e P d P  3 7 7  

- -  C e R h 2 P  2 3 8 6  

- C e S i P  3 3 9 3 ,  3 9 4  

- - c l a s s i f i c a t i o n  3 9 5 - 4 0 9  

- E r z C o l 2 P  7 3 5 9  

- E r P d P  3 7 4 ,  3 7 5  

- E r 3 P d v P  4 3 5 1 , 3 5 2  

- E u 2 N a 4 S i P  4 3 8 4  

- E u z P t T A 1 P  3 3 4 4 ,  3 4 5  

- - EuPto.65Pi.35 3 7 6  

- - E u P t l . r z P  z 3 8 0  

- - E u P t 2 P l . 6 z  3 8 1  

- - y - E u P t P  3 7 8  

- H o C o 3 P  2 3 7 1 , 3 7 2  

- - H o s N i I 9 P I 2  3 6 4 ,  3 6 5  

- - H o 6 N i 2 o P I 3  3 6 7  

- - Ho2oNi66P43 3 6 8  

- - L a C o s P  3 3 6 3  

- - L a C o s P  s 3 8 3  

- - L a F e 4 P I 2  3 9 4 ,  3 9 5  

- - L a L i 3 P  2 3 6 9  

- - L a N i 2 P  2 3 8 5  

- - L a N i l o P  4 3 4 7 ,  3 4 8  

- -  L a 2 N i L 2 P  5 3 4 6  

- L a 3 N i l z P  7 3 5 4 ,  3 5 5  

- - L % N i r P 1 7  3 9 2 ,  3 9 3  

- - L a 6 R h 3 2 P t 7  3 5 2 ,  3 5 3  

- - N a 2 E u 3 P 4  3 8 8 ,  3 8 9  

- N a 4 E u 2 S i P  4 3 8 4  

- - N d 2 N i T P  4 3 5 6  

- - N d 3 N i T P  5 3 7 3  

- - P r L i 2 P  2 3 8 7  

- - R - M - P ,  R - M - M ' - P  

- - - R = c e r i u m - g r o u p  r a r e  e a r t h  3 2 0 - 3 3 2  

- - - R = y t t r i u m - g r o u p  r a r e  e a r t h  3 3 2 - 3 4 1  

S c - M - P  3 2 0  

- - S c R u P  3 7 5  

- - S m C u P  2 3 9 0 ,  391  

S m N i 4 P  2 3 5 0 ,  3 5 1  

- SmzoNi41.rP3o 3 5 7  

- - s t r u c t u r e  t y p e s  

- - - A I B  z 3 7 6  

- - C a B e 2 G e ~  3 8 5  

- - C e A 1 2 G  % 3 8 4 ,  3 8 5  

-- - -- C e C u l l z P i . 9 7  3 9 1 , 3 9 2  

- - - C e N i s _ x P  3 3 6 1 - 3 6 3  

- - - C e r N i l s P t o  3 7 4  

C e g N i 2 ~ P l 2  3 4 9  

C e 2 S 2 0  3 8 6  

- C e S i P  3 3 9 3 , 3 9 4  

- E r 3 P d 7 P  4 3 5 1 , 3 5 2  

- - - E u 2 P t T A I P  3 3 4 4 ,  3 4 5  

EuPt2Pi .62  381  

- - - ~ - E u P t P  3 7 8  

G d 4 C o 1 3 ( S i ,  P)9 3 8 0  

- - - H f 2 C o 4 P  3 3 7 4  

- - - H f C u S i  z 3 8 9 ,  3 9 0  

- - - H o C o 3 P  2 3 7 1 , 3 7 2  

- - - H o s N i l g P 1 2  3 6 4 ,  3 6 5  

- - - H o r N i 2 o P l ~  3 6 7  

- - Ho2oNi66P43 3 6 7 ,  3 6 8  

- ( L a ,  Ce) i2Rh3oP21 3 7 2 ,  3 7 3  

- - L a C % P  3 3 6 3 , 3 6 4  

- - - L a C o s P  5 3 8 2 ,  3 8 3  

- - - L a F e 4 P I ~  3 9 5  

- - - L a L i 3 P  2 3 6 9  

- - L a N i l 0 P  4 3 4 7  

- - - L a 2 N i 1 2 P  5 3 4 7  

- - L a 3 N i t 2 P  7 3 5 4 ,  3 5 5  

- - - L a 6 N i 6 P 1 7  3 9 3  

- L a r R h 3 / P 1 7  3 5 3 ,  3 5 4  

- - - N a 6 Z n O  4 3 8 3 ,  3 8 4  

- - N d z N J T P  4 3 5 5  

- - - N d 3 N i T P  5 3 7 2  

- - P b F C I  3 7 9  

- - - ScsCo~gPL2 3 6 5  

- - -  S m s G e  4 3 8 8 ,  3 8 9  

- - - S m N i 4 P  2 3 5 1  

- - Sm2oNi41.rP3o 3 5 6 ,  3 5 7  

- - - S r Z n B i  2 3 9 0  

- - - T b L i C u z P 2  3 6 9 ,  3 7 0  

- - - TblsNi28P21 3 5 9  

- - -  Tb~ x N i P  ( x =  0 . 0 5 )  3 7 8 ,  3 7 9  

- - - T i N i S i  3 7 4  

- - Y C o s P  3 3 6 0 ,  3 6 1  

- Y b r C o 3 o P l 9  3 8 1 , 3 8 2  
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- - - YbCu2P2 387 

- - - YbCu3_~P 2 ( x = 0 . 4 )  371 

- - -  YbPtP 376, 377 

- - - ZrBeSi 377, 378 

- - - Zr2Fel2P 7 359, 360 

- - - ZrFe4Si 2 349 

- - - ZrNiAI 375, 376 

- - - ZrfNi20P13 365-367 

- - - ZrzRhlzP 7 360 

- - TbCu125Pi.75 389, 390 

- - TbNi4P 2 350 

- - TblsNizsP21 358 

- - Tb~_xNiP ( x = 0 . 0 5 )  379 

- - Y-M-P,  Y M - M ' - P  320, 321 

- - YC%P 3 361 

YfNi20PI3 366 

- - Yb6Co30P19 381 ,382  
- YbCu2P 2 387, 388 

- - YbCu3_xP / ( x = 0 . 4 )  370, 371 

YbPtP 377 

- - Zr2Rhl2P 7 360 

crystallographic point symmetry  groups 

CsCel 4 470 

CsDyCI 4 471 

CsDyl  4 472 

CsGdCI 4 471 

CsLaI 4 470 

CsLuCI 4 472 

CszNaEuCl 6 223, 226 

Cs2NaRCI 6 197, 218 
Cs2NaRC16:R 3 + 176 

CszNaTbCI 6 161 

CsNdl 4 470, 480, 484 

CsScC14 469 

CszSc2C18 468, 469 

CsScI 4 464, 470 

CsScI4(g) 464 

Cs2ScCI5 468, 469 

cube 186, 196, 201 ,209 ,  213 

- angular coordinates 202 

cubic angle 195, 199, 208, 210 

cubic symmetry  226 

cuboctahedron 186, 203, 204 

- angular coordinates 204 

dimer gaseous halides 448, 449, 455 

- R2X 6 dimers 437 
dissolved concentrations 503 
dissolved lanthanide concentrations 564 

