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Preface 

The present volume "Rare Earth Elements" A 6b deseribes in its first part the origin, 
mode of oeeurrenee, and behavior of Y and/or RE elements in the hydrosphere and atmos
phere. Separately for marine and non-marine environments (surfaee, subsurfaee, mineral, 
and thermal waters), the behavior of RE (ineluding Y) in the hydrosphere eomprises 
espeeially the relationship between eontentleomposition and the ehemistry of water, and 
the processes aeting during migration, removal, and preeipitation are outlined; the influenee 
of biologieal material is mentioned. Behavior of RE in the atmosphere involves mainly 
transport, regional differenees, and temporal variations as weil as removal by preeipitation; 
the anthropogenie influenee is only outlined. 

The seeond part of this volume treats, partly in a more summary manner, the eosmo
and geoehemieal eyeles and the balance of Y and/or RE elements. The relationship between 
geodynamie position and type of magmatism, as weil as the geoehemieal variations in 
the geospheres, especially mantle and erust of the earth, are deseribed in greater detail. 

Frankfurt am Main 
November 1987 Wolfgang Töpper 
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7 Geochemistry. Hydrosphere 

For an overview of the behavior of Y and/or RE in the hydrosphere, inspect the relevant 
chapters of textbooks or of papers dealing especially with RE geochemistry given in the 
following examples: 

E. D. Goldberg, Minor Elements in Seawater (Chem. Oceanogr. 1 [1965] 163/96, 16415, 169, 
189/90). 

R. A. Horne (Marine Chemistry, Interscience, New York 1969, pp. 1/568,153/5,299/301,380/3, 
386,392,411,422/4). 

W. Stumm, P. A. Brauner, Chemical Speciation (Chem. Oceanogr. 2nd Ed. 1 [1975] 173/239, 
224/5). 

R. M. Garrels, F. T. Mackenzie, C. Hunt (Chemical Cycles and the Global Environment -
Assessing Human Influences, William Kaufmann, Los Altos, Calif., 1975, pp. 1/206, 
31/4). 

Yu. A. Balashov (Geokhimiya Redkozemel'nykh Elementov, Nauka, Moscow 1976, pp. 1/266, 
128/51, 161/73, 230/3). 

H. D. Holland (The Chemistry of the Atmosphere and Oceans, Vol. 1, Wiley, Chichester 1978, 
pp. 1/368, 136/9, 157/8). 

V. V. Gordeev, A. P. Lisitsyn, Trace Elements [in Seawater] (Okeanol. Khim. Okeana 1 [1979] 
337175,457/90,340/4,351/63). 

E. G. Gurvich, V. N. Lukashin, A. P. Lisitsyn, A. D. Kurinov, Rare Earth Elements and YUrium 
(Geokhim. Elem. Gidroliz. 198071/116,225/38,77/87). 

J. I. Drever (The Geochemistry of Natural Waters, Prentice-Hall, Englewood Cliffs, N.J., 1982, 
pp. 1/388, 234, 298/9). 

K. W. Bruland, Trace Elements in Seawater (Chem. Oceanogr. 2nd Ed. 8 [1983] 157/220, 
210/3). 

A. J. Fleet, Aqueous and Sedimentary Geochemistry of the RE (Develop. Geochem. 2 [1984] 
343/73,343/65). 

7.1 Origin 0' Yttrium and/or Rare Earth Elements in the Hydrosphere 

7.1.1 Seawater 

As can be seen from the following paragraphs, Y and/or RE can be supplied to seas 
and oceans in various ways and in quantitatively different amounts from the continent with 
river water, weathering products, and aeolian material, but also with products of submarine 
and surface volcanism, and, to a smaller extent, with cosmic material (in the open ocean) 
[1, pp. 223/4]; glacial runoff and abrasion are further minor sources [2]. Resolution of under
lying (sea-boUom) sediments, e.g., [3, p. 128] and see below or interstitial waters of marine 
sediments can also be RE sources [4]. 

Most of the RE (>99% according to [1, p. 243]) originate from terrigenous/continental 
sources (see, e.g., [5, 6]), derived from the weathering of igneous, sedimentary, and meta
morphic rocks [7], as is mentioned for RE (with suspended material) in the northern Indian 
Ocean and the Mediterranean Sea [1, pp. 251/2], or La in the Sargasso Sea and the tropical 
northern Atlantic Ocean [8]. A substantial part of Nd in seawater is of continental deriva
tion [9], as, e.g., in the Atlantic Ocean [36]. The major continental RE input from river water 
is in the suspended state [2, 10 to 12], the soluble input being only a few percent of the 
total RE discharged by rivers [11]. Degradation of particulate matter in river systems provides 
the initial source of marine Nd [30]. Runoff from Precambrian terrains into the Arctic Ocean 
is a possible source of relatively non-radiogenic Nd in the deep water of the northern 
Atlantic Ocean [15]. However, since the shelf area contains < 10% of all sediments of the 
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worLd's oceans and at intermediate depth about two orders of magnitude Less than in the 
peLagic zone, it is assumed that the contribution of RE suppLied by river discharge into 
seawater is not high [31]. 

AeoLian particLes may suppLy RE into seawater [2, 10, 12, 13]. as, e.g., in surface waters 
of the northern AtLantic [4], the Pacific [14]. and the Indian oceans [5]. A significant transport 
of RE to the oceans may take pLace from the atmosphere by dust [13]. However, atmospheric 
dust is onLy of LocaL importance (e.g., in the arid regions [12]) as source of RE in seawater 
[15], and atmospheric deposition couLd be a partiaL source of La and Ce in surface micro
Layers of the southern North Sea off Lowestoft, Great Britain [16]. The amount of RE suppLied 
as dry precipitates to the ocean from atmosphere constitutes ~ 10% of the amount carried 
in by rainwater [31]; compare aLso pp. 108/9. 

SeveraL processes have been proposed for the transfer of eLements from submarine 
basalt magmas into the deep-marine environment. One such mechanism is the Long-term, 
Low-temperature weathering (haLmyroLysis) of voLcanic rocks exposed at the sea fLoor. An
other is the mobiLization of eLements during the vioLent interaction of moLten Lavas with 
seawater to form paLagonite tuffs. A third mechanism, often cited but never expLicitLy defined, 
is the action of "hydrothermaL exhaLations" or "voLcanic emanations" that accompany 
submarine voLcanic activity, which transport eLements from the magma into seawater [37]. 
Submarine voLcanism is a LocaL source of Y and/or RE in seawater [1, pp. 223/4]. [10], 
and LocaLLy hydrothermal soLutions connected with the submarine voLcanism suppLy these 
eLements directLy into seawater [1, p. 241]. e.g., in the Bauer Basin, east of the East Pacific 
Rise, where the RE in seawater originaLLy were associated with hydrothermal iron oxyhydrox
ide sediments [17]. Some indication of the infLuence of voLcanic suppLy on dissoLved RE 
in seawater off San Diego, CaLifornia, can be shown by the increased Eu/Sm ratio of 0.27 
compared to acid igneous rocks with 0.17 [1, pp. 247/8]. In view of the anomaLous RE pattern 
for an Fe-rich depOSit from the DeLLwood Seamount, northeastern Pacific Ocean, which 
differs significantLy from that of normaL seawater, the RE have been derived from the underLy
ing basalt by Leaching with seawater invading aLong cracks and estabLishing a convecting 
system by which metals are transported to the surface and coprecipitated with Fe and 
Mn [35]. SubstantiaL contribution (~20%) to the dissoLved Load of Nd from primary oceanic 
sources may exist [32], and mantLe-derived materiaL may be a source of Pacific Nd through 
seawater circuLation at mid-ocean ridges, and reactions with voLcanic ash [36]. But as 
derived from Nd isotopic composition (ENd(O), see p. 46), onLy a smaLL part of it originates 
from sources with oceanic mantLe affinity [13]. or submarine voLcanism, and hydrothermal 
systems pLay no dominant roLe as a source [3, p. 133]; note aLso that mid-ocean ridges 
are not an important source for RE [34]. 

DissoLution of the underLying sediments as the LikeLy source of RE in seawater is shown 
for one deep-water sampLe (from 4550 m) in the equatoriaL AtLantic Ocean [18]; dissoLution 
may occur by compLex formation with organic, P-containing compounds [29]. see p. 9. Re
Lease of RE from sediments into deep waters during earLy diagenesis is reported for the 
northern AtLantic Ocean in the Cape Madeira abyssaL pLain [4]. Some Leaching of RE from 
the cLay particLes takes pLace during sedimentation in the sLightLy aLkali ne environment 
of seawater; Y and yttrian RE are the chief eLements transferred to the water [33]. In near
shore and estuarine environments, cLays may act as a source of dissoLved RE, because 
they reLease the adsorbed metals on contact with seawater by exchange of Mg and Na 
ions [19]. 

Sediments suspended by tidaL currents are the major source of suspended La, Ce, Sm, 
and Eu in the southern North Sea off Lowestoft, Great Britain [16]. DissoLution at the sedi
ment-water interface, or resuspension of the sediment is an important injection process 
for particuLate 155Eu in Bikini Atoll LagoonaL waters, centraL Pacific Ocean [20]. 

Gmelin Handbook 
Rare Earth A6b 



3 

Man-made poLLution by artificial radionuclides can supply Y and/or RE to seawater via 
(mainly) atmospheric fallout, as is reported, e.g., for 155Eu in the Atlantic Ocean [21], 144Ce 
and 155Eu in the Gulf of Taranto, Italy [22], and 144Ce in the estuaries of the French rivers 
Seine, Loire, and Gironde [23]. Wet deposition is the primary mode of 144Ce transfer from 
the atmosphere to the ocean surface in coastal and offshore waters of the northern Pacific 
Ocean [24]. In the northern Adriatic Sea, 144Ce originates partly from atmospheric faLLout 
on land, where it could be coLLected by surface waters flowing into the sea [25]. In seawater 
at Makara, New Zealand, 144Ce, 91Y, 147Nd, and 143Pr originate from atmospheric faLLout, 
and due to resuspension from coastal sediments and, possibly, river transport, additional 
amounts of old faLLout may be introduced [26]. In addition to atmospheric fallout, artificial 
RE radionuclides in seawater originate from nuclear reactor discharge, e.g., 144Ce in coastal 
waters of the English Channel [27] and of Mont Saint Michel Bay [28], or in the Loire 
and (by industrial poLLution) Seine River estuaries, aLL France [23]. 
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7.1.2 Non-Marine Waters 

Surface Waters. The origin of Y and/or RE in river water is mainly from detrital material 
dispersed in the water and derived from erosion or weathering of rocks, as follows from 
an investigation of soluble and detrital river loads in the four major world rivers Amazon, 
Congo, Ganges, and Mekong [1]. Contribution of RE by terrestrial material is also given 
for 11 Norwegian rivers [2], or the Gironde River, France [3]. Further, soil is mentioned 
as an important source of La for Lake Michigan water, USA [4], or as contributing to the 
RE content in Volga River water, USSR [5], and to the Sm content in fresh waters of the 
Mikurajima Island, Japan [6]. 

Also solution of Y and RE by direct contact with ore bodies or mineralized zones may 
release these elements into water, forming local concentration anomalies, as is observed 
in a streamlet near Ty Flehan, Brittany, France [7], and in surface water from a partly 
mineralized granite intrusion, Far East, USSR [8, 9]. 

Underground water is assumed as a source of La in surface water of an industrial 
region in the European USSR [10]. Derived from granites and metamorphic rocks, rare ele
ments (including RE) are transported by ground and surface waters, but also by deep water 
traveling via fissures and veins, into salt lakes of the Eastern Pamir, USSR [11]. 

Temporarily, by resuspension of sediments, radionuclides of RE may enter the water 
of the Columbia River, Oregon and Washington [12] and of Lake Michigan, both USA [13]. 
See also, remobilized sediments containing radionuclides (e.g., 144Ce or 144Pr) derived from 
waste discharge at Vallabregues nuclear power plant, Rhone River basin, France [14]. 

Man-made pollution supplying Y and RE into surface water occurs by atmospheric fallout 
of artificial radionuclides (mainly from nuclear weapon tests) as is mentioned, e.g., for 
the Seveso River, northern Italy [15]; for Lake Trasimene, centralltaly [16]; the water reser
voir Lake Marathon, Athens region, Greece [17]; for the rivers Lahn near Giessen [18] 
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and Danube at Gundremmingen, Bavaria [19], both Federal Republic of Germany, and near 
Vienna, Austria [20]; and for surface waters of the European USSR [10] or the Dardanelle 
Lake, Arkansas [21]. Minor influence of atmospheric fallout on the 144Ce content in river 
water is derived from equilibrium conte nt between suspended material and bottom sediment 
for the Rhine River, Federal Republic of Germany [22]. In addition to atmospheric fallout, 
radionuclides of V and RE are released by nuclear reactor discharge into water, e.g., of 
the Danube River near Gundremmingen [19], or of the Dardanelle Lake, Arkansas [21]. 
Direct contamination by fertilizers, most probably, leads to contents of V, La, Ce, and in 
some cases Sm, Eu, and Lu in low-mineralized acid surface water (with pH~4.5) from 
springs near Ty Flehan, Brittany, France, which are connected with subsurface drainage 
of water-saturated top soillayers [7]. 

The origin of V and RE in ground, subsurface, and oll fleld waters is attributed to the 
weathering and dissolution of the surrounding, RE-containing rocks, see, e.g., [23], or ores, 
see, e.g., [24 to 28]. Subsurface gasification of coal can change physico-chemical properties 
of subsurface waters and enrich them in rare elements (e.g., V) frorri the condensation 
zone [25]. Elevated contents of La in formation and subsurface waters (not related to oil 
formations and situated above them) of petroleum pools, western Siberian lowlands, USSR, 
are attributed to the leaching of surrounding clay-containing rocks. Leaching is increased 
due to the saturation of country rocks with oil and hydrocarbon gases during oil accumulation 
and sUbsequent degassing through the roof, resulting in a decrease of the sorption capacity 
of clays [29]. 

