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ABSTRACT 

The concentrations of the rare earth elements (REE) in surface waters and sediments, when normalized on an element- 
by-element basis to one of several rock standards and plotted versus atomic number, yield curves that reveal their parti- 
tioning between different sediment fractions and the sources of those fractions, for example, between terrestrial-derived 
lithogenous debris and seawater-derived biogenous detritus and hydrogenous metal oxides. The REE of ancient sedi- 
ments support their partitioning into these same fractions and further contribute to the identification of the redox geo- 
chemistry of the sea water in which the sediments accumulated. The normalized curves of the REE that have been ex- 
amined in several South American wine varietals can be interpreted to reflect the lithology of the bedrock on which the 
vines may have been grown, suggesting limited fractionation during soil development. 
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1. Introduction 

The rare earth elements (REE), or lanthanide elements, 
are a group of 14 elements that have similar crystal ionic 
radii and valance state. They have a decreasing crystal 
ionic radius from La (1.016 Å) to Lu (0.85 Å) and a sin- 
gle 3+ valence within the siliciclastic fraction of sedi- 
ments and sedimentary rocks. This imposes limitations 
on their fractionation within siliciclastic debris during 
weathering and eventual transport by rivers as a sus- 
pended or colloidal fraction. Thus, they are an ideal 
group to identify the sources of the lithogenous fraction 
of marine and non-marine sedimentary deposits, e.g., 
mafic- and felsic-igneous and sedimentary rocks. 

By contrast, the REE in the dissolved load of rivers 
may exhibit measurable fractionation [1-3]. Cerium, in 
the 3+ valence state in the suspended load of rivers, is 
oxidized to the highly insoluble 4+ valence state that 
continues upon its entering the ocean [4-9]. As a result, 
Ce is depleted in seawater, relative to the remaining ele- 
ments of the group that maintain their 3+ valence state. 
Nonetheless, the 3+ valence REE also exhibit interele- 
ment fractionation, owing to their formation of com- 
plexes mostly with  [10-12]. In seawater, the 
complexed species exhibit an increase in their stability 

with increasing atomic number. This results in a relative 
increase in their concentration with increasing atomic 
number. Adsorption reactions on particle surfaces con- 
tribute further to their fractionation [13]. 

2
3CO 

These differences in the behavior of the individual 
REE in seawater are recorded by differences in the REE 
curves of the various seawater-derived fractions of ma- 
rine sediments, i.e., the marine hydrogenous and bioge- 
nous sediment fractions [4] versus the terrestrial-derived 
lithogenous fraction. For example, abyssal ferromanga- 
nese nodules (e.g., [6,14]) and seamount ferromanganese 
crusts [15-18] exhibit an enrichment of Ce, whereas pel- 
letal carbonate fluorapatite (CFA), glauconite [19], phil- 
lipsite [20], biogenic calcium carbonate [21], opal [6], 
and less so barite [22] exhibit a Ce depletion relative to 
its nearest neighbors La and Pr. The 3+ valence REE 
commonly exhibit an increase in concentration with in- 
creasing atomic number, again a reflection of their pro- 
pensity to form complexes with  and other ligands. 
We review here a fraction of the research on the behavior 
of the REE in soils, surface waters, sediments, and sedi- 
mentary rocks; from source rocks, to streams, to seawater, 
to their deposition and eventual burial in sea floor sedi- 
ments. They have proven to be invaluable in contributing 
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to an overall improved understanding of the geochemis- 
try of earth-surface processes. 

2. Analytical Techniques 

The REE gained wide attention following the work of 
Haskin and Gehl [23], Goldberg et al. [4], and Høgdahl 
et al. [24], who documented the potential that these ele- 
ments offered in advancing our understanding of the 
geochemical history of sedimentary environments. They 
showed that several members of the group can be meas- 
ured by neutron activation analysis in marine sediments 
and seawater, in which the concentrations are as low as a 
few nanograms per liter (in seawater) to micrograms per 
gram (in sediments). This method was expanded to in- 
clude the examination of a wide range of sedimentary 
components following the development of high-resolu- 
tion Ge(Li) -ray detectors, e.g., soils, marine and non- 
marine sediments, volcanic deposits, biogenic detritus, 
aerosols, the dissolved and suspended fractions of steams 
and seawater, moon rocks, and chondrites. Instrumental 
neutron activation analysis remained widely used for 
some 20 years until it was largely supplanted by other 
techniques, coupled with various leaching and extraction 
procedures that have allowed for the analysis of the 
complete group of REE in a wide range of sample types 
[1,5,8,9,16,25]. These techniques also greatly improved 
the analytical accuracy and precision, now better than ca 
5%. 