dissolved Nd concentration vs. salinity 

152 

- Amazon River estuary 535 

- Fly River estuary (Papua New Guinea) 

distorted square prism 209 

angular coordinates 209 

distorted tricapped trigonal prism 216 

- coordinates 216 

dodecahedron 186, 196, 212, 213 

angular coordinates 214 

double nitrates 126 

doubly reduced matrix element 154 

DyA12,,C16,, + 3 476, 490, 491 

DyBr 3 456, 458, 471 

Dy2Br ~ 456 

DyCI 3 439, 451 ,453 ,  471 

DyF 3 445, 447, 448 

DyI 3 458, 460, 462, 471 

Dy2I 6 460 

535 

EXSY (exchange spectroscopy) 13 

- R(dota) 26 

R(dtpa-dien) (dtpa 5- = diethylenetriaminepenta- 

acetate) 47 
R(dtpa) 2- (dtpa 5- = diethylenetriaminepenta- 

acetate) 40 

- spectrum of  0.3 M Pr(dtpa) 2- 42 

- spectrum of  Yb(dota) 27 

"effective" river composition 536 

effective river load 559 

electric dipole operator 158 

electron paramagnetic resonance (EPR) 162 

electron repulsion 165 

electron spin expectation value (S:) 4 

- table of  5 

electrostatic correlated spin-orbit  interactions 

167 

elpasolite 127, 161,218,  226 

end-bicapped trigonal antiprism 186 

end-bicapped trigonal prism 186 

end-capped trigonal prism 186 

enthalpies of  formation and atomization of solid 

binary phosphides 316 

enthalpies of reaction 506 

equatorial ligands 195 

ErA13Clt2 477, 481 ,486  

ErAInCI15 477, 481 ,486  

ErAI2,~C16,,+ 3 477, 483 ,488  
ErBr 3 456, 458, 481 
ErCI 3 438, 451 ,453 ,  472, 481 ,484 ,  486 

ErCI3,6H20 210 
ErF 3 445,447,  448 
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ErGaC16 477, 481,486 
ErGa3CI~2 477, 481,486 
ErGa4CI15 477, 481,486 
ErGa2,,CI6,, + 3 483 
ErI 3 460, 462, 466, 472, 481 
ErInCl 6 477, 481,486 
ErIn3Cl12 477, 481,486 
ErIn2,,Cl6,, + 3 483 
Er/Nd ratios 559 

- Antarctic Bottom Water 564 
- Arctic Ocean 560 

Atlantic Ocean 561 
- deep water 564 
- Indian Ocean 560, 561 
- North Atlantic 560 
- North Atlantic Deep Water 564 
- North Pacific 560 

Pacific Deep Water 564 
- Pacific Ocean 561 
- river water data 531 
- rivers 559 
- Sargasso Sea 560 
- Somali Basin 560 
- South Atlantic 560 

vertical profiles 560 
Er ratios 559 
estuarine chemistry of the ianthanides 533-537 

(Et4N)4[U(NCS)~ ] 201 
ethylsulphates 126 
Eu 2+ 221,232 

EuAICI 5 475 
EuAICI 6 476 
EuA12C18 475 

EuAlzCI 9 476 
EuA13CItl 475, 487 
EuAI3CIt2 476, 486 
EuA14CII4 475, 487 
EuA14C115 476 
EuA12,,CI(, ,~ + 2 488 
Eu 3 + and Tb 3 + complexes of cage-type ligands 

77 
complexes of functionalized calix[4,6,8]arenes 

98 
- complexes of macrocyclic ligands 87 

cryptates 77 
nonradiative decay via the ,lowest ligand triplet 

excited state 83, 93 
- podates 95 
Eu anomaly in hydrothermaI waters 587 
EuBr 2 456 

EuBr 3 458 
Eu(BrO3)3.9H20 223,233 
Eu(C~HsSO4)3.9H20 223 
EuC12 451,454 
EuCI 3 451,453 
Eu2C16 451 
Eu 3 + complexes 

- absorption data 103 
energy-transfer efficiencies 103 
of functionalized calixarenes, photophysical data 

101 
- of  macrocyclic ligands 

number of solvent molecules 90, 91 
photophysical data 90, 91 

gu 3 + cryptates 

- number of solvent molecules 80 
- photophysical data 80 
EuF 2 444, 449 
EuF 3 444, 447, 448 
EuF2(g ) 448 
Eu 3 + free-ion levels 221 
EuI 2 460 
Eul 3 460, 462 
EuLuCl~ 451 
EuODA 216, 217, 223 
Eu(OH)3 223 
Eu 3 + podates 

number of  solvent molecules 97 
- photophysical data 97 
EuzZn3(NO3)lz.24H~O 223 
europium 215, 219-223 
- advantages as crystal-field probe 219, 220 

point group determination scheme 229 
- splitting o f J  = 1 levels 222-225 
- splitting of J = 2 levels 226-229 
europium carbonate complexation in synthetic 

seawater 508 
europium redox changes 502 
external calibrations 505 

Fe-organic colloids 530 
fitting procedure, pitfalls 167 
Fly River 
- shale-normalized lanthanide composition 529 
- - of river suspended particles 530 
Fly River estuary dissolved Nd concentration vs. 

salinity 535 
formation constant estimates, differences in 510 
fractionation 528 

- during deep water transport 565 
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- in estuaries 535 
on surface coatings of suspended particles 