In addition to the dissolution of surrounding rocks, the infiltration of atmospheric precipi
tates is a source of V and RE elements. Thus, atmospheric precipitation as a source of 
Vb is assumed for ground waters of various northern taiga regions in the USSR, Canada, 
and USA (Alaska), the extent of uptake being reduced by congelation [30]. Industrial, urban, 
and agricultural pollution can be the source of artificial RE radionuclides in ground waters 
of Poland [31,32]. However, no effect from nuclear fallout on 141Ce and 144Ce contents 
is observed in ground waters in the vicinity of a nuclear reactor facility, Ibaraki prefecture, 
Japan [33]. 

Rare earth element concentrations in mineral and thermal waters are usually explained 
by the leaching of surrounding RE-containing rocks and ores (see examples below); a 
volcanic source is mentioned occasionally [34]. In the case of leaching, the RE can enter 
the waters together with other components (HCOa, So.., Ca2+), as is exempLified by mineral 
waters of Eastern Siberia [36] or (with degree of solution depending on the type of water) 
by thermal waters of Kamchatka, Far East, USSR [35]. Pegmatites are the source rocks 
for the RE in carbonated, slightly acid mineral waters from central Afghanistan (with V 
and La in concentrations of 5 to 10 1l9/L each), where very active thermal metamorphic 
processes lead to the production of CO2 ; this gas mixes with water, acidulates it and faclli
tates leaching of RE and other elements from rocks. In addition, the source areas for the 
waters (wh ich lie at high elevations), together with numerous faults produce a pressurized 
system that allows water to penetrate to considerable depth, where pressure and tempera
ture are high and, therefore, leaching of the RE from the country rocks is most rapid and 
leads to high contents [37]. Highest RE contents (>10 1l9/L) occur also in waters (hydro
therms of various types), Bulgaria, being connected with metamorphites contacting mar
bles [40]. Further examples for RE origin by leaching of surrounding rocks are mentioned 
for the Transbaikal region, Eastern Siberia [38]; for the Misasa hot springs region, Japan, 
where granites are supposed to be the source of the RE [39]; and for thermal waters 
of the Geyser Valley and the Uzon Caldera, both Kamchatka, Far East, USSR, where the 
RE are attributed partly to the leaching of ores [34]. 
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7.2 Mode 01 Occurrence, Distribution and Content 01 Yttrium and/or Rare Earth 
Elements in the Hydrosphere 

7.2.1 Mode 01 Occurrence 

Seawater. In seawater, Y and RE occur with solid terrigenous suspended matter or sorbed 
onto the surface of suspensions, or together with colloidal substances of high-molecular 
weight organic and inorganic compounds, or in soluble ionic and complex form. The degree 
of sorption depends on pH (compare also pp. 20/1) [1]. Most of the elements belonging 
to the RE se ries are very insoluble in seawater [81]. Since seawater is probably naturally 
saturated with RE, the major part of them will be present as solids [82]. In estuarine water, 
for the most part the RE are associated with suspended matter [2], as, e.g., in the St. Law
rence River, Quebec, Canada [3]; or in the mixing zone with seawater of River Amur, 
Far East, USSR [4]; or in the Gironde estuary, France [42]. For the dependence of RE 
contents on salinity in the Gironde, see pp. 22/3. 

Mainly present as structural components in various minerals of the suspended matter 
are La, Ce, and Sm in the Rhine River estuary, Netherlands [5]; or most likely associated 
with clay minerals or the terrigenous fraction are RE in the Patuxent River estuary, Mary
land [6]. Ce and Eu are apparently associated with clays in the sea reach area of Thames 
estuary, Great Britain [7]. Suspended particles of bastnaesite occur in deep-ocean waters 
of the Atlantic and Pacific oceans [8]. 

Half of most RE in marine surface water is retained by 0.45 11m Millipore filters at an 
offshore station in the Gulf of Mexico [9]; less than 50% of RE is in the >0.7 11m suspension 
at two stations of the Indian Ocean (central part and continental slope of India) [10, p. 884]. 
Between 30 and 50% of Y and the lanthanides is sorbed on suspended matter in the Bauer 
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Basin, East Pacific Rise [83]. Between 20 and 25% of the radioactive Ce introduced into 
seawater is in the particuLate state, having a diameter of > 1.2 J..lm after the aging peri
ods [11]. A substantiaL percentage of Nd can be adsorbed onto particLes in surface seawater 
of the Drake Passage and of the southeastern and centraL Pacific Ocean [84]. Bound to 
suspended matter are Ce, Tb, and Lu in coastaL seawater off Arasaki, Miura peninsuLa, 
Tokyo Bay, Japan [12], or Y and Yb in the BLack Sea, USSR [13]. The major part of radioactive 
nucLides of Y and/or RE in seawater occurs in particuLate form [14], especiaLLy in coastaL 
waters where particuLate 144Ce reaches >90% in the EngLish ChanneL [15] and 80% at 
Kashima-nada, Japan [20]. In naturaL seawater, 57.0 to 74.5% of totaL 144Ce occurs as an 
eLectrofiLterabLe form [16]; or about 60% of 144Ce and 45% of 91y are in the suspended 
state. IdenticaL 144Ce and 91y concentrations among suspended and dissoLved fractions were 
obtained by uLtrafiltration and centrifugation for artificiaLLy introduced eLements in seawater, 
the radioactive fraction which passed through a filter or remained in the upper part of 
the test tube being assumed as dissoLved [17]. After penetrating into seawater, artificiaLLy 
added 91y and 141Ce wiLL exist chiefLy in the adsorbed state (~60 to 80%). The absorption 
of radioactive isotopes by the suspension is compLex with simuLtaneous ion exchange sorp
tion and capture of coLLoidaL forms wh ich are formed after the introduction of the isotopes 
into seawater [85]. Between 18 and 100% of 155Eu occurs in the particuLate fraction of 
LagoonaL waters, Bikini AtoLL, centraL Pacific Ocean [18, p. 45]. Much Lower amounts of 144Ce 
« 10%) occurring in suspension are given for surface water aLong ~45° N Latitude off the 
CaLifornia co ast [19]; see further, smaLL amounts of 144Ce in the open sea off Japan [20], 
and 11.4% of Y and 10.3% of La occurring in ocean water suspensates [21]. Byexperiments 
simuLating deep underwater nucLear bursts, it has been confirmed that Y and Ce, as fission 
products, essentiaLLy occur in the particuLate state (in dupLicate tests, 93 and 98% or 94 
and 95%, respectiveLy), the coLLoidaL state being minor (about 4 or 2.3 and 6.6%, respective
Ly), and the soLubLe part negLigibLe [22]; compare [23], [10, p. 884]. As foLLows from theoreticaL 
and experimentaL modeLs, at equiLibrium conditions about 50% of the radioactive Ce in 
seawater occurs in the suspended fraction, about 20% with the coLLoidaL phase, and <30% 
is in soLution [24]. Fallout 144Ce (from the 1962 nucLear test in the Pacific) is distributed 
among the particuLate and soLubLe states with 9.9 to 86.8, mean 38.7 and 8.9 to 27.7, mean 
18 mJ..lJ..lc/L, respectiveLy, for eight surface-water sampLes (April 1964) from the GuLf of Mexico 
[25, pp. 118, 122]. 

In contrast to the above statements, a predominance of the dissoLved form in seawater 
for Y and La is stressed by A. P. Lisitsyn et al. [21], radioactive Ce introduced into seawater 
existing mainLy in dissoLved forms [11]. More than 80% of most RE is in the soLubLe part 
(Ce, Tb, and Lu being higher in the insoLubLe part) of coastaL surface seawater near Arasaki, 
Miura peninsuLa, Japan [12]; compare aLso RE occurring mainLy in the soLubLe form in 
waters of the GuLf of Mexico, where the ratios particuLate RE/soLubLe RE (being Lower than 
those previousLy reported for seawater of the Indian Ocean) were smaLLer for the heavier 
RE (see pp. 34/5), indicating that the particuLate phase may be functionaL in the fractionation 
of RE in seawater [26]. For the same region 32% of 144Ce is in soLubLe form (in April 1964) 
and 33% of 144Ce occurs in soLubLe (incLuding coLLoidaL) form even after aperiod of approxi
mateLy 18 months foLLowing the Last (1962) nucLear test in the Pacific [25, pp. 118, 126]. 

Besides connection with the particuLate suspended matter, Y and the RE may exist in 
seawater (for exampLe in the Indian Ocean) as coLLoids (for orders of magnitude see the 
penuLtimate paragraph), compLex compounds, or dispersed ions [10, p.887]. Note that in 
prefiLtered seawater (0.1 J..l fiLter) from different depths of the Pacific Ocean, artificiaLLy added 
141Ce and 91y are not present soLeLy in the suspended fraction at any pH [86]. Lanthanides, 
in the very Low concentrations which occur in seawater, shouLd be present very LargeLy 
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as radiocoLloids and rapidly become associated with any solid surface available [99]. As 
derived from ultrafiltration and centrifuging experiments (to describe radioactive waste be
havior in seawater), 144Ce and 91y may occur as negatively charged particles of coLloidal 
aggregates (with an average radius of 0.44 and 0.20 ~m, both ± 0.05, respectively) as weLl 
as neutral aggregates of 91y with phosphates [17]; compare coLloidal or soluble phosphate 
complexes of CeH formed by reaction between seawater and artificially added Ce [27]. 
155Eu occurs as colloid in variable amounts in lagoonal waters of the Bikini Atoll, central 
Pacific Ocean [18, pp. 44/5]. As derived from experiments with seawater and model solutions 
to describe the state of radionuclides, the suspended fraction of 144Ce can be viewed as 
a sorption colloid [28], which is formed mainly by Ce3+ [88] and releases 144Ce to a true 
dissolved form in the presence of organic complexing substances [29]; for an influence 
of these complexes on the behavior during migration and precipitation, see p. 71. The specia
tion pattern of Y and RE cations in seawater is complicated since they are able to form 
stable complexes with a wide variety of ligands [89] and tends to be dominated by the 
formation of carbonate complexes with stability increasing with the charge of the central 
cation [90]; also, RE in seawater form stable and soluble complexes with CO~- in a weakly 
alkali ne medium [103]. The predominant species of trivalent lanthanides in seawater is 
the carbonate complex Ln(C03)+, and significant but variable amounts of sulfato, chloro, 
and hydroxy complexes can be present together with traces of free LnH ions [30]; see 
also, LnCl2+, LnSOt, LnF2+, and Ln[(C03)4]5- as predominant lanthanide complexes in 
seawater [91]. Further, a substantial part of RE existing as complexes with CO~- and other 
ions present in seawater of the central, northern, and western parts of the Indian Ocean 
[10, p. 887]; or CeH hydroxy complexes formed by reaction between seawater and artificially 
added Ce [27]. RE nuclides (probably forming oxides at the high temperatures associated 
with nuclear detonations) retain their particulate nature in seawater, primarily as hydroxides 
of the type RE(OHh [14]. Although the ionic forms or easily dissociable species are the 
dominant existing states in seawater with a lowered pH «6), radioactive Ce is hydrolyzed 
slowly at pH >6 and forms complexes with hydroxide, chloride, or other anions present 
in seawater, or exists as polymerized forms [11]. Ions of Y and RE are strongly hydrolyzed 
in seawater, hydrolysis being accompanied by polymerization of hydrolyzed ions and, under 
suitable conditions, by association of hydroxopolymers into colloidal particles [87]. Based 
on the stability constants of a great number of complexes, an equilibrium speciation of 
dissolved components in model seawater (pH 8.2) at 25°C and 1 atm pressure has been 
calculated; the rounded values for trivalent Y and RE and the overall side reaction coefficient, 
log ii, are given in the following (for additional details see original paper) [31, pp. 855/9, 
874/81] : 

trivalent percentage occurring as 
cation free ion OH*) F*) Cl*) SO/) C03*) log ii 

Y 15 14 3 7 6 54 0.81 
La 38 5 1 18 16 22 0.42 
Ce 21 5 1 12 10 51 0.68 
Pr 25 8 12 13 41 0.61 
Nd 22 9 10 12 46 0.66 
Sm 18 10 8 11 52 0.75 
Eu 18 13 10 9 50 0.74 
Gd 9 5 4 6 74 1.02 
Tb 16 11 8 9 55 0.80 
Dy 11 8 5 6 68 0.94 
Ho 10 8 5 5 70 0.99 
Er 8 12 4 4 70 1.08 
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Table [continued] 

trivalent 
cation free ion 

Tm 11 
Yb 5 
Lu 5 

OH*) 

21 
9 

21 

percentage occurring as 
F*) Cl *) S04 *) 

5 
2 

6 
3 
1 

55 
81 
71 

log ii 

0.94 
1.30 
1.32 

*) For the complexes no individual ionic species is identified, for the data available do 
not justify any finer resolution or allow a discussion of the relative proportion of the various 
possible complexes. 

Soluble complex compounds of the RE may also form with organic substances present 
in seawater [10, p. 887], or likely via complexing by organic debris [32], as is described 
for heavier RE present in seawater at concentrations of 10- 10 to 10- 11 M [33]; or variation 
of 91y content with depth may be due to interaction with certain complex-forming materials, 
possibly derived from the decomposition of organic matter [17]. See also, due to complexa
tion with products of the decomposition of organic material, minimum contents of suspended, 
artificially added 91y at 500 m depth in Pacific seawater; artificially added 144Ce is not affected 
so markedly [86]. As follows from an equilibrium speciation of RE in a model seawater 
(see p. 9) and its extension to additional ligands, humic acid complexation (being generally 
more significant in fresh water, see p. 13) may occur in seawater, and the nature of the 
humic acid ligand suggests that cations which will be complexed significantly by it should 
include the lanthanides, but no data are yet available to test this deduction [31, pp. 869, 
871/2]. In alkali ne medium (pH 9 to 10), Y and Ce are significantly solubilized by humic 
acid, Y forming strong non-ionic or anionic complexes to the extent of 90 to 100% of the 
element [33]. 