The REE are the prime example of the Oddo-Harkins 
Rule [26-28], whereby even-numbered elements are 
more abundant than odd-numbered elements (Figure 1), 
owing to the greater nuclear stability gained by the pair- 
ing of protons that offsets the spin of the one by the other. 
Promethium (atomic number 61) does not occur naturally, 
having no isotope with a half-life greater than ca 20 days. 
The herringbone-shaped curve of their measured concen- 
trations, when plotted versus atomic number, is con- 
verted to a smooth curve by normalizing the REE on an 
element-by-element basis to one of several rock stan- 
dards (Figure 2). The procedure allows the relative con- 
centrations of the REE in different samples to be easily 
compared visually. 

Standards that are commonly used (Table 1) include 
the World Shale Average (WSA), as calculated by Piper 
[20] from analyses published by Haskin and Haskin [29] 
and Wedepohl [30]; the North American Shale Composite 
(NASC), analyzed by Gromet et al. [31]; the Upper Con- 
tinental Crust (UCC), with several slightly different val- 
ues reported by numerous individuals (e.g., [32-34]), but 
with quite similar interelement concentrations; Post Ar- 
chean Australian Shale (PAAS), advanced by McLen- 
nan [35]; and lastly an average of chondrites [26]. The 
concentrations of the REE in these standards represent 
two compositional extremes of siliciclastic-source-rocks 

 

Figure 1. The measured concentrations of REE in seawater, 
several marine sediment phases, and basalt, all of which 
exhibit the odd/even concentration difference explained by 
the Oddo-Harkins Rule. 
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Figure 2. The REE curves of rock standards (Table 1): 
World Shale Average (WSA), Post Archean Australian 
Shale (PAAS), North American Shale Composite (NASC), 
the Upper Continental Crust (UCC), and an average of 
chondrites. 
 
(Figure 2), the one felsic (WSA, UCC, PAAS, NASC) 
and the second ultramafic (chondrites).  

Although the curves for the WSA and NASC exhibit 
slightly higher concentrations of the heavy REE versus 
the light REE, than the curves for the UCC and PAAS, 
these standards exhibit normalized curves that are quite 
similar. Considering that they represent sedimentary rocks 
of different geologic ages that were collected throughout 
the world and likely have been recycled numerous times 
(from surface weathering under various conditions, to 
erosion, to stream and/or wind transport, to ocean depo- 
sition under possibly different geochemical environments, 
to burial, to uplift, to…), their virtually identical inte- 
relement REE concentrations seem to reflect a coherence 
for this group of chemical elements quite beyond what 
might have been expected, considering their different  
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Table 1. Elemental composition of rock standards—World Shale Average (WSA), North American Shale Composite (NASC), 
Upper Continental Crust (UCC), Post Archean Australian Shale (PAAS), and average chondrites. 

Rare Earth  
Element 

World Shale  
Average [20] 

N. American Shale 
Composite [31] 

Upper Continental  
Crust [32-34] 

Post Archaen  
Australian Shale [35] 

Average  
Chondrites [26] 

La 41.00 31.1 30 38.2 0.32 

Ce 83.00 66.7 64 79.6 0.90 

Pr 10.10 7.70 7.1 8.83 0.13 

Nd 38.00 27.4 26 33.9 0.57 

Sm 7.50 5.59 4.5 5.55 0.21 

Eu 1.61 1.18 0.88 1.08 0.074 

Gd 6.35 4.90 3.8 4.66 0.31 

Tb 1.23 0.85 0.64 0.774 0.051 

Dy 5.50 4.17 3.5 4.68 0.30 

Ho 1.34 1.02 0.8 0.991 0.074 

Er 3.75 2.84 2.3 2.85 0.21 

Tm 0.63 0.48 0.33 0.405 0.032 

Yb 3.53 3.06 2.2 2.82 0.18 

Lu 0.61 0.46 0.32 0.433 0.032 

 
possible valence states, slightly different ionic crystal 
radii in the 3+ valence state, and varying propensity to 
form complexes in solution with various ligands. 

Goldberg et al. [4], Haskin and Haskin [29], and Høg- 
dahl [36] employed the average of several chondrites to 
normalize the REE in marine samples they examined, 
although it is perhaps more appropriately used in the 
study of mafic and ultramafic rocks. Piper [20] proposed 
that the WSA represents perhaps a more appropriate 
standard in the examination of marine and non-marine 
sediments and surface waters, owing to similar relative 
concentrations of the REE in the standard and their con- 
centrations in sediments, river waters, and less so sea- 
water. The WSA continues to be used, but the UCC and 
PAAS standards are perhaps now more commonly used. 
The chondrite standard is still used by some in their 
analysis of marine and non-marine sediments and surface 
water, although possibly more to mask analytical uncer- 
tainties than to reveal the similar behavior of the REE. 
Goldstein and Jacobsen [1] obtained rather different val- 
ues for the NASC than Gromet et al. [31], which they 
attributed largely to heterogeneity of the standard. An 
average of a subgroup of samples being examined has 
also been employed to normalize individual sets of sam- 
ples as it can emphasize subtle differences between sam- 
ples that might otherwise escape detection. The standard 
one elects to use, however, is quite unimportant, as long 
as its interelement concentrations are similar to those in 
the samples being examined.  