561 
- positive Gd 526 
- sediment-trapped material 566 
free-ion Hamiltonian 167 
free-ion parameters 165-167 
fundamental chemical properties 499 

gaseous complexes 435-492 
GdA13(BO3) 4 217, 218, 223 
GdA1CI 6 476 
GdAI2CI 9 476 
GdA13C112 476, 486 
GdAI4CII5 476 
GdAsO4 215, 223 
GdBr 3 455,456, 458 
GdCI 3 439, 451,453,471 
Gd enrichments 524 
GdF 3 445, 447, 448 
GdFe3Cll2 476 
Gdl 3 460, 462, 463 
GdOBr 223 
GdOC1 223 
GdOF 223 
Gd202S 223 
GdVO 4 215,223 
gerade (g or + )  parity 159 

halide vapor complexation reactions 474 
halide vapor complexes 435-492 

applications 438-441 
- chemical separations 439, 440 

metal halide lamps 440 
coordination number of  rare earth in 479, 483, 

484, 486 
divalent lanthanides 487 

- electronic absorption spectroscopy 479-488 
- fluorescence spectroscopy 488-491 
- formation of 436-438, 465, 469-472, 475 
- - identification of gaseous species 469-472, 

475 
reactions 469-472, 474, 475 

- hypersensitive transition intensities in 482 
- hypersensitive transitions in 479, 480, 486 

hypersensitivity 484 
molar absorption coefficients of  480 

- optical excitation 488 
- partial pressures 466 
- spectrophotometry 473-491 

- structural implications 479-488 
structural models 484 
structures 486 
thermodynamics considerations 468, 474 
trivalent lanthanides 479-487 

- with alkali halides 463--473 
- with Group-IIIA halides 473-491 
halides 435-492 
Hamiltonian 

crystal field 143 
- free ion 167 
Hard-Sphere Model (HSM) 187 
heavy-lanthanide enrichments 524, 527 
hexacapped cube 205 
hexagonal antiprism 186 
hexagonal bipyramid 186 
hexagonal prism 186 
hexagonal symmetry 222, 226 
hexahydrated chlorides 126 
HoA13Cll2 476, 478, 481,486 
HoA12,,C16,,+ 3 476, 488 
HoBr 3 456, 458 
HoCI 3 451,453,481 
HoF 3 445, 447, 448 
Hol 3 458, 460, 462, 463,472 
Ho214 460 
hydrothermal fluids 587 
hydrothermal waters 586-589 
- Eu anomaly 587 
- interaction with seawater at low temperatures 

587 

lCP-MS (inductively coupled plasma mass 
spectrometry) 504 

ID-TIMS (isotope dilution thermal ionization mass 
spectrometry) 503 

- compared with INAA 504 
INAA (instrumental neutron activation analysis) 

503 
icosahedral ratio 208 
icosahedron 15i, 186, 196, 206, 207 
- angular coordinates 207 
Indian Ocean 
- Er/Nd ratios 561 
- lanthanide interelement fractionation 558 

suspended particles 565 
induced electric dipole transitions 157 
inductively coupled plasma mass spectrometry, 

s e e  ICP-MS 
inorganic complexes, potentially important 506 
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inputs of lanthanides to seawater 527 537 
Amazon River 528 

- - estuary 534, 536 
- Connecticut River 532 

- Fly River (Papua New Guinea) 528 
- - estuary 534, 536 
- Gironde River 527 
- estuary 533 
- Hudson River 532 
- Mississippi River 528 
instrumental neutron activation analysis, 

s e e  INAA 

intensity of  lanthanide complexation in seawater 
524 

intermediate coupling 154 
intermediate coupling scheme 155 
internal standards 505 

ionic strength of seawater 506 
irreducible representations 157 
isotope dilution thermal ionization mass 

spectrometry, s e e  ID-TIMS 

J-mixing 154, 155 

3-j symbol 154 
6-j symbol 154 
Judd-Ofelt theory 159 

KCeCI~ 470 

KDyCI 4 471 
KErC14 472 
KGdC14 471 
KLaCI 4 470 
KNdC14 470 

KPrCI 4 470 
KScC14 469 
KzSczC18 468, 469 
KESCC1 s 468, 469 
KY3FI0 223 
Kramers' degeneracy 219 

LCCF (orbitally correlated crystal field) 181 
LIS (lanthanide-induced shift) 3 

benzyl-edta complexes 21 
- complexes with phthalocyanine R(pc)~ 53 
- derived with glycolate 18 
- dota analogues (dota 4-= 1,4,7,10- 

t etraazacyc lodo decane -N,N], N", N"' - 
tetraacetate) 38 

- host-guest complex between y-cyclodextrin and 
Tm(dotp) 5- 29 

- indole-edta complexes 21 

- R2(oep) 3 (oep = octaethylporphyrinate) 54 
- R(bdoda)} 3-2'° + (bdoda= benzene-l,2- 

dioxyacetate) 18 

- R(dota) (dora 4 = 1,4,7,10-tetraazacyclo- 

dodecane-N,N' ,N",N'"- te traacetate)  25 
- R(dotp) 5- (dotp 8-= 1,4,7,10- 

tetraaz ac yclododecane-N,N~,N", N "  - 
tetra-(methylene phosphonate)) 28 

_ [R(dpa)3]3- (dpa 2- = pyridine-2,6-dicarboxylate) 
47 

- R(dtpa-dien) (dtpa 5- = diethylenetriaminepenta- 
acetate) 45 

- R(dtpa) 2- (dtpa 5-= diethylenetriaminepenta- 
acetate) 40 

- R(dtpa-pa2) (dtpa 5- = diethylenetriaminepenta- 
acetate) 44 

- [R(mdpa)3] 3- (mdpa 2 = 4-methylpyridine-2,6- 
dicarboxylate) 47 

- R(nota) (nota 3-= 1,4,7-triazacyclononane- 
N,,N',N"-triacetate) 19 

-- [R(oda)3] ~ (oda= oxydiacetate) 18 
- R(teta)- (teta 4- = 1,4,8,11- 

tetraazacyclotetradecane-N,~ N",N"'- 
tetraacetate) 38 

- Yb(hbpz)3 (hbpz =tris-(pyrazol-l-yl)borate) 
49 

LaAI2,,CI6,, + 3 475 
LaBr 3 455, 456, 458 

LaCI 3 126, 173, 223,439, 450, 453,454, 470 
La2Cl~ 450 
LaCI3 :R 3 + 175 
La enrichments 524 

LaF 3 126, 173,225, 444, 447, 448, 470 
La2F 6 444, 448 
LaF3:R 3 + 175 

Lal 3 455, 459, 462, 470 

La2I 6 459 
LaOBr 223 
LaOC1 223 
LaOF 223 
LaOI 223 
La2OES 223 
La speciation in seawater 518 
lanthanide behavior, comparative aspects 506 
lanthanide bicarbonate 514 
lanthanide borate complexation 515 
lanthanide carbonate 

- complexation 
- - constants 523 
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- - pH dependence 509 