The occurrence of Y and/or RE, especially their radioisotopes, is also connected (surfi
cially adsorbed) with marine organisms, whose element uptake depends on a number of 
factors (biological, environmental, physico-chemical); for details see original paper [14]. 
As a result of trapping by hydrobionts, >90% of 90y (initially occurring partly as hydroxocom
plexes) converts to the coarse suspended fraction shortly after introduction into natural 
seawater not freed from suspended matter and hydrobionts [92]. Thus, for 144Ce, plankton 
is the principal sorbent in vive [34]. Hydroxy complexes of La, Ce, Sm, and Eu are adsorbed 
on the surfaces of fine detritus which apparently is concentrated by biological species (e.g., 
radiolaria) rich in Sr, as is observed for bulk plankton mixtures from both coastal and 
open-ocean waters, eastern Pacific Ocean [93]. Present in greatest amount in plankton 
is 144Ce as a fission product with least sOlubility (together with 95Zr) in open-ocean water 
at the Eniwetok test site, Pacific Ocean [94,95]. Incorporated in practically all trophic levels 
of the Adriatic Sea, Yugoslavia, is 144Ce (varying with the season) in plankton and other 
marine organisms of the northern part [35], mostly in zooplankton, followed in decreasing 
order by benthos, phytoplankton, and sediments of the Kvarna region [36]. Various types 
of biota contain 155Eu in the lagoonal waters of the Bikini Atoll, central Pacific Ocean [18, 
pp. 19/20]. Accumulation of 144Ce occurs in the soft body of mussels and of 91y in the skeleton 
of mussels, lobsters, and crabs (of the Black Sea?) [37]. Enrichment of RE occurs in marine 
organisms, especially algae, off the coast of Ibaraki prefecture, Japan [38]; 144Ce being 
highest in green algae mixture, Gulf of. Mexico [25, p. 118]; non-planktonic algae contain 
Y, La, and Ce in the Gulf of Kola, northwestern European USSR [39]. However, not more 
than 0.1 to 0.3% of total RE is associated with plankton of the Indian Ocean [10, p. 889], 
and no La concentration by phytoplankton occurs in the Black Sea [40]. In an adsorbed 
phosphatic phase rather than on Ca sites due to ion exchange, the RE may occur in foramini
fera tests [41]. 
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The behavior of RE radioisotopes in seawater in reLation to a time-dependent adsorption 
(adsorbabiLity) has been intensiveLy investigated experimentaLLy, thus giving hints of the 
degree of accumuLation or the mode of occurrence in a naturaL environment. Besides the 
references [11, 14, 33) cited above, the foLLowing papers deaL especiaLLy with the topics: 
adsorption of 90y on Teflon and infLuence of time on it (100), or of 91y on gLass and Teflon 
and infLuence of time and temperature on it (101), both resuLts being compared with the 
adsorbabiLity of 90y purified from 90Sr in (92); adsorption on gLass and FLuoropLast-4 and 
changes of hydrolysis products with time for 91y (102); adsorption and changes of hydrolysis 
products with time for both trivalent 144Pr and 144Ce (87); steady-state ratio between dis
soLved and suspended fraction of 91y and 144Ce (86); and sorption equiLibrium between 
solid and Liquid phases for 91y and 144Ce and differences in behavior during sorption on 
Living zoopLankton (85). 

Non-Marine Waters 

In rlver water, Y and RE occur as solid terrigenous suspended matter, or sorbed on 
the surface of suspended matter, or as coLLoidaL compounds with high-moLecuLar weight 
organic and inorganic compounds, as weLL as in soLubLe ionic and compLex form (1). The 
main part of the RE (together with Fe and AL) in river water is associated (with onLy sLight 
geographicaL variabiLity) with suspended matter [43, pp. 188/90, 200) (and see beLow) for 
wh ich an enrichment of the Light RE is typicaL [44, 45). More than three-fourths of the 
totaL RE carried by rivers occurs in suspended form; coLLoidaL and dissoLved forms are 
of minor importance (44); note aLso that most of RE in river water are transported into 
seawater in suspended form and onLy a minor portion in soLution. In the foLLowing are 
given the average Y and caLcuLated summary contents of Light (La to Eu) and heavy RE 
(Gd to Lu) suspended and dissoLved in river water, the annuaL river discharge and the 
caLcuLated average percentage of suspended and dissoLved river discharge into seawater; 
susp. = suspension, sol. =soLution (104): 

average contents for discharge in 1000 t/yr. average percentage 
susp. sol. susp. sol. totaL of river discharge 
in g/t in mkg/L susp. sol. 

Y 30 430 555 1.530 557 99.65 0.35 
~ Light RE 213.80 1811 3949 6.441 3955 99.82 0.18 
~ heavy RE 14.12 201 261 0.714 261 99.73 0.27 

Differences due to granuLometric and mineraL composition occur in the correLation between 
the contents of totaL RE and suspended matter for rivers coming from mountainous areas 
or fLowing over pLains (for detaiLs see originaL paper) (45); compare (42). From anaLyses 
for seven major worLd rivers (Amazon, Congo, Ganges, Mekong, Magdalena, Parana, Orin
oco) and additionaL data from Literature sources for other rivers, the foLLowing mean amounts 
of RE are transported in suspended or dissoLved form; vaLues given in parentheses are 
considered as a first approximation because of the scarcity of data and/or the wide variation 
of concentrations [43, pp. 175/88): 

transported as La Ce Pr Nd Sm Eu 

river-suspended, in 10- 6 gIg 45 95 (8) 35 7 1.5 
river-dissoLved, in 10-6 g/L 0.05 0.08 0.007 0.04 0.008 0.001 

transported as Gd Tb Ho Er Tm Yb Lu 

river-suspended, in 10-6 gIg (5) 1.0 (1 ) (3) (0.4) 3.5 0.5 
river-dissoLved, in 10-6 g/L 0.008 0.001 0.001 0.004 0.001 0.004 0.001 
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In the suspended fraction are contained 95.3% of Y (mean for 17 rivers) or 96.6% of Yb 
and 99.9% of La (mean for 16 rivers each), as is found for the major rivers of the USSR 
(practically all large rivers), North and South America, and Europe; see original paper 
for the quantitative data Ü.lkg/L) of these and other RE and of Y [46]. Note further that 
in the principal world rivers, 99.69% of the Y and 99.76% of the La occur in suspension 
[21]; about 96% of La and Ce and about 99% of Eu in the Main River, Federal Republic 
of Germany [47]; or about 98% of RE in the Gironde, France [48]. The predominance of 
the suspended form is shown further for RE and Y in the rivers Dordogne and Garonne 
(and their confluence area in the Gironde estuary, see p. 7), although there are greater 
differences in the percentages of soluble and detrital RE for the individual RE discharged 
[42]. Mainly associated with suspended particles are La, Ce, Eu, Sm, Vb, and Lu in river 
water of the upper Volga basin, USSR [98]. Present as small-sized particulate matter 
« 1 ).lm) are the RE in eleven Norwegian rivers (predominantly from the central and southern 
part) representing an average river water of Norway (possibly also for Scandinavia) [49, 
pp. 117, 120, 132, 137]. Mainly transported as particulate is La in the Thames River and 
its tributary, Kennet River, an increased dissolved transport being related to water hardness 
[50], see p. 50. Only about 30% of 144Ce occurs with the suspended matter of the Don 
River near Rostov-on-Don, Ukraine, and an exchange with the individual states of solute 
forms (see p. 13) cannot be ruled out [51]; and 144Ce is apparently associated with suspended 
matter of the Danube River, Romania [52]. Sound to the particulate fraction (>0.3 ).lm) are 
97.3 and 98.4% of 152Eu at McNary Dam site (Washington and Oregon sides, respectively), 
Columbia River [53]. 

The suspended matter carrying RE and/or Y consists mainly of clay minerals (ilUte) 
in a number of Norwegian rivers (as is indicated by factor analysis) [49, pp. 120, 126/8], 
or of alumino-siUcates in the Gironde, France [48]. 

Table 1 
Calculated equilibrium speciation of dissolved components in model fresh water at different 
pH from [31, pp. 856/60, 874/81]. 

tri- percentage at pH 6 occurring as percentage at pH 9 occurring as 
valent free OH·) F·) Cl·) SO/) C03·) log ä. free OH*) F·) Cl·) SO/) C03·) log ä. 
cation ion ion 

Y 63 17 <1 14 4 0.20 <1 14 <1 <1 <1 85 2.57 
La 73 <1 1 <1 25 1 0.14 2 10 <1 <1 <1 88 1.78 
Ce 72 <1 3 <1 22 3 0.14 <1 5 <1 <1 <1 95 2.37 
Pr 72 1 2 <1 23 2 0.14 1 9 <1 <1 <1 90 2.23 
Nd 70 3 <1 24 3 0.15 <1 9 <1 <1 <;1 90 2.33 
Sm 68 3 <1 25 4 0.17 <1 14 <1 <1 <1 86 2.49 
Eu 71 3 <1 21 4 0.15 <1 18 <1 <1 <1 82 2.48 
Gd 63 5 <1 22 9 0.20 <1 14 <1 <1 <1 86 2.92 
Tb 67 6 <1 22 4 0.18 <1 32 <1 <1 <1 68 2.67 
Dy 65 6 <1 21 7 0.19 <1 46 <1 <1 <1 54 3.01 
Ho 65 7 <1 19 8 0.19 <1 48 <1 <1 <1 52 3.08 
Er 63 7 <1 19 10 0.20 <1 78 <1 <1 <1 22 3.54 
Tm 66 8 <1 20 6 0.18 <1 86 <1 <1 <1 14 3.51 
Yb 58 7 <1 17 17 0.24 <1 62 <1 <1 <1 38 3.59 
Lu 59 8 <1 15 17 0.23 <1 92 <1 <1 <1 8 4.21 
.) For the complexes, no individual ionic species is identified, for the data available do 
not justify any finer resolution or allow discussion of the relative proportion of the various 
possible complexes. 
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The speciation of the trivalent eLements (mainly the lanthanides) in river water tends 
to be dominated by the formation of carbonate complexes [90]. As foLlows from calculations 
of equilibrium speciation of dissolved components in model fresh waters (with pH 6 and 9) 
at 25°C and 1 atm pressure (data see TabLe 1, p. 12), the RE mainLy occur as free cations 
or hydroxide and carbonate complexes, with minor amounts of fluoride, sulfate, and chloride 
complexes [31, pp. 855/60]; compare percentages for ionic forms and various complexes 
of V and Ce in modeL systems of ordinary and highly-colored river waters [54]. Less than 
25% of the Ce and <33% of Eu occur in dissolved form (as determined by dialysis) in 
the Glomma River at Fetsund, Norway [55]; about 5% of RE is present in the dissolved 
load of the Gironde estuary, France [48]. For 144Ce in Don River water, near Rostov-on-Don, 
Ukraine, an occurrence in cationic (about 50 to 60%), anionic (about 30 to 40%), and neutral 
forms (about 10 to 13%) is discussed (wh ich differs, especially for the anionic and neutral 
forms, from literature data for the dissoLved part in atmospheric depositions, compare p. 109). 
In cationic form, it occurs as hydrolyzed CeH ions (Ce(OHb) and as positiveLy charged 
compLex ions; in the anionic form (negatively charged complexes and polymeric ions) it 
may be connected with organic acids (citric, oxalic, tartaric, etc.) [51], compare [56], or 
possibly (stable within pH 2 to 8.6) with humic acids [57]. In water (with pH 7.3 and a high 
color index) of the Moskva River spring region, European USSR, complexes with fulvic 
acids occur for Ce, V, Vb, and 144Ce (weakly soluble ones with the high-molecular and 
a number of soluble cationic and anionic ones with the Low-molecular weight fractions 
of the acids) [58]. Additionally, V forms complexes with phenol and other soluble organic 
substances [59]; for the stability of fulvic acid complexes with V, Ce, and Vb, see [60], 
and for the percentage of individual fulvate (and other) complexes of V and Ce in model 
systems for ordinary and highly-colored river water, see [54]. The cationic form accounts 
for 1.1 and 1.6% of 152Eu at the McNary Dam site (Washington and Oregon sides, respective
ly), Columbia River; in addition, 1.6% occurs in non-ionic form at the Washington side [53]. 
With aging in fresh water, the electroneutral species of 144Ce as weil as colloidal or particu
late and more or less adsorbable species are formed which, in the initial dilute HCl solution, 
show cationic species [96]. 

High RE concentrations in lake waters may be associated with humus complexes or 
high-molecular weight colloids as in Lake Trehf/Jrningen, Baerum [61], or, assumed, in 
the saline bottom layer of Lake Rf/Jrholtfjorden, both Norway [62]; compare also higher 
concentration factors for La in phytoplankton (3.0), benthos (2.6), zooplankton (2.5), and 
fish (1.5 to 1.8) of Lake Michigan, USA [63], or a tendency for increasing concentrations 
of 144Ce and 144Pr in aquatic plants with increasing nuclide content in the Beloyarsk(oe) 
fresh water reservoir of a nuclear power plant (Sverdlovsk region?), USSR [64]. Whereas 
high accumulation in the biomass occurs for 144Ce (51%), 91V accumulates only at 8%, 
as follows from experiments with soLutions prepared from Lake (or fresh) water. The other 
modes of occurrence are with the suspended matter (40% for Ce, 92% for V) and in solution 
(9% for Ce, none for V) [97]. In the RE-rich brine waters (produced by evaporative concentra
tion) of eastern Pamir lakes, Central Asia, USSR, an occurrence of carbonate and fluorocar
bonate complexes of RE is assumed [65]; compare also mineralized waters p. 14. 

In ground waters, the RE (incLuding V) may occur as simple cations, compound ions, 
or compLex compounds, predominantly with CO~-, F-, or humic organic matter [66], for 
an influence of these forms on the behavior of V and RE during migration and precipitation, 
see Chapter 7.3. For example, in subsurface waters of the Ukrainian Shield, USSR, V and 
La occur as complex compounds, for La solely hydrogencarbonates [67]. In ground water 
associated with bauxites, the RE form carbonate complexes, V being present only if chloride 
is high [68]. In alkali ne waters, e.g., of the Lovozero massif, Kola Peninsula [69], and of 
Central Asia, all USSR, the RE predominantly occur as carbonate and fluoride com-
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plexes [70]. In neutral or slightly alkali ne waters (pH 6.5 to 8) of the Urals, the Transuralian 
region, and of northern Kazakhstan, the RE possibly occur as simple cations, compound 
ions, or (pseudo)colloids [71]; or in ground waters of the Monticello area, New York, Ce 
and Y might be in true solution or occur as colloidal material [72]. Organometallic complexes 
are the supposed principal type of occurrence of RE in ground water from crystalline schists 
of the Piedmont area, Virginia. If the RE occur at the determined concentrations of 10- 7 

to 10- 11 M as quasi-colloids, they probably would be filtered out, or sedimentated out of 
solution while the waters move through soil and sapropelite [73]. See also, organometallic 
compounds extracting RE from ground water directly in contact with petroleum, Azerbaid
zhan [74]. 