3. REE in Rivers and Seawater 

3.1. Rivers 

The REE in several of the world’s major rivers [37], 
normalized to any one of the felsic rock standards, reveal 
that the bulk REE concentrations exhibit a rather flat 
curve (Figure 3(a)). In contrast to these curves, Gold- 
stein and Jacobsen [1], Elderfield et al. [2], and Sholk- 
ovitz [3] established that the dissolved load of rivers, 
although representing a minor fraction of the total REE 
load of rivers, is fractionated from the suspended load, 
which is dependent on the chemistry of the water (e.g., 
salinity, pH, alkalinity, and biological activity). In gen- 
eral, the result of the fractionation is to increase the 
heavy REE concentrations in the dissolved fraction, rela- 
tive to the light REE concentrations (Figure 3(b)). This 
fractionation between the dissolved and suspended load 
was interpreted to contribute directly to the REE curve of 
the dissolved fraction of seawater, but reactions between 
seawater and river water within estuaries greatly compli- 
cate the contribution of river borne REE entering the 
ocean to the eventual composition of seawater. 

The flat curve of the suspended load of rivers com- 
monly resembles the curve of the source rocks [2] in the 
drainage basin (Figure 4(a)). It contrasts sharply with the 
curves and elevated concentrations of the bed load (Fig- 
ure 4(b)) of streams [38]. The concentrations of the 
heavy-mineral-hosted elements—Ti and Zr—also exhibit 
strong enrichments within the stream bed load with their  
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Figure 3. (a) The REE curves of several of the world’s ma- 
jor rivers [37]; (b) The curves of the dissolved and sus- 
pended fractions in the Amazon River, separated by filtra- 
tion [3]. 
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Figure 4. (a) The REE curves of bed sediments in the Big 
Black River [38], a tributary to the Mississippi River and (b) 
of soils within its drainage basin. 

order of enrichment and that of the REE being the fol- 
lowing:  

bed sediment soil suspended sediment

source rock WSA


 


,   (1) 

suggesting that the heavy minerals are a major host of the 
REE in bed sediments. 

3.2. Seawater 

In contrast to the partitioning of the REE largely into the 
suspended fraction in rivers [1], they are strongly parti- 
tioned into the dissolved fraction in seawater, i.e., into 
filtered seawater. The curve of seawater, in general, ex- 
hibits a negative Ce anomaly [4,5,8,9,24,39,40] and pro- 
gressive enrichment of the heavy REE, relative to the 
light REE (Figures 5 and 6(a)). Although the curves are 
somewhat different between the oceans and with depth in 
each individual ocean, the changes in the normalized 
curves with depth clearly reflect the exchange reactions 
between suspended phases and the dissolved load that are 
superimposed on the history of advection of the different 
water masses. The water masses in the Atlantic Ocean, 
with increasing depth, are surface water, Antarctic In- 
termediate Water, North Atlantic Deep Water, and Ant- 
arctic Bottom Water [41]. The advection of Antarctic 
Bottom Water that has relatively low REE concentrations 
produces a mid-water REE concentration maximum in 
both the Atlantic and Pacific Ocean [8,36]. 

The negative Ce anomaly of seawater reflects its oxi- 
dation to the strongly insoluble 4+ valence under oxic to 
suboxic redox conditions in the open ocean today (Table 
2), in contrast to the other REE that maintain a 3+ va- 
lence. They too are fractionated from each other by their 
complexation with 2

3CO   and less so with 2
4HPO  , and 

adsorption on the surfaces of suspended particles [12,13]. 
The complexes exhibit an increase in stability with in-  
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Figure 5. The REE curve of seawater from the eastern Pa- 
cific Ocean [5]. Note the REE curve of the samples from 200 
to 300 m water depth, from the core of the O2 minimum 
layer, with a normalized Ce concentration that is less than 
the Ce anomaly of waters collected at both shallower and 
deeper depths. 
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Table 2. Half-cell reactions assuming standard-state conditions and seawater concentrations for the trace elements. The mas- 
ter half-cell reactions for seawater are the three reactions written in bold print, owing to the elevated concentration O2, 3NO , 

and  above those of the trace metals. Ground waters may have these same master half-cell reactions, but concentra- 

tions will likely be quite different. 