- stability constants 508 

lanthanide chloride, sulfate, fluoride and 

bicarbonate speciation in seawater 515 

lanthanide complexat ion 

- by carbonate and hydroxide 516 

- b y F -  andC1-  512, 513 

- by organic l igands 517-520 

- by SO42- 511 

in seawater 506-515 

- with CO32- 507-510 

tanthanide composit ion 

inter-basin differences 556 

marine pore water 583-586 

of  Antarctic Bottom Water (AABW) 564 

- of Bermuda dust 543 

- of  North Atlantic Deep Water (NADW) 564 

- of  suspended particles of  filtered Sargasso Sea 

water 546 

- of  the Pacific Deep Water (PDW) 564 

- TAG hydrothermal vent field 588 

lanthanide concentrations 

- of  river colloids, Connecticut River 531 

- of  shale 501 

lanthanide cycling 576-589 

- anoxic marine basins 576-583 

in seawater 543 

lanthanide data. world map 539 

lanthanide distributions 

- models 521-527 

- shale-normalized 524 

lanthanide 4f  shells 526 

lanthanide fluoride stability constants 513 

lanthanide fractionation 521 

- between particles and seawater 

- - schematic model 543 

pore waters 585 

lanthanide hydrolysis 5 l 1, 512 

constants 512 

- enthalpy change 512 

!anthanide-induced shift, see LIS 

lanthanide interelement fractionation 

Atlantic Ocean 558 

- Indian Ocean 558 

- Pacific Ocean 558 

lanthanide interelement ratios 557 
!anthanide LFER complexation constant predictions 

519 
lanthanide phosphate co-precipitates 521 

lanthanide phosphate solubili ty products 521 

lanthanide phosphate stability constants 507 

lanthanide scavenging 553 

Ianthanide seawater speciation models 515-517 

lanthanide solubility in seawater 520, 521 

lanthanide solution behavior, dominant influence 

on 510 

lanthanide stability constants 506 

lanthanide-nutrient relationships 553-556 

lanthanides 

- heavy 499 

light 499 

- marine hydrothermal waters 586-589 

- middle 499 

lanthanides in seawater 

- physical chemistry 506-527 

- reported precisions 505 

lattice parameters 

- of monophosphides, as function of rare-earth 

atomic number 315 

- of  ternary phosphides 

- - composition dependence of a in 

R.,(., _ I~M(,,, + ~)(,,, + 2~X.,(,,, + z) + l 399 
- - R-M-P, R M M' -P  

- - R = cerium-group rare earth 322-328 

R = yttrium-group rare earth 332-337 

- S c - M - P  320 

Y M - P ,  Y - M - M ' - P  321 

Legendre polynomials 144 

LiDyCI a 471 

LiGdCI4 471 

LiLuCI~ 472 

LiNdI 4 470, 480 

LiScCl 4 469 

Li2S%CI 8 468. 469 

LiScI 4 469 

Li2ScC1 s 468, 469 

LiYF 4 126, 212, 223 
LiYFa:R 3 + 176 

ligand absorption 102-104 

light conversion in Eu 3 + and Tb 3 + complexes 

73 

- efficiency of absorption 73 

- efficiency of  ligand-to-metal energy transfer 

74. 105, 106 

- efficiency of metal luminescence 75. 

106-109 
- LMCT excited states 76 

- ligand absorption 102 
- ligand singlet excited state 74 

ligand-to-metal energy transfer 73 



640 SUBJECT INDEX 

light conversion in Eu 3 + and Tb 3 + complexes 
(cont'd) 

- ligand triplet excited state 74 
- metal luminescence 73 
- - intensity 109 

thermally activated nonradiative decay 76 
- vibronic coupling 75 
linear free-energy relationships 506 
- for organic ligands 519 
LuAsO 4 215, 223 
LuBr 3 455, 456, 458 
LuCI~ 439, 452, 453, 472 
Lu2CI 6 451,452 
LuF 3 445, 447, 448 
LuI 3 460, 462, 463 
Lu202S 223 
LuPO 4 215, 223 
Lu speciation in seawater 518 
LuVO4 215, 223 

MCD (magnetic circular dichroism) 163, 232 
MORB (Mid-Ocean Ridge Basalt) 587 
MRX 4 468, 473 
MRX 4 vapor complexes 468 
- characterization 469-472 
- enthalpies of  formation 468-472 

entropies of formation 468-472 
structural models of 473 

- thermodynamics of 469-472 
M2R2X 8 vapor complexes 468 
- characterization 469-472 

enthalpies of  formation 469-472 
- entropies of  formation 469-472 

thermodynamics of 469-472 

M2RI 5 468 
M2RX 5 473 
M2RX 5 vapor complexes 468 
- characterization 469-472 

enthalpies of  formation 468-472 
entropies of  formation 468-472 
thermodynamics of 469-472 

M2SczC18 468 
M2ScC15 468 
magnetic anisotropy parameters 5, 15 
- for benzyl-edta complexes 23 
- for complexes with 1,4,7,lO- 

tetrakis(N,N-diethylacetamido)-1, 4, 7,10- 
tetraazacyclododecane 31 

for indole-edta complexes 23 
for R(dota) 26 

for R(dtpa) 2- 43 
- for R(teta)- 39 
- for texaphyrin complexes 52 
- for Yb(hbpz)~ 50 

in adamantanone with R(fod)3 9 
magnetic circular dichroism, see MCD 
magnetic dipole operator 158 
magnetic dipole transitions 158 
magnetic properties of  ternary phosphides 

409-422 
Eu(P, As)3 422 

- RCo3P 2 compounds 415 
- RCosP 5 compounds 416 
- RMP compounds 416, 417 
- RM2P 2 compounds 418-421 

RM4Ptz compounds 421,422 
- RMsP 3 compounds 414, 415 

R2MIzP 7 compounds 410-413 
RsM~gPt2 compounds 413, 414 

- RNi4P 2 compounds 409, 410 
- R2Nit2P 5 compounds 409 
- RsNiL9Plz compounds 414 

- R6Niz0Pl3 compounds 413 
- R6Rh32P17 compounds 410 
- RxU t _xP compounds 421 

YbCu2P z 415 
- YbCu3P 2 415 
magnetic sector ICP mass spectrometers 505 
magnetic susceptibility tensor 6, 22 
magnetically correlated corrections 166 
marine hydrothermal waters 
- lanthanides 586-589 
marine pore water 

lanthanide composition 583-586 
Marvin-integrals 166 
mass fractionation 500 
- in the ocean 556-565 
matrix elements 226 
mean free-ion parameters 168 
metal ion sorption on particles 517 
metal luminescence intensity 109-111 
metal luminescent states 

decay rate constants 107 
number of  solvent molecules 107 

methods of analysis 502-505 
MgScCI 5 ,*69 
MgSc2CI 8 469 
Mg2ScCI v 469 
Mississippi River 
- shale-normalized lanthanide composition 529 