The type of occurrence of Y and RE in mlneraLized and/or thermal waters is as free 
ions or as complex compounds, the relative amounts being variable, as can be seen from 
the following: In mineral waters, southern part of Eastern Siberia, an important correlation 
between RE concentrations and HC03", SO~-, and Ca has been observed [75]. Subsurface 
waters (pH between 2.0 and 7.8, Eh +96 to -700 mV) from complex ores and chalcopyrite 
deposits of the Alaverdi region, Armenia, contain Y and Yb (in complex ore waters only) 
as sulfate complexes or as trivalent free ions, the ratio between both forms being slightly 
influenced by pH and the type of water [76]. In the thermal springs of Plombieres and 
Bains, Vosges, France, La occurs mainly as free ions and complex compounds (e.g., 
La(OH)2+ or LaF2+) [77]. Thermal waters of Belgium contain RE, besides being in solution, 
in varying amounts in suspended matter; thus, Ce and Eu are lower in suspension at the 
localities St. Ghislain, Ghlin, Douvrain, and Stambruges, whereas the stagnant warm waters 
of Baudour have an elevated content of Ce (5.5 1l9/L) in suspended matter compared with 
the amount in solution «0.8 1l9/L) [78]. However, thermal waters « 100 0G) of regionally 
different type from the northern, central, and lower Paratunsk River basin, Kamchatka, 
Far East, USSR, contain RE always in the soluble state [79], as is the case for the various 
waters of the Geyser Valley and the Uzon Caldera (with pH 1.5 to 6.5 and up to 100°G), 
or the carbonate hot springs of the Nalachevo area (with pH 6.0 to 6.5 and 35 to 74°G), 
all Kamchatka. Stable carbonate complexes are assumed to cause the substantially higher 
RE contents (up to tenfold) in the Nalachevo waters compared with chloride-Na-, sulfate
Na-, or sUlfate-type waters (RE being lowest in the first type) of the other regions (where 
the RE, depending on pH of the water, may occur as free ions or hydroxo complexes) [80]. 
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7.2.2 Relationship Between Conte nt and/or Composition of Rare Earth Elements 
and the Chemistry of Water or Other Factors 

7.2.2.1 Seawater. General 

Since the RE metals are strictLy Lithophile eLements, the principaL factor determining 
their distribution in the hydrosphere must be the suspended matter [1]. Further, soLid-state 
chemistry controLs concentration of La in seawater whiLe compLexation in soLution seems 
to be Less important [2], and Eu enrichment seems to depend on the chemicaL species 
in which the eLement occurs in seawater of the centraL Pacific Ocean, southeast of Hawaii, 
hydroxides showing the greatest enrichment and shortest residence times [3]. In shaLLow
sea areas, Ce, perhaps mostLy invoLved in suspended soLid particLes, behaves apparentLy 
in the same way as other RE, whiLe in the deep-sea areas Ce is subjected to seLective 
removal reLative to the other RE [4]; see aLso Chapter 7.3. Rare earth contents in suspended 
matter are correLated with the amount of suspension in surface seawater which decreases 
from coastaL to open ocean (see pp. 34/5). Variations in contents of individuaL RE are due 
to the variabLe composition of the suspended terrigenous matter with different sorption 
ability (see p. 26). In the open ocean, maximum enrichment of intermediate RE (Nd through 
Dy) occurs in suspended matter with maximum amounts of the peLitic fraction [5]. In the 
oceans, the concentrations of the dissoLved and suspended forms of RE are much Lower 
than those in rivers; for the suspended form this is due to the much Lower amounts of 
the suspended materiaL itseLf (see pp. 25/6) and to much Lower RE contents in oceanic 
suspensates compared to river suspensates [6]. In coastaL suspended matter with variabLe 
RE composition, totaL RE are enriched with the Light RE foLLowing the nature of RE composi
ti on of terrigenous materiaL from continentaL regions. In the sheLf areas most of river
suspended matter is deposited and onLy the peLitic fraction and dissoLved RE are transferred 
further into the centraL parts. Thus, in the peripheraL zones a sharp change of RE composition 
occurs with RE concentrations in suspension and soLution becoming reversed. The duration 
of contact of the peLitic suspended fraction with seawater provides considerabLe sorption 
of RE and Leads to aredistribution between coastaL and open-ocean water, Ce being prefer
entiaLLy sorbed by terrigenous silicate suspended matter, whiLe contents of intermediate 
RE (Nd through Dy) and Y increase considerabLy in water reLative to contents in suspension 
and bottom sediments [7, pp. 149/50, 162/5]. Higher contents of Y and/or RE in coastaL 
compared to open-ocean surface water are due to a more profound effect of the input 
of terrigenous detritus on coastaL seawater [5,8], whiLe in the open ocean other sources 
(e.g., atmospheric faLLout) can be more important [9]. PhysicaL factors such as gravity, turbu
Lence, and adsorption to other matter govern the spatiaL distribution of particuLate RE in 
the hydrosphere. In co nt rast to removal by sedimentation (see pp. 74/5), part of the RE 
becomes adsorbed to smaLL organic and inorganic debris suspended in water and, because 
of turbuLence produced by wind and ocean currents, this particuLate matter remains in 
the mixed or shaLLow Layers for some time, and eventuaLLy may become associated with 
Living organisms [10]. 

The reLative abundances of RE are distinctLy different in various continentaL source mate-
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riaLs, seawater, and sediments, and the abundance patterns can serve as "fingerprints" 
that identify sources of the eLements in seawater. Since the scavenging residence time 
for RE (-400 yrs.) is shorter than the oceanic mixing time (1600 yrs.), RE and Nd isotopes 
aLways refLect eLementaL sources [11]. So, composition of RE in seawater is expected to 
respond rapidLy to variations in the inputs of RE to the marine environment due to their 
very Low soLubiLities and mobiLities, resuLting in short residence times in seawater (compare 
Chapter 7.3). Since residence times are Less than mixing times of the oceans, RE are capabLe 
of maintaining distinctive abundances in regions receiving abnormaL inputs. Therefore, sheLf 
waters are distinctLy different from open-ocean waters, and even open-ocean waters vary 
LateraLLy and verticaLLy [12]. Based on Literature data (e.g., [7, pp. 149/50, 166/70], [13]) the 
foLLowing summary of RE characteristics in different marine environments is given [9]: 
(1) Contents of dissoLved RE on the whoLe decrease LateraLLy from coastaL to open ocean. 
Average totaL RE contents are 0.0891 mkg/L in sheLf water, 0.0664 mkg/L in bottom troughs 
of the coastaL zone, and 0.0262 mkg/L in the open ocean, i.e., about one fourth that in 
sheLf water. (2) In the open ocean, contents of dissoLved RE reguLarLy increase with depth; 
average totaL RE contents are 0.0248 mkg/L at 0 to 100 m, 0.0232 mkg/L at 1000 m, 
0.0256 mkg/L at 2000 m, and 0.0310 mkg/L for bottom water at 3000 to 5700 m. (3) The change 
of RE composition (normaLized to cLay from pLatform) from coastaL to peLagic, and from 
surface to deep waters, is characterized by increased reLative amounts of heavy RE and 
La and a decrease of the reLative amount of intermediate RE with a minimum for Sm. 
(4) Except for the upper sheLf water, seawater is characterized by a distinct Ce deficiency, 
doubLing from coastaL to open-ocean water and generaLLy increasing with depth; the Ce 
deficiency is most evident at intermediate depth (about 2000 m) in the open ocean. 

With regard to the infLuence of the preceding factors it seems inappropriate to give 
an average RE composition of seawater, but the foLLowing contents have been caLcuLated 
and are used in the Literature: Goldberg [14] gives, in mg/L, Y 0.0003, La 1.2 x 10-5 , Ce 
5.2 x 10-6, Pr 2.6 x 10-6, Nd 9.2 x 10-6, Sm 1.7 x 10-6, Eu 4.6 X 10-7, Gd 2.4 x 10-6, Dy 
2.9 X 10-6, Ho 8.8 X 10-7, Er 2.4 x 10-6, Tm 5.2 x 10-7, Yb 2.0 x 10-6, Lu 4.8 X 10-7 ; and HoL
Land [15] gives, in J.lg/kg, Y 0.001, La 0.0034, Ce 0.001, Pr 0.0006, Nd 0.0028, Sm 0.0004, 
Eu 0.0001, Gd 0.0007, Tb 0.0001, Dy 0.0009, Ho 0.0002, Er 0.0009, Tm 0.0002, Yb 0.0008, 
Lu 0.0001. As mean content for coastaL seawater BaLashov [7, p. 141] gives, in 10-5 mg/L, 
Y 1.99, La 1.38, Ce 1.60, Pr 0.193, Nd 0.765, Sm 0.159, Eu 0.033, Gd 0.151, Tb 0.031, Dy 
0.149, Ho 0.041, Er 0.133, Tm 0.029, Yb 0.128, Lu 0.027. 

Due to the variance through geoLogicaL time in Nd isotopic composition (refer aLso to 
Chapter 9) and the short cycLing time of RE in the oceans, compared to mixing between 
the oceans, the 143Nd/144Nd ratio is variabLe in seawater and refLects the source terrane. 
Therefore, this ratio is wideLy used as a tracer for studying the transport of RE in oceans, 
or the origin of different water masses [16], and as a tracer of ocean currents for short-time 
scaLes or of mixing in and between the oceans [17, p. 223]; instead of the ratio, its normaLized 
coefficient ENd(O) is often used; for definition see [17, p. 228] and compare aLso "SeLtenerd
elemente" A5, 1981, pp. 170/1. For exampLes using differences in Nd isotopic composition, 
see pp. 45/7. ParticuLate Nd concentration in the nepheLoid (turbidity) zone (wh ich contains 
peLagic cLay swept back up to the water coLumn and may extend 1000 m above the sediment
water interface) is much higher than the average in seawater, thus suggesting that continen
taL cation exchange between peLagic cLay and seawater, particuLarLy in the nepheLoid zone, 
may controL the Nd isotopic composition of seawater [18]. 
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7.2.2.1.1 'nfluence 01 the Chernlcat Cornposltlon 01 Seawater 

In a subalkaline medium (as seawater) and, in particular, in the presence of complexing 
agents, yttrian RE are considerably more stable in solution than cerian RE [1]. Generally, 
increasing chlorinity, alkalinity, and pH (>8.5) and decreasing sulfate content favor the 
formation of stronger solution complexes of heavier lanthanides. The importance of pH 
and alkalinity is indicated by the magnitude of the stability constants of the tetracarbonate 
complex Ln[(C03)4]5- (see original paper), one of the major lanthanide complexes in seawa
ter. These effects are particularly sensitive for Eu through Dy to heavier RE, the prime 
effect apparently being the increase of carbonate ion activity (small increases in pH strongly 
increase the amount of carbonate available for lanthanide complexing) and the tendency 
for heavier RE to form the tetracarbonate complex. Significant complexing of RE under 
normal seawater conditions is not typical, except with strong depletion of sulfate under 
reducing conditions. As calculated for a hypothetical model solution, 50% complexation 
would only occur in those brines for which the Cl/S04 ratio greatly exceeds that of normal 
seawater, which seems to be important only under high chlorinity and alkalinity condi
tions [2]. 

To clarify especially the Influence 01 pH of the seawater on distribution and mode of 
occurrence (refer also to pp. 7/9) of Y and/or RE, radioisotopes of these elements are used 
in laboratory experiments. In the fOllowing, results of experiments using predominantly 
natural seawater samples are given briefly (for details see the original papers): For 91y 

introduced in prefiltered seawater from 10 miles off Sevastopol, Crimea peninsula, USSR, 
its chemical forms are stable with time at pH ~ 3. At pH between 4.35 and 8.0, adsorbability 
of 91y on glass and Teflon increases with age of solution (see p.32) with a maximum 
after about 24 h at pH 8.0 or on the fifth or sixth day at pH 4.35 [3]; see also adsorption 
experiments with 90y added to natural seawater not freed from suspended matter and hydro-
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bionts, showing the sorption maximum on fresh sorbents shifted with increasing pH to the 
side of Lower storage times [4]. Radioactive Ce added at pH<6 to prefiLtered coastaL seawater 
from Nakaminato City, centraL Japan, and to artificiaL seawater occurs predominantLy in 
ionic or easiLy dissociabLe forms; at pH >6 it forms compLexes with hydroxide, chLoride, 
or other anions present in seawater, or exists as poLymerized forms [5]. The amount of 
144Ce and 91y retained by an ultrafilter increases with pH of the seawater. According to 
ultrafiLtration and centrifugation experiments, these eLements, introduced at any pH into 
prefiLtered and acidified surface seawater of the Pacific Ocean, are not present soLeLy in 
the suspended fraction, and the amount in suspension is not reduced at a pH > 7 (as is 
observed in doubLy-distiLLed water) and Ce concentrations > 7 x 10- 12 M, since mononucLear 
Ce hydrolysis products preferentiaLLy interact with foreign impurities, thereby forming sus
pended particLes (see pp. 24/5). However, in the pH region >7, the behavior of CeH is 
totaLLy different in nature, CeH being oxidized to the tetravalent state, and a true coLLoid 
of difficuLtLy soLubLe Ce4+ hydroxide or phosphate shouLd be formed [6, 7]; see aLso oxidation 
of CeH as a function of pH for 141Ce added to settled, aged seawater of the coastaL AtLantic 
Ocean, southeastern USA [8, p. 237]. Centrifugation experiments show that at pH>6.5 the 
content of suspended 144Ce (added to the soLution at < 10- 10 moL/L) changes, apparentLy 
due to an accumuLation of fineLy-dispersed, non-sedimenting, 144Ce-containing particLes [9]. 
The dependence of the state of 91y on acidity of seawater is simiLar to that of 144Ce [6, 7]. 
aLthough Y does not change vaLence, and at the concentrations studied it cannot form an 
independent hydroxide phase at pH <9, whiLe, possibLy, yH can form a true coLLoid of 
difficuLtLy soLubLe compounds with, e.g., PO~- or HPO~- [6] (see aLso p. 9). In surface seawa
ter 5 km off the co ast of Ibaraki prefecture, centraL Japan, without HCL treatment before 
filtration, considerabLe amounts of RE exist in the residue on the 0.22 ~m fiLter, whiLe in 
seawater treated with HCL before fiLtration, the greater part of RE remained in the dissoLved 
state [10]. 