2
4SO 

Eh Half-cell reactions Å# 
Seawater concentration in 

moles/kg, or partial  
pressure 

Ref.* 

1.099      2

2 3 43Co aq 4H O Co O s 2e 8H aq       6 Co2+ = 2.04 × 10−11 [42,43] 

0.805      2 22H O I O g 4e 4H aq     - - O2 = 0.2 atm [44] 

0.704        2

2 2Mn aq 2H O I MnO s 2e 4H aq       6 Mn2+ = 2.5 × 10−10 [44,45] 

0.702        2 3I aq 3H O I IO aq 6e 6H aq        3 
I− = 5.0 × 10−9 

7

3IO 4.5 10    [42,44] 

0.698        2 2 3N g 6H O I 2NO aq 10e 12H aq       3 
N2 = 0.8 atm 

5

3NO 3.9 10    [44,46] 

0.545          2

2 43
Cr OH s H O I CrO aq 3e 5H aq       4 2

4CrO 4.04 10 9    [43,47,48] 

0.448        2 2

3 2 4SeO aq 2H O I SeO aq 2e 2H aq        4 

9Se 2.22 10   
2

3SeO 0.92 10 9    
[44,49,50] 

0.320        3

2 2Ce aq 2H O I CeO s e 4H aq       9 Ce3+ = 1.0 × 10−11 5, 44 

0.296          2

2 3
Fe aq 3H O I Fe OH s e 3H aq       6 Fe2+ = 1.20 × 10−9 44, 45 

0.121        2

2 3Se s 3H O I SeO aq 4e 6H aq       4 2 9

3SeO 1.11 10    49 

0.013          2

2 3 2 3 2
UO s 2HCO aq UO CO aq 2e 2H aq

       4, 5 

3

3HCO 2.47 10  
2

 

  8

2 3 2
UO CO 1.26 10   

[44,45,51] 

−0.018        2

2 2 32Fe aq 3H O I Fe O s 2e 6H aq       6 See above [44,45] 

−0.040        2 4 2 2 2 4V O s 4H O I 2H V O aq 2e 4H aq        3 8

2 2 4H V O 4.0 10    [43,52] 

−0.055        2

2 4HS aq 4H O I SO aq e H aq          3, 4 
25HS 7.75 10  

2 2

 

4SO 2.8 10    
[44,46] 

−0.055          2

2 2 4Cu S s 4H O I SO aq 2Cu aq 8e 8H aq         4, 6 Cu+ = 3.59 × 10−9 [42,45,53] 

−0.137          2 2

2 4CdS s 4H O I SO aq Cd aq 8e 8H aq         4, 6 Cd+ = 6.94 × 10−10 [42,44,46,54] 

−0.162          2 2

2 4ZnS s 4H O I SO aq Zn aq 8e 8H aq         4, 6 Zn2+ = 5.97 × 10−9 [42,44] 

−0.175          2 2

2 4 4MoS s +12H O I MoO aq 2SO aq 18e 24H aq       4, 5 2 7

4MoO 1.1 10    [44,55,56] 

−0.188          2 2

2 4NiS s 4H O I SO aq Ni aq 8e 8H aq         4, 6 Ni2+ = 8.01 × 10−9 [42,44,46,53] 

−0.209          2

2 4FeS s 4H O I SO aq Fe aq 8e 8H aq         4, 6 Fe2+ = 1.20 × 10−9 [42,44,45,53] 

−0.210          4

2 3 2 3 3
UO s 3HCO aq UO CO aq 2e 3H aq

       4, 5  4 8

2 3 3
UO CO 1.26 10

    [42,44,45] 

#Values of the effective ionic diameter used in the Debye-Hückel equation. 

 
creasing REE atomic number, i.e., the heavy REE are 
more strongly partitioned into the complexed fraction 
versus the ionic state than are the light REE. As the com- 
plexed fraction of each REE is less reactive to adsorption 
reactions, the heavy REE are less readily removed from 
seawater onto suspended phases than are the light REE 
[3]. Thus, the REE exhibit an increase of their normal- 
ized concentrations in the seawater with increasing ato- 
mic number, as reflected by their increase in residence 
time in the ocean—500 yrs for La increasing to 2890 yrs 
for Lu [57]. Cerium, with a residence time of only 50 yrs, 

is an exception to this trend, owing to its oxidation to the 
4+ valence (Table 2). 