SUBJECT INDEX 641 

- - of river suspended particles 530 
molecular mechanics calculations 

benzyl-edta complexes 21 
- complexes with 1 ,4 ,7 ,10- t e t rak i s (N ,N-  

diethylacetamido)- 1,4,7,10- 
tetraazacyclododecane 31 

- indole-edta complexes 2I 
- R(dota) 28 
monocapped octahedron 186 
monocapped pentagonal antiprism 186 
monocapped pentagonal prism 186 
monocapped square antiprism 186, 195, 196, 

212, 218 
monoclinic symmetry 225 
most favorable polyhedron (MFP) 189 
most sensitive 2s + i L j  rnultiplets 174 
multi-step fractionation 524 

NaCsDyl s 472 
NaCs2Dyl 6 472 
Na3CslDyl 8 472 
Na2CsDyI 6 472 
NaDyBr4 471 
NaDyC14 471 
NaDyI 4 47I, 472 

NaDyIxC14-x 471 
Na2DyBr 5 468, 471 
Na2Dyl 5 468,471 
NaErCI 4 472 
NaErI 4 472 
Na2Er218 468, 472 
N%Eu(MoO4)4 223 
Na 3 [Eu(ODA)3 ].2NaC104.6H20 
Na5 Eu(WO4) 4 223 
NaGdCI 4 471 
NaHol 4 472 
Na2HoI 5 468, 472 
NaLaCI~ 470 
NaLaF 4 470 
NaNdC14 470 
Na,,RI 3 + ,, vapor complexes 440 
NaScC14 469 
Na2SczC1 s 468, 469 
NaScF 4 469 
NaScl 4 469, 470 
Na2ScCI 5 468, 469 
Na2Scl 5 468, 470 
NaTbI 4 465, 467, 471 
Na2Tb2I 8 468, 471 

217 

NaTbI4(g) 465, 467 
Na2Tb2Is(g ) 465, 467 
Na2TbI s 468, 471 
Na2TbIs(g ) 465, 467 
NaYF 4 470 
Nd 
- atmospheric fluxes 574 

oceanic residence time 574 
- released from coastal estuarine sediments 

575 
released from eolian detrital sediments 575 

- reversible exchange 549 
NdAI3CI12 475, 478, 480, 486 
NdAI4CII5 475, 480, 486 
NdA12,~C16,,+ 3 475, 488-490 
NdAll 6 477, 480 
NdAlaI 9 477, 480 
NdBr 3 438, 455, 456, 458, 480 
NdC13 438, 450, 453,454, 470, 480, 483,484, 

486 
NdF 3 444, 447, 448 
NdGaC16 475, 476, 478, 480, 486 
NdGa2CI 9 475, 476, 478, 480, 486 
NdGa~Clt2 475, 476, 478, 480, 486 
NdGaaClls 475, 476, 478, 480, 486 
NdI 3 459, 462-464, 470, 480, 484 
Nd isotopes as tracers for ocean circulation 575 
Nd isotopic composition 

Atlantic Ocean 573 
Indian Ocean 573 
inter-oceanic variation 574 

- large sinking particles 549 
- of rivers 572 
- of the oceans 571 576 

Pacific Ocean 573 
- small suspended particles 549 

Nd ratios 559 
nephelauxetic effect 163 
nonahydrated bromates 126 
normalization to chondrite 501 
normalization to shale 501 
North Atlantic Ocean TAG site 588 
North Pacific Ocean 550-553 

dust in 575 
- lanthanide profiles 550-553 
- profiles 551,552 
nuclear relaxation 12 

- determination of internuclear distance 13 
mechanism 12 

- R(dota) 26 
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nuclear relaxation ( c o n t ' d )  

- R(dtpa) 2 (dtpa 5- =diethylenetr iaminepenta-  

acetate) 42 

OCCF (orthogonal correlation crystal field) 182 

oblate dodecahedron 213 

oblate square prism 208 

ocean temperature 506 

oceanic chemistry of  the tanthanides 

- Arctic 538 

- biogeochemical  cycles 537-576 

- Ce redox reactions 537-576 

distributions 5 3 7 3 7 6  

- mass fractionation 537-576 

- Nd isotopes 537-576 

- North Pacific Ocean 538, 550 553 

- Sargasso Sea 543-549 

- South Atlantic Ocean 538 

- world map with station locations 538 

octagonal symmetry  227 

octahedron 186, 196, 197, 200, 218 

- angular coordinates 198 

operator-equivalent method 156 

orbitally correlated crystal field, s e e  LCCF 

organic coatings 517 

orthogonal correlation crystal field, s e e  OCCF 

orthogonalized operators 167 

orthorhombic symmetry  225 

overall decay rate constant of  the emitting state 

76 

- decay rate constant of vibronic coupling with the 

high-energy OH oscillator 108, 109 

- number of  solvent molecules coordinated to the 

metal ion 75, 76 

- radiative rate constant 76, i06 

- rate constant of vibronic coupling with the 

high-energy OH oscillators 76 

- temperature-dependent decay rate constant 76, 

106-108 

oxic/anoxic boundaries 576 

oxidation kinetics of  Ce(IIl) in freshwater 532 

oxidation of  Ce(IIl) on surfaces 566 
oxidation of dissolved Ce(III) to particulate Ce(IV) 

545 

oxydiacetates 127 
oxyhalogenides ROX (R = La, Y, Gd and X = CI, 

Br, l) 212 

PCEM (point charge electrostatic model) 

189-196, 228, 229 

additive ligand contributions 192-196 
- expressions 

- - antiprisms 194 

- - bipyramids 194 

- - cube 202 

- - cuboctahedron 203, 204 

- dodecahedron 214 

- - equilateral triangle 193 

- general formula 194 

- - icosahedron 207 

- - octahedron 198 

- one ligand on z-axis 192 

- - planar polyhedra 193 

- - prisms 194 

- tetragonal antiprism 210 

- - tetragonal prism 210 

- - tetrahedron 200 

- - tetrakishexadron 205 

- - tricapped trigonal prism 216 

- - two ligands on z-axis 192 

- expressions for crystal-field parameters 189 

- parameter ratios 191 

- sign prediction 190 

Pacific Ocean 

- Er/Nd ratios 561 

lanthanide interelement fractionation 558 

parallel Zeeman spectrum 162 

parameters, crystal field 152, 164 

parameters, free ion 165-167 

particle/solution interactions 542 

particle surface coatings 543 

particles 

- chemical digestions 566 

- suspended 565, 566 

- trapped 565, 566 

particulate concentrations 503 

pentacapped trigonal prism 186 

pentagonal antiprism 186 

pentagonal prism 186 

perpendicular Zeeman effect 162 

pH dependence of  lanthanide concentrations and 

fractionations in river waters 529 
phase diagrams 

- of  binary phosphides 

- - Nd-P  290, 291 
- - Pr-P 289, 290 

- of ternary phosphides 

Ce Fe P 321 
- - Ce -Ni -P  330 

- - Eu-Ni -P  331 
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- - Gd-Co-P  338 
- - Gd-Si-P  338 
- - La-Fe P 321 
- - La Ni-P 329 