ALthough Y and RE are assumed to beLong to those eLements whose variations in abun
dance in seawater are independent of saLinity [11]. and changes in saLinity do not affect 
the isotopic composition of Nd in seawater [12] or ENd(O) may be decoupLed from either 
temperature or saLinity [13, p. 6002]. there are statements that saUnlty or chlorlnlty infLuences 
content and composition of RE in seawater as weLL as in estuarine zones as can be seen 
from the foLLowing. Taking into account the marked drop of sorption of trace eLements from 
waters of appreciabLe saLinity and the virtuaL absence of RE and other trace eLements in 
chemogenic deposits of terminaL drainage basins, an increase of absoLute and reLative 
contents of these eLements in concentrated brines is assumed as mineraLization increases. 
With increasing mineraLization of naturaL waters aLready at the stage from fresh to brine 
(at a totaL saLt content of 3.5%), the reLative content of RE drops markedLy, which mainLy 
is due to their absorption by sorbents and organisms. Therefore, river waters are reLativeLy 
richer in the eLements studied than seawater [14]. A non-Linear relationship between concen
tration and saLinity (non-conservative behavior) is observed for RE in the mixing zone 
of river and seawater (river-sea barrier) [15]. In the zone of direct contact of river and 
seawater (e.g., Gironde and VoLga estuaries), totaL RE concentrations in fresh water of 
~550 x 10-5 mkg/L are about one order of magnitude higher than in coastaL seawater with 
20 x 10-5 mkg/L [16, p. 149]. Within the estuarine zone the Lanthanides are removed from 
soLution but, due to their Low distribution (or partition) coefficients Ky (ratio between the 
mean concentration in water (given in ~g/L or ~g/kg dissoLved soLids) and in the solid 
phase (given in ~g/kg)), the particuLate concentration is not seriousLy affected. OnLy the 
LeachabLe fraction wiLL be modified. Based on Literature data, the Log Ky vaLues (describing 
the ease with which eLements are transferred from solid to soLution phase) for RE are 
as foLLows; susp. = suspension [17]: 
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Log Ky *) for distribution between water and solid phase 
river/rock riverlsusp. sealrock sea/deep-sea cLay 

la -1.92 -1.96 -5.69 -5.73 
Ce -2.04 -2.08 -6.48 -6.55 
Nd -1.98 -1.95 -5.64 -5.67 
Sm -1.96 -1.95 -5.70 -5.70 
Eu -2.05 -2.16 -5.63 -5.73 
Gd -1.92 -1.81 -5.52 -5.60 
Tb -2.03 -2.01 -5.57 -5.55 
Ho -2.21 -2.01 -5.45 -5.25 
Er -1.98 -1.89 -5.22 -5.08 
Tm -1.71 -1.62 -4.75 -4.85 
Yb -1.95 -1.95 -5.19 -5.12 
lu -1.66 -1.77 -4.90 -4.95 

*) Concentrations given in Jl9/kg for both components. 

With increasing saLinity (0.1 to 28%0) a graduaL decrease of RE concentrations in particu
Late matter is observed in the Gironde estuary, France, wh ich never exceeds 25 to 35% 
at 28%0 saLinity. Comparing measured RE concentrations in waters of various saLinites with 
the theoreticaL diLution curve of river water with seawater, an uptake of RE from soLution 
by as much as 50% is observed. As can be seen from TabLe 2, Light RE are removed 
from soLution as soon as the river water reaches the estuarine area, whiLe the heavy RE, 
being more strongLy cheLated, remain Longer in soLution (compare aLso [18, p. 77]), and 
the Cella ratio remains nearLy constant throughout the estuary and is much higher than 
in seawater. Owing to the very Low soLubLe vs. detritaL RE ratio, a removal from soLution 
wiLL not give any significant enrichment of the particuLate phase [19]; for details on the 
removal mechanisms, see Chapter 7.3 and for reLation of RE concentration and chLorinity, 
see beLow. Likewise, when saLinity increases up to 28%0, a decrease of the suspended 
form of 25 to 35% and a decrease of the dissoLved form by more than 50% are found 
for the estuaries of Rhone and Gironde, both France, heavy RE remaining in soLution Longer 
due to the formation of more stabLe compLexes [15]. Up to 12%0 saLinity, RE concentration 
shows an overall constancy (within 30%) in suspended matter of waters from three depth 
zones of the Zaire River mixing zone, indicating that they remain strongLy bound to the 
suspended sediment. The RE contents are as foLLows [20]: 

depth zone and content in ppm 
saLinity la Ce Sm Eu Tb Yb lu 

surface; 2.1%0 51 97 7.7 2.1 0.55 3.6 0.43 
haLocLi ne; 5.4%0 40 76 6.6 1.9 0.79 2.7 0.31 
near-bottom; 11.6%0 46 64 7.7 1.9 0.52 2.8 0.34 

Within the core of Mediterranean outfLow water, Sm and Nd concentrations appear to 
imitate saLinity in the northern AtLantic Ocean, high Sm and Nd contents corresponding 
to high saLinity portions and vice versa [13, p. 6004]. 

The content and composition of RE in estuarine and coastaL seawater might be dependent 
upon chLorinity as is exempLified in the foLLowing. From the confLuence of the rivers Garonne 
and Dordogne (chLorinity 0.008%0) to Pointe de Grave (chLorinity 15.8%0). RE in suspension 
of the Gironde estuary, France, show uniform concentrations with coetficients of variation 
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<5% for La, Sm, and Eu, 5 to 10% for Ce, and 10 to 13% for Tb and Vb. The contents 
for individual RE are tabulated below, the suspended matter is separated by ultrafiltration 
or centrifugation (marked by an asterisk) [21]: 

sample chlorinity content in suspension in 119/9 
No. in %. La Ce Sm Eu Tb Yb Lu 

08 0.008 45.5 100 7.80 1.40 0.92 2.8 0.49 
09 0.30 45.5 100 7.60 1.45 0.96 2.7 0.49 
10 0.87 46.5 100 7.40 1.45 0.76 3.5 0.40 
31" 1.10 46.0 70 7.15 1.45 1.3 3.2 0.47 
11 1.26 45.0 95 7.00 1.30 1.2 2.8 0.51 
14 1.59 43.5 80 6.50 1.30 1.0 2.7 0.44 
06 2.84 45.5 95 7.05 1.50 1.0 2.5 0.41 
25 3.48 43.0 90 6.90 1.35 1.1 2.5 0.49 
16 4.82 45.5 95 7.40 1.40 1.0 2.7 0.46 
19 6.69 45.0 95 7.30 1.40 0.94 2.6 0.37 
20 10.5 41.5 90 6.85 1.30 1.2 2.5 0.40 
21 12.3 43.5 90 7.35 1.35 0.86 2.8 0.49 
07 15.8 43.5 75 6.85 1.35 0.89 2.4 0.39 
average 44.6 90 7.17 1.40 1.0 2.75 0.45 

In contrast, for coastal surface seawater off Arasaki, Miura peninsula, Japan, the RE 
concentration is lower with higher chlorinity. The contents in solution (HCl filtration) and 
in insoluble parts (residue) for two samples are tabulated, the content for sample NO.2 
being determined with pH adjusted by HCl solution immediately after and several days 
after the sampling date (the lower figures suggest adsorption of RE on the surface of the 
containment) [22]: 

fraction of content in I1g/L 
sample 
and chlorinity La Ce Sm Eu Tb Dy Tm Yb Lu 

No. 1; 18.54%0 
solution 0.030 0.0509 0.0048 0.0014 0.0014 0.0049 0.0040 0.0004 
insoluble 0.010 0.0006 0.0002 0.0003 

No. 2; 19.25%0 
solution 0.017 0.0133 0.0015 0.0006 0.0005 0.0025 0.0030 0.0012 0.0002 
insoluble 0.005 0.0201 0.0009 0.0006 0.0045 0.0009 0.0012 

solution 0.006 0.0136 0.0007 0.0004 0.0009 0.0009 0.0013 0.0002 
insoluble 0.004 0.0215 0.0010 0.0005 0.0028 0.0010 0.0008 

The sorption or hydrolysis behavior of RE relative to seawater salinity was derived 
experimentally with radioisotopes, under the special conditions of the original papers: The 
primary effect of seawater on the state of 144Ce is that less suspended 144Ce is formed. 
It is not possible to decide whether this is due to the desorbing effect of dissolved salts, 
to partial complex formation by the hydrolyzed ions with some natural ligands, or to the 
effect of the high ionic strength of the solution. The absence of a reduction of 144Ce in 
the suspended fraction at a pH > 7, in contrast to doubly-distilled water, may be due to 
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the presence of foreign substances which inhibit polymerization, i.e., mononuclear Ce hydro
lysis products preferentially interacting with foreign impurities, thereby forming suspended 
particles [6]; refer also to [7]. The reduction of a portion of the suspended fraction of 144Ce 
(added at 10-10 mol/L to stabilized seawater (pH 6.65)) with increasing electrolyte concentra
tion (salts of Na, K, Mg, and Sr) may be due to the competition of the electrolyte ions 
for the sorption centers of the suspended matter. With respect to desorbing action, the 
ions form the series Sr2+ >Mg2+ >K+ >Na+. The process of sorption is dependent upon 
the relation log K = A + B . log Ci' where K is the fraction of the suspended quantity (or Kads)' 

Ci is the concentration of the electrolyte, and A and Bare constants [23]. This linear depen
dence of adsorption on the concentration of electrolyte ions results from the formation 
of sorption radiocolloids. The isotherm of 144Ce retention is described by such an equation 
when solutions based on seawater purified from suspensions are used. The nature of saLt 
cations present in seawater strongly influences the value of A, which is probably associated 
with the characteristics of the competitive ions (e.g., the charge of the radionuclide ion), 
whereas B remains almost constant [24]. And with increasing saLt background of an indiffer
ent electrolyte in seawater, the adsorption of 144Ce onto colloidal impurities (forming stable 
sorption colloids) is more actively inhibited than in distilled water and NaCl solution. This 
causes the sedimentation isotherm in model solutions to shift toward the alkali ne region [9]. 
In solutions without a salt background, the fraction of coarse forms of 144Ce is greater 
than in seawater, and sorption takes place more actively. Thus, it may be assumed that 
in seawater hydrolysis takes place less rapidly due to the high salt background [25]. A 
reversible change with salinity occurs for 144Ce forming suspended particles in centrifugation 
experiments, with 144Ce being added to a mixture of fresh and seawater (Amur River and 
open Pacific Ocean) freed of coarsely dispersed suspension by filtration. Thus, at adefinite 
salinity, 144Ce wh ich undergoes hydrolysis tends to form suspended particles and may be 
transferred to the sludge (see pp. 79/80), and an increase in salinity leads to a decrease 
in the amount of 144Ce in suspension. If similar processes occur in nature, possibly the 
erosion of radionuclides from the sludge of an estuary is associated with a salinity change 
due to high- and low-tide phenomena [26]. Refer to RE concentrations not changing in 
water regularly with the tidal changes, but being strongly influenced in bottom sediments 
in water with different salinity and pH [27]; or with increasing salinity, 155Eu showing higher 
fractional solubility (mostly at salinities > 15%0) in experimental river water-fresh water 
mixtures for the estuarine zone of Anasco River, Puerto Rico [28]. 

Hydrolysis products of Fe influence the physico-chemical state of radioelements in sea
water, as is shown in experiments with simultaneous addition of 251lg/L of stable Fe and 
144Ce or 91Y, respectively, into seawater of the tropical Pacific Ocean. Subsequent ultrafiltra
tion showed that in the presence of Fe almost 90% of 144Ce and 91y is transferred to the 
suspended fraction, due to a typical process of coprecipitation (see p. 80), compared with 
45% of radioyttrium and 60% of radiocerium in natural seawater without additional Fe. 
The formation of the suspended fraction begins in a more acid region than in experiments 
without addition of Fe. The influence of direct sorption of radionuclides on ferric hydroxide 
is negligible, as follows from experiments with seawater freed of suspension (pH 8) to which 
251lg/L of stable Fe and, ten hours later, the studied isotopes were added. Separation 
of dissolved and suspended fractions by uLtrafiLtration shows the amount in the suspended 
fraction to be 79.6% for 144Ce and 81.7% for 91y [29]. 