Separation of the suspended load of seawater, the frac- 
tion > 0.4 µ that is recovered by filtration [9], from the 
dissolved load reveals the partitioning of the REE within 
the suspended fraction largely into an Al-silicate lithoge- 
nous fraction, a Mn-oxide fraction, and likely a Fe-oxide 
fraction. The composition of each of the suspended frac- 
tions contrasts with the dissolved fraction (Figure 6). 
The Mn-oxide fraction exhibits a strongly evolving curve 
with ocean depth. Within the upper ca 100 m of the water 
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column, it exhibits a negative Ce anomaly (Figure 6(b)), 
similar to the dissolved fraction of seawater itself (Fig- 
ure 6(a)). The anomaly becomes strongly positive to ca 
1000 m depth, possibly in response to the crystallization 
of the fully oxidized suspended Mn oxide, on which Ce4+ 
is adsorbed through biologically mediated redox and ad- 
sorption reactions [58]. The 3+ valence REE are also 
enriched in the Mn-oxide, the light REE more so than the 
heavy REE in accord with their partition coefficients 
with  complexes [11-13]. Their partitioning into 
both Fe and Mn fractions of ferromanganese crusts that 
are universally present on ocean seamounts suggests that 
both Mn and Fe oxides contribute to the depth curves of 
the REE in the suspended load [16,18]. Thus, the curves 
for the REE in seawater are established by their parti- 
tioning between dissolved and suspended fractions with- 
in seawater itself, that is, by their complexation mostly 
with  that controls adsorption/desorption reactions 
onto and off of particle surfaces, redox reactions miti- 
gated by the oxidation of organic matter, and the pres- 
ence of a geochemically largely non-reactive Al-silicate 
fraction. 

2
3CO 

2
3CO 

4. REE in Sediments 

4.1. Terrestrial Sediment 

Loess deposits may perhaps represent a reliable average 
composition of terrigenous sedimentary deposits. Taylor 
et al. [59] reported that these deposits, collected from 
several continents, have REE curves (Figure 7) that 
closely resemble the shale curve (Figure 2), with slight 
fractionation between light and heavy REE as a function  
 

 

Figure 6. The REE curve of seawater from the Sargasso Sea 
in the Atlantic Ocean [7] and (b) of the suspended fraction 
of seawater collected on a 0.4 µm filtered and dissolved in 
acetic acid [9]. 

 

Figure 7. The REE curves of loess deposits. See Taylor et al. 
[59] for sample locations. 
 
of grain size [60] and surface weathering [61]. Their bulk 
composition might, however, be represented by a single 
grain size, by the <4 µ fraction [62]. The REE curves of 
the eolian deposits, thus, are strongly reflective of the 
mean curve of their source rocks. 

4.2. Marine Sediment Faction 

Marine sediments that accumulated distant from major 
volcanic activity are composed of essentially two frac- 
tions, a land-derived lithogenous fraction and a seawater- 
derived fraction, which is sub-divided into a hydroge- 
nous fraction and a biogenous fraction [4]. Aluminum 
serves as a proxy for the lithogenous fraction [63,64]. 
Examples of trace elements also hosted predominantly by 
this fraction include the alkali metals, heavy-mineral 
hosted trace elements, plus Nb, Ga, Sc, Ta as evidenced 
by their linear correlations with Al that extrapolate es- 
sentially to the origin [65]. Their relationship with Al 
adds support to the use of Al alone as a proxy for this 
sediment fraction. The lithogenous contribution of the 
REE can then be estimated from the REE:Al ratios of 
one of the rock standards whose Al-normalized metal 
contents, e.g., the alkali-metal:Al ratios, are closest to 
those of the sediments being examined. 

The marine fraction of the REE is then estimated by 
the elevated REE:Al ratios above the ratios in the rock 
standard. This fraction may further include C as organic 
matter, Ca and Si as CaCO3 and opal tests of plankton, 
respectively; Cd, Cu, and Ni as trace nutrients; Cr, Fe, 
Mn, Mo, U, and V, plus Cd and Cu [66] as redox sensi- 
tive trace elements; and inorganically and biologically 
mediated surface-adsorbed elements. Along several ocean 
margins that exhibit relatively low accumulation rates of 
lithogenous sediment and suboxic conditions in the water 
column, i.e., 3NO  reduction or denitrification (Table 2), 
a seawater-derived REE fraction can be present above 
the terrigenous input of sedimentary debris. Similarly, 
sediments from the oxic pelagic environment can also 
exhibit REE concentrations that are elevated above a 
lithogenous contribution. Sediments that accumulate un- 

Copyright © 2013 SciRes.                                                                                AJAC 
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der seawater anoxic sulfate-reducing conditions, for ex- 
ample, that typify the bottom waters of the Black Sea and 
Cariaco Basin, do not exhibit a seawater-derived REE 
fraction, as evidenced by the REE profiles in the water 
column of these basins [67-69] and the REE:Al ratios of 
the basin sediments [65].  

4.2.1. Lithogenous Sediment Fraction 
Marine sediments that have accumulated along ocean 
margins, where the lithogenous sediment fraction domi- 
nates the bulk sediment composition, commonly exhibit 
REE curves that represent the composition of their terri- 
genous source rocks [27,70-73]. Modeling and leaching 
analyses of Quaternary pelagic sediments from the cen- 
tral Pacific Ocean reveal that the siliciclastic fraction of 
these sediments similarly has a flat WSA-normalized 
curve [14]. 