- - Nd-Ni -P  330 
- - Sm-Ni -P  331 
- - Tb-Co-P  339 
- - Tb-Cr-P  340 

- Tb-Cu-P  339 
- - Tb-Fe P 340 
- - Tb-Ni-P  341 
phosphate ion ([PO]-]) in seawater 507 

spectrum, definition 158 
Pm 499 

PmBr 3 458 
PmC% 453 

PmF 3 447 
PmI 3 462 
podates 95, 96 
point charge electrostatic model, s e e  PCEM 

point charge lattice sums 169 
polar coordinates 198 
polarization 158 
polarized spectra 158 
pore waters 583-586 
- Buzzards Bay 584 
- Chesapeake Bay 584 
- lanthanide fractionation during diagenesis 

585 
- Saanich Inlet 584 

PrBr 3 456, 458 
PrC13 438, 450, 453,470 
PrF 3 444, 447, 448 
PrI 3 459, 462, 463 
pre-concentration and isolation steps 505 
principal magnetic axes 5, 6, 39, 49 
- complexes with texaphyrins 51, 52 

prisms 194 
prolate dodecahedron 213 
prolate square prism 209 
pseudo-relativistic Hartree-Fock ratios 167 
pseudocontact shift 5 
- s e e  a l s o  LIS 
pyramids 193 

quark model I67 
quaternary phosphides, s e e  u n d e r  rare-earth 

phosphides 

RA~,,C16,, + 3 475 

RAX 6 484, 485 

RA2X 6 485 
RA2X 9 484 
RA2X12 485 
RA4X15 485 

RA2,,X~,, + 2 vapor complexes 
- characterization of 475 
- enthalpies of formation 475 

entropies of formation 475 
- thermodynamics of 475 
RA2,,X~,~ + 3 vapor complexes 

- characterization of  475 
- enthalpies of formation 475 
- entropies of formation 475 

structural models of  485 
- thermodynamics of 475 

RA13CII2 479 
RA12,,CI~, , + ; 475 
RA1CIr(g) 

enthalpies of  formation 474 
- entropies of formation 474 
- thermodynamics of formation 474 
RAI2CIg(g) 

enthalpies of formation 478 
entropies of formation 478 
thermodynamics of formation 478 

RAI3CII2(g) 
- enthalpies of formation 478 

entropies of formation 478 
- thermodynamics of formation 478 

RAI2,,CIa,, + 3 vapor complexes 439 

RAI3XIz 486 
RBr2(g ) 455 

RBr3(g ) 455,458 

R(BrO3)3.9H20 126 
R(C2HsSO4)3.9H20, s e e  RES 
R2C16 dimer molecules 454 

RCI2(g ) 449, 450, 454 
RCI3(g ) 449, 450, 453 
R2C%(g ) 450 
RCI3-6H20 126, 210 
RES (R(C2HsSQ)3.9H20) 126, 177 
R2F 6 dimer molecules 448 
R2F ~ dimer vapor molecules 443 
RF~(g) 444, 448, 449 

RF3(g) 443,444, 447, 448 
R2Fr(g ) 444, 448 

RI2(g ) 459 
RI3(g ) 459, 462 
R2Ia(g ) 459 
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R2Ie(g ) dimer molecules 455 

R2M3(NO3)I2-24H20 (R = Ce Eu, M = Mg, Zn) 
126 

RODA (Na3[R(C4HgOs)3]-2NaC104-6H20) 177 
ROX 127 
radical integrals 189 
rare-earth bromide vapors, vibrational frequencies 

458 
rare-earth bromides 455 

crystal structures 455,456 
enthalpies of dimerization 456 

- enthalpies of sublimation 456 
enthalpies of vaporization 456 
entropies of dimerization 456 
entropies of sublimation 456 

- entropies of vaporization 456 
- geometries of 455 
- vapor pressures 455, 456 

vaporization thermodynamics 455, 456 
- vibrational frequencies 455 

rare-earth chloride vapors 
- geometries of 449 
- vibrational frequencies 453,454 
rare-earth chlorides 449454 

crystal structures 449, 450 
- enthalpies of dimerization 450 

enthalpies of sublimation 450 
- enthalpies of vaporization 450 
- entropies of dimerization 450 

- entropies of sublimation 450 
entropies of vaporization 450 
recovery 439 

- separation 439 

structural properties 449 
- thermochemical properties of 449 

vapor pressures 449, 450 
vaporization thermodynamics 449, 450 
vibrational frequencies of gaseous molecules 

453 
rare-earth double nitrates R2M3(NO3)~2.24H20 

(R = Ce-Eu; M = Mg, Zn) 208 
rare-earth fluoride vapors 
- dimer molecules 448 
- geometries of 447 

vibrational frequencies 447449 
rare-earth fluorides 443448 

crystal structures 443,444 
- enthalpies of dimerization 444 

enthalpies of sublimation 444 
enthalpies of vaporization 444 

- entropies of dimerization 444 
- entropies of sublimation 444 
- entropies of vaporization 444 

- thermochemical properties of 443 
thermodynamic functions of dimerization 

443 

thermodynamic functions of sublimation 443 
- thermodynamic functions of vaporization 

443 
vapor pressures 443, 444 

- vaporization thermodynamics 443,444 
rare-earth garnets 127, 170 
rare-earth halide vapors, molar absorption 

coefficients 480 
rare-earth halides 435492 

- chemical vapor transport 438,440, 474 
- gaseous R2F 6 dimers 448 
- gaseous RzX 6 dimers 437 

- Knudsen effusion mass spectrometry 441,442, 
464467 

purification 438 
structural trends 463 

- structure of gaseous monomers (RX3) 442 
- thermochemical properties of 441463 

vapor complexes of 435492 
- vapor complexes with Group-IIIA halides 

473 491 
vaporization of 441463 

- vaporization thermodynamics 436, 441-463 
vapors of 436, 441463 

volatility enhancement of 436, 437, 439, 468 
rare-earth iodide vapors 

geometries of 463 
vibrational frequencies 462 

rare-earth iodides 439, 455463 
crystal structures 455,459 
enthalpies of dimerization 459 
enthalpies of sublimation 459 
enthalpies of vaporization 459 
entropies of dimerization 459 
entropies of sublimation 459 