Another group of factors influencing content and composition of RE in seawater is the 
amount and/or (mainLy mineraLogical and granuLometric) composition 01 suspended matter 
(of abiogenic or biogenic nature; for the LaUer see pp. 28/30). Due to much lower amounts 
of suspended material in the oceans than in rivers (0.2 against 510 mg/L, respectiveLy), 
the contents of hydrolyzed elements such as Y and La occurring in suspended form are 
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low in the ocean waters [15]. Thus, a correlation between the amount of suspended matter 
in surface seawater (depending on climatic and facial factors; see pp. 33/4 and 34/44, respec
tively) and RE contents in suspended matter is reported for the Indian Ocean, where mini
mum contents of suspended matter « 1 mg/gi in the southern part are associated with 
minimum RE20 3 contents (0.9 to 1.3 mkg/L), and maximum amounts of suspension in coastal 
seawater of the Needle Cape, South Africa, correlate with maximum RE20 3 contents (5.1 
to 10.2 mkg/L); waters containing 1 to 3 mg/g suspended matter show RE20 3 contents be
tween 2.6 and 7.9 mkg/L and those with >3 mg/g suspended matter between 3.8 and 
10.2 mkg/L. Similarly, in the northern Indian Ocean contents of RE in suspended matter 
increase with increasing amounts of suspension [30, p. 250]. Some covariance between 
contents of suspended solids and Ce occurs in surface seawater of the Atlantic Ocean 
(with similar chlorinity and sampled between October 1963 and June 1964); the correspond
ing contents are [8, pp. 231/2]: 

location 

inlet of Ocean City, Maryland 
54 km from entrance to Chesapeake Say 
Chesapeake Say near Annapolis 
6 km off Cape Kennedy, Florida 
23 km off Sermuda Island 

chlorinity 
in %0 

17.2 
18.2 
8.2 

20.0 
20.3 

contents 
mg/L solids Ilg/L Ce 

15 
~5*) 

4.5 
1.9 
0.1 

0.85 
0.29*) 
0.18 
0.14 
0.014 

*) Mean for duplicate analyses treated differently, the variance is between and 12 mg/L 
for solids and between 0.12 and 0.58Ilg/L for Ce. 

Content and vertical distribution of suspended matter influence RE content in waters of 
the northwestern and southeastern Slack Sea, USSR (pp. 43/4). For a change with depth 
between particle distribution and Nd concentration in the Pacific Ocean, see pp. 42/3. Sus
pended material considerably influences 144Ce concentration levels in seawater, Japan [31]. 

Mineralogical and granulometric compositions of suspended matter determine the rela
tive abundance of the individual RE in natural waters [32]. Thus, the variable composition 
of suspended terrigenous matter with different sorption ability causes variations in contents 
of Y and of individual RE in marine suspended matter. For example, the pelitic fraction 
«0.01 mm in size), having the highest sorption ability shows maximum enrichment of inter
mediate RE (and Ce) in the southern Indian Ocean, as is indicated bya correlation between 
percentage of the pelitic fraction in suspension and the Nd/La, Sm/La, and Ce/La ratios. 
In addition, the Nd/La ratio correlates with the subcolloidal fraction « 0.001 mm in size) 
which, like the pelitic fraction, consists mainly of clay minerals. Intermediate RE are also 
enriched, but to a greater extent in surface-suspended matter of the eastern Mediterranean 
Sea, the enrichment of Y being intermediate between the values for Dy and Ho. The differ
ences between Indian Ocean and Mediterranean samples can be explained by the type 
of clay mineral present: hydromica predominates in the former, and montmorillonite (having 
two to four times higher sorption ability) constituting 30 to 50% or more of the Nile River 
bottom sediments influences the latter [30, pp. 256,258/9]. Note also that suspended minerals 
present determine the relation between Sc and La in particulate matter of several depth
profiles of water in the Gulf of Maine [33]. Lateral variations in RE concentration occur 
in the Gironde estuary, France, due to constant mixing of river-borne detrital material 
(with definitely higher RE contents, except for Lu) and carbonate-rich marine suspended 
matter causing a seaward decrease of RE concentrations in the particulate matter [19]; 
and the relative impoverishment of Slack Sea water in La, Ce, and Pr may be explained 
by settling of the heavier particles in river estuaries (see p. 33) [32]. Rare earth elements 
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are most likeLy associated with the cLay mineraL or terrigenous fraction of coLLoidaL and 
particuLate matter from 0.5 m depth in the Patuxent River estuary, MaryLand, as is indicated 
by an AL content-reLated enrichment factor (near unity) EF = (X/AL)sampl/(X/AL)reference (with 
X = concentration of the eLement under consideration and the average crustaL concentration 
used as a reference). CoLLoidaL sampLes were coLLected by ultrafiltration in February 1979 
at five and in JuLy 1979 at six stations (station 6 being near the mouth of the river) covering 
a salinity range from zero (station 1) to 12 g/kg (stations 5 and 6); particuLate fractions 
(>0.4 11m in size) were coLLected for summer sampLes onLy. TidaL variations in the suspended 
Load are minimized by sampling on singLe high sLack tide runs foLLowing the tidaL crest. 
Winter coLLoidaL materiaL varies fram an AL-rich product at the head of the estuary to a 
carbonaceous product near the mouth, contents of AL, Fe, and C decreasing with increasing 
salinity (AL and Fe by a factor of 500, C onLy by a factor of 10). In contrast, summer coLLoidaL 
materiaL is comparabLy C-rich and AL-poor thraughout the estuary without a considerabLe 
seaward decrease of the coLLoidaL material. It is composed LargeLy of submicron cLay particLes 
and diatom fragments pLus some poLymeric organic materiaL in fresh to brackish water, 
and composed entireLy of fiLamentous organic poLymers in brackish water. The summer 
particuLate fraction, reLativeLy Low in C and high in AL and Fe, contains numerous microorgan
isms (mainLy diatoms) and cLay mineraL particLes. The RE compositions of the winter coLLoidaL 
and summer particuLate fraction at station 3, both high in AL content, show a North American 
shaLe-normalized pattern typicaL of crustaL rocks. In the summer coLLoidaL fraction, aLthough 
reLative RE abundances are aLso simiLar to shaLe, the absoLute contents are aLL Lower, empha
sizing that the cLay component comprises a smaLLer part of the sampLe reLative to carbon. 
TotaL RE contents are Lower in summer coLLoidaL compared to winter coLLoidaL materiaL 
by a factor of nearLy 10, which is consistent with the respective ash contents of 8 and 
68% on dry weight basis. The contents for individuaL RE in coLLoidaL (C) and particuLate 
matter (P; size >0.40 11m) for the winter and summer sampLes are as foLLows [34): 

station content in 119/g dry weight 
La Ce Sm Eu Tb Yb Lu 

winter*) 

1-C 80 140 12 2.4 3.55 0.60 
2-C 76 137 12.5 2.2 3.41 0.49 
3-C 65 138 9.8 1.9 3.87 0.66 
4-C 51 109 7.7 1.56 2.9 0.43 
5-C 9 12.4 1.12 0.24 <0.5 

summer*) 

1-C 20 31 2.18 0.53 1.3 
2-C 9.2 15 1.1 0.30 0.59 0.10 
3-C 7.0 11 0.87 0.21 0.46 0.06 
4-C 9.5 12 0.83 0.17 0.68 
5-C 7 16 0.70 0.3 
6-C 5 5.8 0.37 0.13 0.38 
1-P 57.7 108 8.7 1.7 0.77 2.55 0.37 
2-P 52 94 6.2 1.75 0.91 2.9 0.29 
3-P 55 96 6.5 1.6 0.74 1.9 0.28 
4-P 56 104 6.9 1.75 0.69 2.6 0.23 
5-P 24 63 4.1 0.97 0.13 
6-P 8 16 1.6 0.13 

*) Size of coLLoidaL materiaL is between 1.2 nm and 0.40 (summer) or 0.45 11m (winter). 
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No significant differences occur for La, Ce, and Sm between four size fractions (ranging 
from about 30 to 0.5 ~m) of suspended matter in one sample of the Rhine estuary at Nord
Hollands Kanaal (station 2), Netherlands, just above the region of maximum salt intrusion 
and in two samples of the Dutch Wadden Sea (stations 3 and 4). The element contents 
of fraction I (::::: 30 ~m) in relation to salinity and total suspended matter content (susp.) 
are as follows [35]: 

station susp. salinity content in ~g/g 
in mg/L in %0 La Ce Sm 

2 23.5 <0.5 26 62 4.8 
3 1.3 29.2 22 64 3.8 
4 2.0 30.7 19 52 3.1 

Red clay consisting of minute particles of various composition is the best sorbent for 
144Ce (99.7 to 99.8%), foraminiferal ooze (including also coarser particles of silt size) has 
a lower overall specific surface and thus a lower capacity to extract Ce, and "iceberg" 
ooze with a still wider range of particle size (coarse particles predominating) adsorbs only 
97 to 97.2%. Diatom tests exhibiting a small specific surface show the lowest extraction 
ability (89.4%) [49]; compare also p. 33 for an influence of size fraction on 144Ce uptake. 
Appreciable fractions of 141Ce added to seawater stored at room temperature for various 
time periods are associated with particles having sizes from > 1 to 0.01 ~m; combined 
filtration and centrifugation show a connection with samples >0.005 ~m [8, pp. 233/6]. 

Admixtures of organic matter and marine salts are further factors which decrease concen
trations of RE in marine suspended matter [16, p. 151], note also [36]; or organic material 
which does not concentrate La and Lu dilutes the terrigenous fraction of marine suspended 
matter, as is indicated by the very low element contents in seawater compared to sedimenta
ry rocks [37]. Refer also to the Gironde estuary, France, and the equatorial Pacific Ocean 
[18]. Deep-water or sea-floor enrichment in RE may occur via dissolution and mineralization 
of biogenic suspended matter [18, pp. 78, 84/5, 87] as, e.g., in near-bottom waters of the 
Slack Sea (station 201, off Poti, Greater Caucasus) [32]; for data see pp. 43/4. Injection 
of a light RE-enriched fraction released from dissolving biogenic particles at, or near the 
sea floor probably causes the changes in shale-normalized RE pattern of Sargasso Sea 
waters (pp. 38/9). The change of the state of 91y added to water samples from different 
depths of the Pacific Ocean is explained by the reaction of 91y with decomposition products 
of organic material, whereas 144Ce added to these waters is not affected so markedly by 
those substances that cause alm ost complete solution of 91y at the 500 m horizon [6]; see 
also [7] and p. 9. 

Sesides the above-mentioned factors, there are biological factors (organisms) that influ
ence RE distribution, especially of its radioisotopes, in seawater, as is exemplified only 
briefly in the following. In general, the ability of organisms to incorporate elements depends 
on the form in wh ich elements occur and on the mode of nutrition. Thus, autotrophic organ
isms absorb RE with difficulty due to their particulate nature. And organisms in lower trophic 
levels concentrate them to a higher degree than do organisms in higher trophic levels, 
a selectivity probably due to differences in the external surfaces of organisms [38]. In plank
ton from the three world oceans, differences in the distribution of single RE elements possibly 
are due to the components of plankton which selectively accumulate RE; especially Eu 
and Gd are enriched and otherwise enrichment decreases with increasing atomic 
number [39]. 
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In the Indian Ocean (at depths 0 to 100 m) plankton with a RE content of 0.7 x 10- 2% 
and non-moletile plankton with 1.1 to 3.3 x 10- 2% RE20 3 (or, recalculated to one liter of 
water, 0.001 to 0.003 y/L) does not significantly contribute to the total RE content of seawater 
(0.3 to 1.4 y/L RE20 3). A direct relationship between distribution of RE and organisms is 
not observed, as follows from comparison of RE contents in seawater and biomass of the 
same oceanographic stations [40]. Since plankton traps the main part of dissolved RE in 
seawater, at the same time the composition of RE changes to higher intermediate and 
heavy RE (and Y) contents. In regions of intense planktonic activity, total RE contents in 
suspended matter can sharply decrease, even in coastal seawater [16, p. 165], e.g., in the 
southern Indian Ocean (at Princess Ragnhild Coast, Antarctica) with low RE contents in 
suspension (0.0009 mkg/L RE20 3) and intense biosynthesis; maximum contents of biogenic 
compounds (amorphous Si02 , Corg ' CaC03) occur in suspension. Mainly CaC03 and amor
phous Si02 and RE showareverse relationship in the suspended matter, Le., the biogenic 
components of the southern Indian Ocean do not show any RE enrichment and serve as 
diluents of mineral components, containing the major part of RE, in surface-suspended 
matter. However, they cannot fully explain the low RE contents of suspension, since maxi
mum concentrations of biogenic elements do not exceed 60% of total suspended matter 
and, therefore, can reduce RE contents only by two to four orders of magnitude [30, pp. 250, 
252/4]. Otherwise, since in surface seawater biogenic components can constitute more than 
50% (up to 90%) of total suspended matter and since plankton contains a mean of 0.55 g/t 
RE, a considerable part of suspended RE can be bound to biogenic components [18, pp. 84/5]. 
For diatoms and foraminiferal plankton the following RE contents occur [41]: 

contents in ppm 
La Ce Nd Sm Eu Gd Dy 

foraminiferal plankton 0.146 0.238 (0.034) (0.0064) 0.0034 (0.0186) 0.008 
diatom 5.77 8.21 6.71 1.56 2.404 1.78 1.69 

Er Yb 

0.0015 
0.998 0.859 

A strong biological retention of radioisotopes is indicated by the vertical distribution 
of 144Ce within the surface layer of waters around Japan (p. 43), and retention in the bodies 
of plankton swarms may partly explain secondary maxima of 144Ce and 147Pm in vertical 
profiles at various depths in the equatorial Atlantic Ocean. In most cases, these maxima 
are enriched in 147Pm vs. 144Ce. The lanthanide fraction of a fallout event can be accumulated 
in the skeletons of a diatom population so long as grazing proceeds at a minimum rate [42]. 
For the effect of plankton on the state of 144Ce added to both seawater from a depth of 
10 m and seawater saturated with respect to uranine, studied in experiments with solutions 
in vive (exposed under natural conditions) and in vitro (kept in the dark, the plankton chloro
phyll is degraded), see [25]. At practically all trophic levels, 144Ce is incorporated in the 
northern Adriatic Sea along the west Istrian coast [43], and concentrations in benthic organ
isms are much lower than those in plankton, where 144Ce is one of the dominant radionu
clides [44]. Biological accumulation may partly explain the great variability of the physico
chemical state of 155Eu in lagoonal waters of the Bikini Atoll, central Pacific Ocean [45]. 
In the Aegean Sea, the adsorption of added 91y by suspension after two days is 50 times 
that of zooplankton [46]. An effect of pH on the accumulation of 91y by marine organisms 
occurs via its mode of occurrence (at pH <3 ionic, >3 hydrated, and 8 to 8.2 hydrolyzed 
forms); the same holds for the trivalent ions La, Ce, Pr, and others [47]. Plankton samples 
of the coastal region of Nice, France, show the highest 141Ce+ 144Ce+ 144Pr activity (1320 pCil 
9 . sec) in the size fraction <60 11m containing in addition to planktonic organisms a great 
amount of fine-grained detritus (mean size 10 to 20 11m) with 2800 pCi/g . sec. While the 
plankton absorbs and rejects radioelements very quickly, the detritus, on the contrary, accu-
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mulates radioelements, wh ich is important in the transfer of radioactivity in the food 
chain [48]. 