The relationship between the REE composition of 
sediments and their terrigenous sources is further re- 
corded by the sediments that are accumulating under the 
strongly negative redox condition of the Black Sea [65]. 
Two major terrigenous sources of significantly different 
composition were identified initially by the clay miner- 
alogy of the surface sediments [74]. In the northern re- 
gion of the basin, the fine fraction of the sediments is 
dominated by illite. Its distribution identifies its source as 
largely Eastern Europe, delivered to the basin mostly by 
the Danube River and rivers along the northern and 
western margin of the basin. In the southern region, the 
clay fraction is enriched in montmorillonite (smectite) 
that is derived largely from Anatolia. The major-element 
composition of the suspended phases in streams draining 
the two regions [74,75] further defines differences in the 
elemental composition of the two source regions.  

The REE in surface sediments of the Black Sea [65] 
support the results of the mineralogy studies. Surface 
sediments recovered in box cores from the western basin 
margin have a flat REE curve that is representative of the 
largely felsic rocks of eastern Europe, whereas surface 
sediments from the southern basin margin have a light 
REE depletion that reflects a moderate mafic-rock con- 
tribution from the ultramafic rocks of the Pontic Moun- 
tains in northern Anatolia. Although the dominant sedi- 
ment source currently is the river input from eastern 
Europe [74], the Anatolia source can be appreciated 
when it is realized that the Pontic Mountains rise sharply 
from a narrow 5 to 10 km wide coastal plain to an eleva- 
tion of ca 3950 m. The coastal plain gives way seaward 
to an equally narrow basin shelf and slope, the latter trav- 
ersed by numerous submarine canyons that occur along 
the full extent of the Anatolia slope [76]. This system of 
canyons likely delivers much of the sediment from the 
Pontic Mountains to the abyssal plain by by-passing the 
shelf and slope, possibly more so in the past than pres- 

ently. 
In support of this interpretation, the sediments that ac- 

cumulated on the abyssal plain during the lacustrine 
phase of the Black Sea, following the Last Glacial Maxi- 
mum (LGM) but prior to the invasion of Mediterranean 
water through the Bosporus 9.3 ka, i.e., when the Black 
Sea was a lake, exhibit the two different REE curves 
noted above. Within sediment cores recovered from the 
abyssal region of the basin, the curves change abruptly 
every few 10 s of centimeters (Figure 8), or ca 2000 to 
3000 yrs [65], from the one type of curve to the other. 
The shift of the curves reflects a shift in the dominance 
of the northern and western source versus the southern 
and eastern source that was likely driven by regional 
changes of climate since the LGM [77]. 

4.2.2. Seawater Derived Fractions 
Owing to the complexation of the 3+ REE in seawater 
[11,13] and the oxidation of Ce3+ to the 4+ valence [3,7,8, 
78,79], the REE curves of different marine sediment 
fractions might be expected to reflect the alkalinity and 
redox potential of the seawater from which they accu- 
mulated. Although both features are strongly reflected in 
several individual components of modern deposits (Fig- 
ure 9), e.g., phillipsite [14], biogenic carbonate [21] and 
opal [6], CFA [19,80],and possibly barite [22]; an exact 
one-to-one relationship with the seawater at the depth of 
accumulation is unclear. An exception is the pelletal 
CFA that is currently accumulating on the continental 
shelf of Peru. Here the apatite has a negative Ce anomaly 
and heavy REE enrichment that closely approach those 
of the seawater (Figures 5 and 9) at ca 150 to 300 m [5], 
the depth of accumulation of the CFA examined. The 
depth corresponds to the depth of the oxygen minimum 
zone (OMZ) of the eastern tropical Pacific [81], the lens 
of water at intermediate depth that is characterized by 
suboxic respiration, i.e., denitrification (Table 2). 

Ferromanganese nodules on the abyssal sea floor (6, 
14, and others) and seamount ferromanganese crusts [15- 
18,82] are the major exception to this relationship be- 
tween the REE composition of marine deposits and sea- 
water (Figure 9). They have positive Ce anomalies, 
similar to the positive Ce anomaly of the suspended Mn- 
oxide phase in the water column (Figure 6(b)) from 
greater than ca 1000 m depth [9], rather than the negative 
anomaly of the seawater dissolved load. The relationship 
of the 3+ valence REE in these deposits with their con- 
centrations in seawater is equally complex, but it is likely 
determined largely by the partitioning of the REE into 

2
3CO   complexes in the dissolved fraction of seawater 

[16].  