- entropies of vaporization 459 
vapor pressures 459 

- vaporization thermodynamics 455, 459 
- vibrational frequencies of gaseous molecules 

463 
rare-earth phosphides 285427 

binary 287 319 
- bond types of Patoms 313,314 

- - chemical properties 316-318 
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- in terac t ion  o f  m o n o p h o s p h i d e s  wi th  

chemica l  reagents  317 

- - coord ina t ion  po lyhed ra  o f  P a toms  312 

- - c rys ta l  s t ructure ,  see under  crysta l  s t ructure  

and a tomic  p a r a m e t e r s  

- - c rys t a l lochemica l  regular i t ies  3 l 0 316 

m i n i m u m  in te ra tomic  dis tances  313 

o v e r v i e w  o f  known  compos i t i ons  and s t ructure  

types  311 

- - phase  d i ag ram s ,  see under  phase  d i a g r a m s  

prepara t ion  318, 319 

- qua t e rna ry  3 1 9 - 4 2 7  

- - s t ructural  re la t ionships  3 9 5 - 4 0 9  

- s t ructure  mode l l i ng  

bas ic  s t ruc ture  f r a g m e n t s  397 

- - s t ructure  types  3 4 4 - 3 9 5  

t e rna ry  319~427  

- - chemica l  proper t ies  425,  426 

- - compos i t i ons  343 

- e lectr ic  p roper t i es  423 425 

- - - RM2P 2 phosph ides  424,  425 

- - in terac t ion  b e t w e e n  c o m p o n e n t s  341 344 

- - m a g n e t i c  p roper t i es  4 0 9 - 4 2 2  

see  also m a g n e t i c  proper t ies  o f  t e rna ry  

phosph ides  

- - o v e r v i e w  o f  known  c o m p o u n d s  and phase  

d i a g r a m s  342 

- - phase  d i ag ram s ,  see  under  phase  d i a g r a m s  

- - p repara t ion  426,  427 

- - s t ructura l  re la t ionships  3 9 5 - 4 0 9  

s t ruc ture  m ode l l i ng  396, 397 

bas ic  s t ructure  f r agmen t s  397 

s t ructura l  represen ta t ion  

- o f  CegNiz6Pi2 405 

- - o f  FezAs, YNisSi3,  HoCo3P2 403 

- o f  La3Ni12Pv, La2Nil2Ps,  LaNiloP 4 407 

- - - o f  TbNiaP2,  Nd2NivP4, SmNi4P2, E%PdTP4 

4O6 

- - - o f  UPt2, LaCo5P3,  Co2P, YC%P3,  

C e N i s -  ~P3 404  

. . . .  s t ruc ture  units 

- - - in R,#, ~]M(,, + Ij(,, + 2)Xtf fn  + 1) + i 398 

in R,#, + 1)m(,, + j)(,. + 6]X,,~,. + 3) + 3 400 

- in R3,.c,,_ i)M3,~(.+3)X3,,(,,+~)+t 401 
- unit  cell con ten t  and lattice cons tant  

- - o f  R,.2M{,. + 2)2 _ 3X(,j + i)2 402 

- - - o f  R,,I, , + ~)M(,, + t)(,, + 6}X,,(,, + 3) + 3 400  

- - - o f  R3,~(,, _ 1)M3,,(,. + 3)X3,,(,,. 1) + i 401 
- - s t ructure  types  3 4 4 - 3 9 5  

-- - unit  cell  v o l u m e s  

- - - o f  R M s P  3 and RCo3P z c o m p o u n d s .  415 

- - - o f  RMP c o m p o u n d s  417 

- - - o f R M 2 P  2 c o m p o u n d s  420 

- - - o f  RM4Pl2 c o m p o u n d s  422 

- - - o f  R2MIzP 7 c o m p o u n d s  413 

- - - o f  RsMIgPI2 c o m p o u n d s  414 

- - - o f  RNi4P 2 and R~Ni20Pi3 c o m p o u n d s  

410 

rare-ear th  site, point  group 232 

RbScCI  4 469 

Rb2S%CI ~ 468, 469 

Rb2ScCI 5 468,  469 

react ions in estuaries  559 

redox cycl ing  

- lanthanide  fract ionat ion 577 

reduced  mat r ix  e l emen t  154, 172 

regional  variat ion in lanthanides  be tween  oceans  

556 

regular  geomet r i c  dodecahed ron  213 

reminera l iza t ion  o f  t r ivalent  lanthanides  547 

remova l  o f  meta ls  f rom seawater  517 

repl icate  analyses  o f  samples  504 

repuls ive ene rgy  185, 189 

rhombic  dodecahedron  214 

r iver  wate r  suspended  load normal i za t ion  o f  

lanthanide  concent ra t ions  523 

Russe l l -Saunder s  coupl ing  154 

(S=), see elect ron spin expecta t ion  va lue  

Saanich Inlet  pore  waters  584 

salinity (S) o f  the ocean  506 

sample  handl ing in research  on lanthanides  in 

natural  waters  503 

Sargasso Sea  543 549, 553 

Ce anoma ly  547, 549 

Ce( I I l )  oxidat ion 569 

d issolved lanthanides  500 

L a / N d  ratios 563 

La /Yb  ratios 563 

- lanthanide  compos i t ion  o f  filtered wa te r  546 

- s cavenged  N d  res idence  t ime 574 

- sha le -normal i zed  ratios 544 

suspended  par t ic les  565 

- ver t ical  profiles 547, 549 

satellite lines 161 

ScAICI  6 475 

ScBr  3 456 

ScCI 2 454 

ScCl 3 439,  449,  450,  4 6 3 , 4 6 9  

S c 2 C I  6 450 
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Sc3Cl 9 449, 450 
ScF 3 444, 447, 448, 469 
SczF 6 448 
ScF2(g) 448 
ScI 3 458, 459, 462, 464, 469 
Sc~l 6 458, 459 
scavenged Nd residence time, Sargasso Sea 574 
scheelite structure 212 
seawater 
- Ce concentrations 526 

gadolinium enrichments 526 
- mass fractionation 541 
- p H  512 
selection rules 155, 157, 252-261 
separation of contact and pseudocontact shifts 