References for 7.2.2.1.1: 

[1] E. I. Semenov (Geokhim. Mineral. Genet. Tipy Mestorozhd. Redk. Elem. 1964/66 Vol. 1, 
pp. 193/209 from L. S. Fomina, I. I. Volkov, Dokl. Akad. Nauk SSSR 185 [1969] 188/91; 
Dokl. Earth Sci. Sect. 185 [1969] 158/61). 

[2] F. Guichard, T. M. Church, M. Treuil, H. Jaffrezic (Geochim. Cosmochim. Acta 43 [1979] 
983/97,992/5). 

[3] I. A. Skul'skii, A. A. Lyubimov (Radiokhimiya 13 [1971] 272/5; Soviet Radiochem. 13 
[1971] 272/5). 

[4] A. A. VOlkov, V. V. Anikeev, A. A. Lobanov (Radiokhimiya 24 [1982]382/5; Soviet Radio
chem. 24 [1982] 324/7). 

[5] S. Hirano, T. Koyanagi, M. Saiki (Radioact. Contam. Marine Environ. Proc. Symp., Seat
tle, Wash., 1972 [1973], pp. 47/55, 48, 53). 

[6] V. I. Spitsyn, R. N. Bernovskaya, N. I. Popov (Dokl. Akad. Nauk SSSR 185 [1969] 111/4; 
Dokl. Chem. Proc. Acad. Sci. USSR 184/189 [1969] 167/9). 

[7] V. H. Vdovenko, A. G. Kolesnikov, V. I. Spitsyn, R. N. Bernovskaya, L. I. Gedeonov, 
V. V. Gromov, L. M. Ivanova, B. A. Nelepo, V. N. Tikhomirov, A. G. Trusov (At. Energiya 
[SSSR]31 [1971]409/22; At. Energy [USSR]31 [1971]1164/76,1171/3). 

[8] J. H. Carpenter, V. E. Grant (J. Marine Res. 25 [1967] 228/38). 
[9] A. N. Nesmeyanov, L. S. Khova, A. A. Volkov, Yu. A. Sapozhnikov (Radiokhimiya 24 

[1982]542/4; Soviet Radiochem. 24 [1982] 452/4). 
[10] H. Suzuki, T. Koyanagi, M. Saiki (Impacts Nucl. Releases Aquat. Environ. Proc. Intern. 

Symp., Otaniemi, Finland, 1975, pp. 77/91, 79, 84/5). 

[11] E. D. Goldberg, W. S. Broecker, M. G. G. Ross, K. K. Turekian (Radioact. Marine Envi-
ron. 1971 137/46, 138). 

[12] D. J. Piepgras, G. J. Wasserburg (Science 217 [1982]207/14, 211). 
[13] D. J. Piepgras, G. J. Wasserburg (J. Geophys. Res. C 88 [1983] 5997/6006). 
[14] T. F. Boiko (Litol. Polez. Iskop.1968 No. 6, pp. 152/7; Lithol. Mineral. Resour. 1968 No. 6, 

pp. 772/6). 
[15] A. P. Lisitsyn, V. N. Lukashin, E. G. Gurvich, V. V. Gordeev, L. L. Demina (Geokhimiya 

1982106/13; Geochem. Intern. 19 No. 1 [1982]102/10, 106/7). 
[16] Yu. A. Balashov (Geokhimiya Redkozemel'nykh Elementov, Nauka, Moscow 1976, pp. 1/ 

266). 
[17] J.-M. Martin, M. Whitfield (NATO Conf. Sero IV 9 [1983] 265/96, 269, 272/3, 289). 
[18] E. G. Gurvich, V. N. Lukashin, A. P. Lisitsyn, A. D. Kurinov (Geokhim. Elem. Gidroliz. 

198071/116). 
[19] J.-M. Martin, O. Hoegdahl, J. C. Philippot (J. Geophys. Res. 81 [1976]3119/24). 
[20] J.-M. Martin, A. J. Thomas, R. van Grieken (Neth. J. Sea Res. 12 [1978] 414/20, 417). 

[21] G. Cauwet, F. Elbaz, C. Jeandel, J. M. Jouanneau, Y. Lapaquelterie, J.-M. Martin, A. 
Thomas (Bult. Inst. Geol. Bassin Aquitaine No. 27 [1980] 5/33, 22). 

[22] S. Nagatsuka, H. Suzuki, K. Nakajima (Radioisotopes [Tokyo] 20 [1971] 305/9). 
[23] A. N. Nesmeyanov, L. S. Khova, A. A. Volkov (Radiokhimiya 24 [1982] 386/9; Soviet Ra

diochem. 24 [1982]328/31). 
[24] A. N. Nesmeyanov, L. S. Khova, A. A. Volkov (Radiokhimiya 25 [1983] 134/6; Soviet Ra

diochem. 25 [1983]129/31). 
[25] A. A. Volkov, V. V. Chubarov, Yu. A. Sapozhnikov, V. V. Anikeev (Radiokhimiya 22 [1980) 

568/73; Soviet Radiochem. 22 [1980]456/61). 

GmeLin Handbook 
Rare Earth A6b 



31 

[26] A. N. Nesmeyanov, A. A. VoLkov, A. A. Lobanov, V. V. Anikeev (Radiokhimiya 24 [1982] 
682/3; Soviet Radiochem. 24 [1982]572/3). 

[27] Y. Nishiwaki, Y. Honda, Y. Kimura, H. Morishima, T. Koga, Y. Miyaguchi, H. Kiwai (Ra
dioact. Contam. Marine Environ. Proc. Symp., SeattLe, Wash., 1972 [1973], pp. 177/93, 
184/91). 

[28] D. A. Wolfe, W. O. Forster, R. McCLin, F. G. Lowman (Comb. Eff. Radioact. Chem. Therm. 
ReLeases Environ. Proc. Symp., Stockholm 1975, pp. 155/78 from C.A. 85 [1976] 
No. 181921). 

[29] R. N. Bernovskaya, Yu. A. Bogdanov, V. V. Gromov, A. P. Lisitsyn, V. I. Spitsyn, V. N. 
Tikhomirov (Radiokhimiya 13 [1971]157/9; Soviet Radiochem. 13 [1971]158/60). 

[30] Yu. A. BaLashov, A. P. Lisitsyn (OkeanoL. IssLed. No. 18 [1968] 213/82). 

[31] Y. Nagaya, K. Nakamura (Nippon Kaiyo Gakkai-Shi 30 No. 4 [1974] 179/84 from C.A. 
83 [1975] No. 13767). 

[32] G. M. KoLesov, V. V. Anikeev, V. S. Savenko (Geokhimiya 1975121/8; Geochem. Intern. 
12 No. 1 [1975] 82/8, 84/6). 

[33] D. W. Spencer, P. G. Brewer, P. L. Sachs, C. L. Smith (U.S. At. Energy Comm. NYO-
4150-9 [1970]1/13, 3). 

[34] A. C. SigLeo, G. R. HeLz (Geochim. Cosmochim. Acta 45 [1981] 2501/9, 2501/5). 
[35] H. A. van der SLoot, J. C. Duinker (Environ. TechnoL. Letters 2 [1981]511/20,518). 
[36] Yu. A. BaLashov (GeoL. Geofiz. IssLed. Yugovostochnoi Chasti Tikhogo Okeana, OkeanoL. 

IssLed. No. 29, Nauka, Moscow 1976, pp. 1/386 from [16, p. 151]; Ref. Zh. GeoL. 1977 
No.1A429K). 

[37] V. V. Gordeev, A. P. Lisitsyn (OkeanoL. Khim. Okeana 1 [1979] 337/75, 457/90, 359). 
[38] R. F. PaLumbo (RadioecoL. Proc. 1st NatL. Symp., Fort CoLLins, CoLo., 1961 [1963], pp. 533/ 

7). 
[39] G. M. KoLesov, V. V. Anikeev, V. S. Savenko (Geokhimiya 1976 934/43,941). 
[40] Yu. A. BaLashov, L. M. Khitrov (Geokhimiya 1961 796/806; Geochem. [USSR] 1961 

877/90,885/6). 

[41] H. ELderfieLd, M. J. Greaves (NATO Conf. Sero IV 9 [1983] 427/45, 442). 
[42] V. T. Bowen, T. T. Sugihara (J. Marine Res. 23 [1965]123/46, 140/3). 
[43] P. Strohal, O. JeLisavcic, S. LuLic (ThaLassia JugosL. 9 [1973]199/204). 
[44] O. JeLisavcic (ThaLassia JugosL. 15 [1979] 123/42, 140/1). 
[45] W. R. Schell (RLO-2225-T18-10 [1974]1/50, 20; C.A. 83 [1975] No. 103032). 
[46] L. G. KuLebakina (Ekspedits. IssLed. Sredizemn. More Sent.-Okt. 1970, Naukova Dumka, 

Kiew 1973, pp. 137/42 from Ref. Zh. GeoL. 1973 No. 9 V129). 
[47] A. A. Lyubimov, A. Va. Zesenko, L. N. Leshchenko (OkeanoLogiya 10 [1970] 1001/8; 

OceanoLogy [USSR]10 [1970] 808/14, 810). 
[48] R. ChesseLet, C. LaLou (Compt. Rend. 260 [1965]1225/7). 
[49] Yu. V. Kuznetsov, V. N. Shchebetkovskii (Geokhimiya 1971 1466/72; Geochem. Intern. 

8 [1971] 891/6). 

7.2.2.1.2 Influence 01 Physical Factors and/or Facies 

Besides the infLuence of the chemicaL composition of seawater (see proceeding para
graph), there are severaL factors more physicaL in nature that infLuence the distribution 
and/or composition of RE in seawater environments. Thus, the pure chemical properties 
01 Y and RE may be of importance; e.g., variations in ionic radius or oxidation-reduction 
reactions (foLLowed partLy by a differentiaL mineraL uptake, see aLso p. 73) may cause varia
tion of the reLative RE concentration in seawater via differentiaL soLubiLity or ion exchange 
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processes. For the RE, such processes are known to be minimaLLy effective, for RE complexes 
are typicaLLy weak and show only modest variations in strength within the series, and Ce 
and Eu are expected to exhibit stable ions other than trivalent [1] and may fractionate 
from the trivalent RE as a result of redox potential [2]. With this possible exception of Ce 
and Eu, the similar chemical properties of RE aLLow for only limited fractionation during 
their passage through the ocean. Thus, although absolute concentrations may vary between 
marine phases, relative concentrations will vary only slightly from one phase to another 
[3, p. 286]. There is also an ordered variation in stability constants of RE complexes which 
may cause fractionation of light relative to heavy RE [2]. Differences in the stabilities of 
soluble complexes of light and heavy RE, heavy RE being more strongly complexed, lead 
to an enrichment of heavy RE in seawater with respect to sediments [4 to 7], as is stated, 
e.g., for the Black Sea [8], for the northwestern Atlantic Ocean [9], for the Pacific Ocean 
off the co ast near San Diego, California [10], and for the estuaries of Rhone and Gironde 
rivers of France [11] (for the Gironde see also [12, p. 77]). In addition, differential adsorption 
on solid phases leads to the monotonie enrichment of heavy RE in seawater [5], the lighter 
members showing greater reactivity owing to their increased basicity with respect to incorpo
ration in, or on, solid phases [4], as is stated, e.g., for the northwestern Atlantic Ocean 
[9], or the Pacific Ocean off the coast near San Diego, California [10]; and for the Gironde 
estuary, France [12, p. 77]; and for the Gulf of Mexico, the fractionation of RE by the particu
late phase being indicated by smaLLer particulate/soluble ratios for the heavy than for the 
light RE [13]. The negative Ce anomaly in seawater may be the net effect of the insolubility 
and adsorption of oxidized tetravalent Ce onto marine solids [14]; the oxidation having 
taken place in the ocean rather than in the weathering profile or in rivers as is supported 
by the similarity of the La/Ce ratio in filtered water of the Gironde River to that of shale 
[3, p. 292]. The oxidation of Ce to tetravalent and the reduction of Eu to divalent states 
are potentially singled out from all other processes affecting their distribution. However, 
thus far there is no clear evidence for the reduction of Eu in seawater [9]. No redox fractiona
tion of Eu seems to occur in the upper 1200 m of the northwestern Atlantic Ocean, as 
Sm, Eu, and Gd are strongly correlated [15], and a significant Eu anomaly is absent at 
aLL depths. The Sm/Eu ratio of 4.6 is close to that for shales (4.7), although one might 
expect Eu anomalies to develop in strongly reducing environments such as anoxie basins 
or hydrothermal vents [9]. Concentration of Eu relative to the other RE is normal in Pacific 
seawater off the coast near San Diego, California [10]. However, at one station in the northern 
Atlantic Ocean, the intensity of a negative Eu anomaly is different at different depths (see 
p. 38). Experiments on age changes in adsorbability of radioisotopes differing in valence 
(144Ce3+ and 144Ce4+) on Teflon from seawater show that during the entire period of aging 
the adsorbability of 144Ce4+ changes negligibly and remains lower than that of 144Ce3+, 
while in desorption experiments the values of the residual activity for the former are actuaLLy 
always greater than for the latter. According to theoretical considerations (lower basicity 
of Y compared to Ce), the state of maximum adsorbability at pH 8 on Teflon for 91y3+ 
is reached considerably earlier than for 144Ce3+, and the height of maximum adsorbability 
is considerably lower for Y than for Ce. Consequently, at the same concentration of hydroxyl 
ions, the probability of prolonged existence of unstable, intermediate hydrolysis products 
is lower the more strongly the element under consideration is hydrolyzed [16]. Ions with 
large ionic radii are absorbed most strongly. Therefore, 141Ce added in trace amounts to 
mixtures of different adsorbents with fresh seawater is adsorbed most completely, regardless 
of the nature of the adsorbent, compared to 91y. This relationship is preserved even if 
the element is present in the form of complex ions, as it can be the case in seawater [17]. 
The existing state of RE greatly affects their concentration factors in marine organisms, 
as is shown by a comparison of concentration factors calculated from the amount in the 
dissolved state and from the total amount, respectively. If only the dissolved form is assumed 
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avaiLabLe to marine organisms, vaLues about one order of magnitude higher are obtained, 
especiaLLy for Ce, Eu, and Tb [18]. The originaL form when introduced into seawater and 
the size of the particLes influence the uptake of 144Ce by aquatic organisms [19]. 