5. Ce Oxidation in Ancient Oceans 

Wright et al. [83] advanced the hypothesis that the REE  
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Figure 8. Rare earth elements in a sediment core from the central abyssal plain of the Black Sea [65], normalized to the av- 
erage of the lacustrine sediments in the three “ee” subunits of Unit 3. The sediment core is divided into two marine units and 
the one lacustrine unit [76]. Subdivision of Unit 3 into 5 subunits is based on REE curves. The REE in the surface sediments 
of box cores from the western basin margin identify the “ee” subunits as having a dominantly eastern European source; the 
sediments of box cores from the southern margin identify the “ac” subunits as having an additional mafic source, the ul- 
tramafic rocks of the Pontic Mountains in northern Anatolia. The “ac” subunits exhibit a ca 15% to 20% depletion of the 
light REE, relative to the heavy REE. The upper boundary of each unit is given in the title; e.g., Unit 1 extends from 0 cm to 
48 cm. The turbidite between Units 1 and 2 is present in many cores recovered throughout the basin. Its source was the Cri- 
mea slope [65]. The 3ee-normalized curves for the UCC and PAAS (Table 1) are included for reference. 
 
curves of CFA in ancient phosphate deposits, specifically 
the negative Ce anomaly of biogenous apatite, might 
have recorded the redox chemistry of ancient oceans. 
They reasoned that the negativity of the Ce anomaly in 
seawater during periods of possible global anoxia (e.g., 
[84-87]) would be less than during times when the ocean 

was overwhelmingly oxic, as it is currently. Following 
their success, more recent work has failed to support the 
earlier findings [88]. Several reasons may account for 
this apparent failure, which may not necessarily reflect a 
failure of the original hypothesis. As noted earlier, the Ce 
anomaly of seawater becomes increasingly more nega- 
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tive from the surface to abyssal depths, with the major 
exception of its trend in the OMZ of the eastern Pacific 
Ocean (Figure 5). Further, the Ce anomaly within indi- 
vidual phosphate deposits commonly exhibits a range of 
values [80,89] that requires the analysis of several sam- 
ples, particularly samples that are strongly enriched in 
CFA. Such samples may define the anomaly of CFA 
alone (Figure 10). And lastly, a diagenetic overprint may 
largely have altered the REE curve of ancient biogenic 
CFA following its deposition [90-93]. Thus, several fac- 
tors complicate the composition of the apatite fraction of 
ancient deposits [94]. 

On the positive side, the pelletal CFA fraction of sedi- 
mentary deposits may largely retain its REE signature of 
deposition, similar to the retention of its C and O isotopic 
signatures [95,96]. Tens of samples of the pelletal CFA- 
enriched units from the Phosphoria Formation of Per- 
mian age in southeast Idaho [80] and from the Lisburne 
Group of Carboniferous age in northern Alaska [97] ex- 
hibit Ce anomalies that are significantly more negative 
(Figures 10 and 11(a)) than the Ce anomalies of the Peru 
Shelf deposit (Figure 9). They average ca −0.9 in sam- 
ples from these deposits with greater than 25% apatite. 
Analyses by us (DZP) of the pelletal CFA-deposit from 
the Tertiary Miocene Pungo River deposit in the eastern 
United States [98] and from the Oligocene deposit of 
Baja California [99] exhibit Ce anomalies that are similar 
to the Peru Shelf deposit. The anomaly for the Creta- 
ceous deposit in the Paris Basin [89] has a slightly more 
negative anomaly. All of these deposits likely derived 
their REE from the seawater at the time of their accumu- 
lation. 

According to the hypothesis of Wright et al. [83], the 
Ce anomaly of the Phosphoria Formation and Lisburne 
Group (Figure 11(a)) recorded an elevated ocean oxic  
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Figure 9. The REE curves of Pacific Ocean abyssal ferro- 
manganese nodules [6,14]; foraminifera [21] and diatoms 
from the open ocean [6]; pelletal CFA and glauconite from 
300 m depth on the Peru Shelf [19], the depth of the core of 
the OMZ in the eastern Pacific Ocean; and seawater from 
the OMZ [5]. The Gd value in glauconite may reflect ana- 
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Figure 10. The REE cu osphate deposit at the 

vent in the late Paleozoic era. Indeed, Berner [100] ad- 

alyzed four varietal wines of South 

 

rves of the ph
Enoch Valley Phosphate Mine in southeast Idaho [80]. The 
curves are separated into four sediment lithologies listed at 
the far right. Phosphorite has greater than 25% carbonate- 
fluorapatite (CFA); phosphatic shale has 5% to 25% CFA; 
shale has greater than approximately 60% siliciclastic de- 
bris; limestone/chert has greater than 75% calcite + dolo- 
mite + chert. 
 
e
vanced an O2 model for the atmosphere during the Phan- 
erozoic eon (Figure 11(b)) that identified a significantly 
elevated O2 concentration in the late Paleozoic, owing 
possibly to the evolution of large vascular land plants. In 
his model, O2 decreased sharply at the end of the Paleo- 
zoic and then gradually increased to reach its present 
value approximately 5.0 × 107 yrs ago. The Ce anomaly 
of pelletal CFA deposits during the late Paleozoic, Cre- 
taceous, and Tertiary times conforms reasonably well to 
the O2 atmospheric model. The deposit in the Fernie 
Formation, Canada, of Jurassic Age [101] clearly does 
not fit the atmospheric O2 trend. Unfortunately, the tex- 
ture for this deposit is poorly documented. Although the 
relationship between the Ce anomaly of the few Phan- 
erozoic pelletal CFA deposits that have been examined in 
detail and the level of atmospheric O2 during this geo- 
logic inteval is promising, confirmation of this relation- 
ship must await the analysis of additional carefully 
documented pelletal CFA deposits throughout Phanero- 
zoic time. 