7- I2  
see also LIS 

- [R(dpa) 3- 47 

shale-normalized deep water lanthanide 
concentrations 522 

shale-normalized lanthanide composition 
- Amazon River 529 
- Fly River (Papua New Guinea) 529 
- Mississippi River 529 
shale-normalized lanthanide compositions of river 

suspended particles 
- Amazon River 530 
- Fly River (Papua New Guinea) 530 
- Mississippi River 530 
shale-normalized pattern 500 
shale-normalized ratios 
- of  suspended particles at TAG hydrothermal vent 

site 588 
Sargasso Sea 544 

shale-normalized surface water Ianthanide 
concentrations 522 

shift reagents 14 
- chiral 55-57 
- derived from macrocyclic ligands 16-I8 
- for biologically important cations 58 64 
- Pr(fod)3 with diamines (rod = 6,6,7,7,8,8,8- 

heptafluoro-2,2-dimethyl-3,5-octanedione) 
16 

R(fod)3 (rod = 6,6,7,7,8,8,8-heptafluoro- 
2,2-dimethyl-3,5-octanedione) 

- with adamantane-l-carbonitrile 15 
with adamantanone 8 

R(thd)3 with amines (thd = 2,2,6,6-tetramethyl- 
3,5-heptanedione;) 15 

o spectrum, definition 158 

SmAI3CIIz 476, 480, 483, 486 
SmAI2,,Clr,. + 2 475, 487 
SmAI3Cl12(g ) 438, 482 
SmBr 2 456 
SmBr 3 456, 458 
SmC12 450, 454 
SmCI 3 438, 450, 453, 480 
SmF 2 444, 449 
SmF 3 444, 447, 448 
SmFa(g) 448 
SmI 2 460 
SmI 3 460, 462 
SnScl 5 470 
solubility products 520 
solution chemistry 506 
South Atlantic Ocean, vertical profiles 562 
spectral assignment 157 
spherical harmonic addition theorem 144 
spherical harmonics 144, 145, I89, 235-237 
spin-correlated crystal field, see SCCF 
spin~)rbit coupling 165 
spin-other-orbit interactions 166 
spin-spin interactions 166 
splitting o f g  manifolds 222 
square antiprism 186, 196, 208, 209, 211,212 
square prism 186, 196, 208 
Sr isotopic composition of seawater 574 
supramolecular chemistry 71-73 
- complexation 
- - of alkali ions 71 
- of alkaline-earth ions 71 
- - of d-block metal ions 72 

- of lanthanide ions 71 
- cryptate effect 71 
- encapsulation of cations by cage-type ligands 

71 
- template synthesis 72 
surface complexation behavior 524 

predicted 522, 525 
surface waters, dissolved lanthanides 500 
suspended particles 565, 566 
symmetry element restrictions 151 
symmetry elements 148 
- in tesseral harmonics 150 

TAG site, North Atlantic Ocean 588 
TPA (two-photon absorption) 161 
2D-NMR 13, 14 

see also COSY, EXSY 
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tabulation of published data on the concentration 
of rare earth elements 498 

TbAi2,,CI~,, + 3 476, 488,489 
TbBr 3 456, 458 
TbCI 3 451,453, 486 
Yb 3 + complexes 
- absorption data 103 

- energy-transfer efficiencies 103 
- of functionalized calixarenes, photophysical data 

101 
of macrocyclic ligands 

- - number of  solvent molecules 90, 91 
- - photophysical data 90, 91 
Tb 3 + cryptates 

- number of  solvent molecules 80 
photophysical data 80 

TbF 3 445,447, 448 
TbI 3 439, 460, 462, 467, 471 
Tb 3 ÷ podates 

number of  solvent molecules 97 
- photophysical data 97 
tensor operator 153 
ternary phosphides, s e e  under  rare-earth 

phosphides 
tesseral harmonics 145, 238-242 
tetracapped trigonal prism 186 
"tetrad" effect 526 
tetragonal bipyramid 186, 211 
tetragonal disphenoid I94 
tetragonai prism 208 
tetragonal symmetry 222, 227 
tetrahedron 200, 201 

angular coordinates 201 
tetrakishexadron 205, 206 
ThO 2 197 
thermal ionization mass spectrometry 503 
three-particle configuration interaction 166 
three-particle operator 166 
TINdl 4 470, 480 
TmA1CI 6 477 
TmAI2CI 9 477 
TmAI3CI12 477, 486 
TmAIaCII5 477 
TmBr 3 456, 458 
TmCI 3 451,453 
TmF 3 445, 447, 448 
Tml 3 458, 460, 462 
Tin21 a 460, 462 
total Hamiltonian 167 
transition moment integral 158 

transport by rivers 527 
trapped particles 565, 566 
tricapped trigonal prism 186, 195-197, 215, 

217-219 
coordinates 216 

triclinic symmetry 225 
trigonal antiprism 186, 218 
trigonal prism 186, 194, 217, 219 
trigonal symmetry 222, 227 
truncated tetrahedron 186 
two-photon absorption, see  TPA 

U(bpy)4 201 
ultrafiltration 530 
ungerade (u o r - )  parity 159 
unit tensor 153, 170 

vertical distributions in the ocean 503 
vertical profiles 
- Black Sea 577, 578 

- Sargasso Sea 
dissolved La, Ce, Nd, and Ce anomaly 547 

- - La, Ce, Nd, and Ce anomaly concentrations of 
suspended particles 549 

- La/Nd ratios 563 
- La/Yb ratios 563 
South Atlantic Ocean 562 

vibronic coupling 159 
volatility enhancement 469-472, 475-477 
volatility enhancement factors 474 

water/rock interactions at high temperatures 
587 

weathering on continents 559 
Wigner-Eckart theorem 154 
world map for lanthanide data 539 

YAI3 (BO3) 4 223 
YAI2,~CI6,~ + 3 475 
YA103 127 
YAsO 4 215, 223 
YBr 3 456 
YCI 2 454 
YCI 3 438,450, 453, 454 
Y2C16 450 
YF 3 444, 447, 448, 470 
YFe2,~CI6. + 3 475 
YI 3 459 
Y20~ 127 
YOBr 223 
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YOCI 223 
YOF 223 
Y202S 127,223 
YPO4 127, 212, 215,223 
YVO 4 127, 212, 215,223 
YbAICI~ 477 
YbAlzCI ~ 477 
YbA13CIt2 477, 486 
YbA14C115 477 
YbBr 2 456 

YbBr 3 456, 458 
YbC12 451,454 
YbCI 3 451,453 
YbF 2 445, 449 
YbF 3 445, 447, 448 
YbFz(g ) 448 
Ybl 3 460, 462 

Zeeman spectroscopy 
zircon structure 212 

162 
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