6. REE in Wine 

Bentlin et al. [25] an
America, each of which has a unique REE curve (Figure 
12). Each curve possibly represents the curve of the soil 
on which the grapes were grown and the source rock of 
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Figure 11. (a) The Ce anomaly of pelletal phosphate dep - os
its versus geologic age (see text for references). The anomaly 

is defined as      n n nlog 3Ce 2La Nd , for which the n- 

sub-script is t ; (b) Atmospheric 
O2 concentration during the Phanerozoic [100]. The sym- 
bols along the x-axis of each frame identify the geologic 
periods (e.g., C = Carboniferous). 
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Figure 12. The REE curves of wine from South America 

at soil. The curves suggest that any chemical weather- 

ative, the REE may have been ac- 
qu

7. Conclusions 

 strongly coherent group of elements, 
w

ended phases of seawater are 
pa

- 
tio

[25]. The designation of the curves is based on the similatity 
to known REE curves of rock lithologies, not on the curves 
of the soils and bedrocks on which the grapes may actually 
have been grown. 
 
th
ing that contributed to soil formation fractionated insig- 
nificantly Ce from the 3+ valence REE, i.e., between 

rock, ground water and soil. This would support the in- 
terpretation of limited fractionation of the REE within 
terrigenous siliciclastic debris, as suggested by its com- 
position in the suspended fraction of the world’s major 
rivers, but is at odds with the composition of the dis- 
solved load of rivers. 

As a possible altern
ired during the filtration and storage of the wines [102]. 

Which of these sources might determine the REE content 
of a wine should be easily determined by analyzing the 
soil and ground water on which the grapes were grown 
versus the various materials used in the production of the 
wine and possible changes to its composition during 
storage. If these curves do indeed reflect those of the 
soils, then an analysis of them should provide added evi- 
dence of the usefulness of the REE in identifying prove- 
nance. 

1) The REE are a
hose concentrations in rocks, soils, surface waters, and 

sedimentary deposits conform to the Oddo-Harkins Rule, 
whereby even-numbered elements are more abundant 
than their immediate odd-numbered neighbors. The her- 
ringbone curve of their measured concentrations, when 
plotted against their atomic number, is converted to a 
smooth curve by normalizing the REE on an element-by- 
element basis to one of several rock standards. The stan- 
dard used is unimportant except that its interelement 
REE concentrations should be similar to those of the 
samples being examined. 

2) The REE in the susp
rtitioned into 1) a siliciclastic fraction of terrigenous 

origin that has a normalized REE curve similar to the 
curve of the average of the continental curst and 2) a sea- 
water-derived metal oxide fraction. The REE curve of the 
metal-oxide fraction exhibits a negative anomaly in the 
surface water that becomes positive below a few meters 
depth. The dissolved REE fraction of seawater, in gen- 
eral, exhibits a negative anomaly in surface seawater that 
increases in its negativity with ocean depth. The dissolved 
fraction also exhibits an enrichment of the heavy REE 
relative to the light REE. It too increases with depth.  

3) The REE that accumulate on the seafloor are parti
ned into spatially varying amounts of a terrestrial- 

derived lithogenous fraction, a biogenous fraction com- 
posed largely of the tests of plankton, carbonate-fluora- 
patite (CFA), montmorillonite (smectite), the zeolite 
phillipsite, glauconite, and an amorphous Fe and Mn oxi- 
hydride fraction. The lithgenous fraction has a REE 
curve similar to that of the terrigenous-derived fraction in 
the suspended load of seawater, whereas the seawater- 
derived fractions have one of two curves. The curve of 
ferromanganese oxides, in the form of abyssal nodules 

Copyright © 2013 SciRes.                                                                                AJAC 



D. Z. PIPER, M. BAU 79

and seamount crusts, is characterized by a strongly posi- 
tive Ce anomaly that is similar to the curve of the acetic- 
acid-soluble suspended phase of the water column at 
depths greater than several meters. By contrast, the 
curves for pelletal CFA and glauconite, whose accumula- 
tion is limited largely to the continental shelf and slope 
under seawater conditions of suboxic bacterial respira- 
tion, duplicate the curve of the immediately overlying 
seawater. The biogenous fraction also exhibits a negative 
Ce. 

4) The strongly similar REE curve of the pelletal CFA
th

om South America have
R
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