The geographicaL position of a water basin or the prevaiLing cLimatic/meteoroLogicaL condi
tions may aLso influence the distribution of RE in seawater. Thus, unLike that of open-ocean 
water, the chemicaL composition of Land-Locked seas is strongLy influenced by the inflow 
of river water, and RE contents, therefore, ought to be determined not onLy in different 
regions of the sea, but aLso in the different components of its water-saLt baLance, Le., 
river and rainwater. Due to the characteristics of its shoreLines, the Dnieper-Bug estuary 
in the BLack Sea serves as a settLing area for the suspension brought in by rivers from 
the southern Russian PLatform, whiLe the suspension carried by the Rioni River from the 
Greater Caucasus is deLivered directLy to the sea. The settLing of suspended matter in 
the estuary is the main reason of Low RE concentration (suspended pLus dissoLved) in the 
nearby Karkinit GuLf which is 2.5 times Lower than in the southeastern part of the BLack 
Sea (station 201, off Poti), aLthough the RE content in the river waters is of the same order, 
as can be seen from the foLLowing; tentative figures for La are given in parentheses [8]: 

source of water content in 10-6 ppm 
LRE La Ce Pr Nd Sm Eu 

Dnieper-Bug estuary 1760 210 580 69 350 90 8 
Karkinit GuLf 1362 (100) 230 46 350 97 21 
Rioni River near Poti 1882 380 600 85 320 110 14 
BLack Sea off Poti 3102 (200) 800 110 800 240 65 

source of water content in 10-6 ppm 
Gd Tb Dy Ho Er Tm Yb Lu 

Dnieper-Bug estuary 97 16 110 29 100 14 72 15 
Karkinit GuLf 96 17 140 37 100 16 92 20 
Rioni River near Poti 82 14 96 25 77 11 57 11 
BLack Sea off Pot i 260 40 280 70 210 30 165 32 

In the BaLtic Sea, reLative secLusion combined with a considerabLe effect from Land runoff 
and the smaLLer voLume of water are responsibLe for a higher average 144Ce LeveL in the 
spring of 1981 (16 Bq/m3) as compared to that in the North Sea (11 Bq/m3) [20]. An infLuence 
of cLimatic factors on RE content in marine suspended matter occurs for different parts 
of the Indian Ocean and the eastern Mediterranean Sea. Intense terrigenous suppLy from 
tropicaL humid zones and the foothiLLs of the HimaLayas causes higher RE contents in unfiL
tered surface seawater (1.1 mkg/L RE20 3) in the northeastern Indian Ocean (south of the 
GuLf of BengaL) compared to the northwestern (Arabian Sea; 0.6 mkg/L RE20 3) and southern 
parts (0.0009 to 0.0102 mkg/L RE20 3) being accompanied by arid and antarctic zones with 
a Lower terrigenous input; and due to a Lower terrigenous input from the arid zones of 
Africa and the Orient, RE contents in the Mediterranean are Lower by one order of magnitude 
compared to the northeastern Indian Ocean (see tabLe beLow). Minimum input from arid 
areas is further shown by the sharp enrichment of heavy RE in seawater off San Diego, 
CaLifornia, with a RE(Ce)/RE(Y) ratio of 0.3 (based on data of [10]), Le., predominance of 
dissoLved RE and absence of any essentiaL input of terrigenous suspended matter which 
wouLd be characterized by the reverse relationship. The contents of RE20 3 for individuaL 
sites are as foLLows; susp. = suspended [21]: 
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location and climatic zone content of 
susp. matter RE20 3 in dry RE20 3 in susp. 
in water; mkg/L susp. matter; g/t matter; mkg/L 

northeastern Indian Ocean 
coastal India; tropical humid 2.5 350 0.90 
open ocean 1.4 175 0.25 

southwestern Indian Ocean 
coastal Africa; arid southern 1.241 6.4 0.0079 
open ocean; humid moderate 0.33 4.0 0.0013 
open ocean; arctic southern 1.768 1.6 0.0028 
open ocean; arctic southern 1.950 2.6 0.0051 
open ocean; arctic southern 0.753 3.2 0.0024 
coastal Antarctica; arctic southern 0.859 1.0 0.0009 

southeastern Indian Ocean 
coastal Antarctica; arctic southern 3.101 3.3 0.0102 
open ocean; arctic southern 2.033 1.9 0.0038 
open ocean; arctic southern 1.245 2.4 0.0030 
open ocean; arctic southern 2.245 1.5 0.0034 

eastern Mediterranean Sea 
open ocean; arid northern 0.20 110 0.022 

Notice also a lower La content (partly based on data from [21]) in surface-suspended matter 
in the equatorial region than at moderate latitudes of the Pacific Ocean [12, pp. 84/5); an 
addition of weathering products of crystalline rocks (primarily feldspar, mica, quartz, and 
others) to the clay fraction of aeolian suspension in arid climatic zones and mountain regions 
decreases RE contents in the marine suspended matter [22, pp. 150/1). For a different influ
ence of atmospheric fallout over the Indian and Atlantic oceans, varying with the latitudinal 
distribution of aerosol and being considered the main factor determining RE concentration 
in seawater, see [23) and pp. 116/7. The lower abundance of lithophile elements, like RE, 
in summer vs. winter colloidal material of the Patuxent estuary, Maryland (see pp. 26/7), 
possibly reflects slower erosion when the watershed is under an active vegetation cover [24). 
Marine meteorological conditions seem to affect markedly the distribution of radioactive 
RE in estuarine water [25). An influence of seasonal changes on 144Ce contents in plankton 
and other marine organisms is shown for the northern Adriatic Sea along the west coast 
of Istria, with the highest activities occurring in late spring and summer [26). 

Lateral dlfferences in content of RE and Y between coastal or shelf zones and the open 
sea have been mentioned and can be seen in the following examples for individual oceans. 
Compared to the Gironde estuary, France, the RE composition in surface shelf water of 
the Atlantic Ocean is strongly diminished in light RE (absolutely and relatively to the heavy 
RE); the Ce deficiency is especially increased [12, pp. 1718). In seawater from the peripheral 
parts of the Atlantic Ocean (Gulf of Mexico), the percentage of RE occurring in suspension 
or solution is different from that in water from 1000 m depth of the North American shelf 
as is corroborated by the following: 
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Location, reference, 
and type of occurrence Y 

GuLf of Mexico [27] 
dissoLved 
suspended 

North American sheLf [28] 
dissoLved 70 
suspended 30 

percentage occurring in suspension or soLution 
La Ce Sm Eu Tb Dy Ho Tm 

19.5 14.5 42.5 
~100 80.5 85.5 57.5 

76.3 32 28.5 21 49 58 
23.5 68 71.5 79 51 42 

35 

Yb Lu 

53 
47 

53.5 43 
46.5 57 

Contents of La, Sm, and Lu in seawater from a coastaL (northwest arm of the AtLantic 
Ocean in HaLifax, Nova Scotia, Canada) and two open-sea locations are [29]: 

location, water depth, and content in Ilg/L 
saLinity La Sm Lu 

northwest arm of AtLantic Ocean 0.013 0.Q10 0.008 
GuLf of St. Lawrence; 20 m; 27.626%0 0.013 0.008 0.009 
Cabot Strait; 150 m; 34.145%0 0.011 0.008 0.006 

It is not known whether there is a dependence of the degree of the Ce depLetion on 
distance from shore, Ce being normal in three samples trom the Strait of Gibraltar and 
depLeted by a factor of about 5 in eight open-ocean sampLes from the mid-AtLantic Ocean. 
The largest differences in concentration occur among the Light RE (La through Eu) where 
the ratio between the maximum and the minimum vaLue for La and Ce is about 6; the 
corresponding ratio for the heavy RE (Gd through Lu) is approximateLy 1.5. The particuLate 
matter separated from two samples from the Strait of Gibraltar has a RE pattern different 
from that of the water samples. The RE concentration in this phase is less than 0.5% 
of the content of seawater [30]. One surface seawater sampLe taken from 23 km off Bermuda, 
AtLantic Ocean, has a much lower Ce content of 0.014 Ilg/L than two coastal seawater sam
ples with 0.12 and 0.85Ilg/L. A composite of samples taken at depths of 900 and 2000 m, 
Bermuda, shows 0.004Ilg/L, comparable to that (observed by [10]) for seawater off the 
co ast of San Diego, CaLifornia [31]. 

In near-shore waters of the Indian Ocean, contents of RE20 3 in unfiltered surface seawa
ter are higher (mean 3.1 mkg/L) than in offshore waters with 0.3 to 1.4 mkg/L. Despite re
gional cLimatic differences (see pp. 33/4), RE are much more abundant in suspended matter 
of aLL coastal areas than in the open sea, and the concentration in open-sea suspensions 
is onLy 28 to 37% of that in coastal areas, as can be seen from the foLLowing data for 
different parts of the Indian Ocean; one sample each if not otherwise stated [21]: 

northeastern part 
southwestern part 
southeastern part 

RE20 3 content in mkg/L tor suspended matter 
coastal zone open sea 

0.9 
0.0079 
0.0102 

0.25 
0.0029 (4 samples) 
0.0034 (3 samples) 

Three unfiltered surface sampLes, two from the coast of India and one from CoLombo 
Bay, Sri Lanka, show a sharp increase of RE20 3 contents (2.4 to 4.7 x 10-7%) as compared 
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with two surface samples of equatorial and centrallndian Ocean water (1.0 and 1.4 x 10-7%, 
respectively). Following the general trend, RE20 3 contents in suspension (separated on 
0.7 Il-membrane filters after separation of the larger plankton) also increase in near-shore 
waters (4.7 y/L at the continental slope of India), compared to the central ocean sample 
(1.4 y/L) [32]. 

Assuming that the dissolved RE in seawater comes from crustal rocks through weathering 
processes and that the average dissolved RE distribution is that of sediments, then the 
RE in a Pacific seawater sample from 100 m depth, about 15 km west of San Diego, California, 
have been further fractionated in a monotonie fashion in favor of the heavy RE (due to 
increasing stability of heavy RE complexes or to differential adsorption on solid phases), 
Lu being enriched by a factor of about 2.6. The light RE (La through Sm) have not been 
fractionated within experimental error, although a possible 20% fractionation for Sm is 
suggested. Contents of RE in the above mentioned sample are La 29, Ce 13, Pr 6.4, Nd 
23, Sm 4.2, Eu 1.14, Gd 6.0, Dy 7.3, Ho 2.2, Er 6.1, Tm 1.3, Vb 5.2, and Lu 1.2 Ilg/L [10]. 

The physico-chemical form in which a particular trace element or radionuclide occurs 
in the marine environment may be dependent on whether it originates from coastal or 
open-ocean waters, e.g., 144Ce is in particulate form in coastal waters of the Irish Sea 
at Windscale, but only 21 % of the total concentration of 144Ce is present in particulate 
fractions in open-ocean water [26]; 80% of the 144Ce is in the particulate form in coastal 
seawater, Kashima-nada, Japan, and a small part is particulate in the open sea [33]. 

As is shown in the fOllowing, besides vertleaL dlHerenees In seawater for eontent (see 
pp. 39/45) or eomposltlon 01 RE (see next paragraph), or lor Nd Isotople eomposltlon (see 
pp. 45/6), there are also diHerenees lor IndividuaL water masses within, or between single 
oceans (see examples in the following paragraphs and pp. 46/7). Note also, RE and V belong 
to the category of elements whose variation in abundance is not clearly dependent on 
depth or oceanic basin [34]. Owing to variable concentrations of dissolved RE in river runoff, 
shelf waters have variable RE contents, and the average RE concentration increases in 
deep parts of open-ocean water (see table on p. 37). The following is stated for individual 
RE elements: Transition from surface to deep shelf waters is accompanied by a decrease 
of Ce concentrations and an increase of La, V, and heavy RE. Only at the transition from 
surface to intermediate depth in open-sea water is a dependence on depth evident for 
V and Vb. On the whole, open-ocean water has a more homogeneous RE pattern than 
coastal seawater, since stratification of RE with depth weakens, due to a more homogeneous 
composition of suspended matter and regeneration of RE composition by dissolution of 
organic carbonate and silicate components of suspension, indicated by decreasing V/Sm 
and Vb/Sm ratios at intermediate depths of 1000 to 2000 m. Therefore, the specific vertical 
stratification of contents of dissolved RE in seawater reflects the dependence of composition 
of suspended matter on distance from shore (see pp. 34/6). Contents of V and calculated 
mean contents of light and heavy RE (for individual data see original paper), besides ratios 
indicating RE composition, for different seawater regions (in general?) in relation to depth 
are given in the table on p. 37 [22, pp. 168/70]. Rare earth elements can easily be enriched 
in the deep-ocean water relative to surface water by slight dissolution from any settling 
particles, since the ratio of RE concentrations in oceanic pelagic clay and in seawater 
is large (> 107). However, the amount of dissolution is limited by solubility, and is small 
compared to the total flux of sediments to the ocean floor [56]. 

Different groups of RE distribution patterns have been found for seawater from various 
depths and water masses. Thus, sixteen samples from widely spaced stations and from 
depths >900 m in the central Atlantic Ocean between 160 N latitude and the equator show 
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content of dissoLved RE in 10- 7 mg/L 
eLement sheLf water trough 1) open ocean (centraL zone) 
or ratio <350 m 1000 m >3000 m <100 m 1000 m 2000 m 3000 to 5700 m 

Y 173 157 268 107 119 130 135 
L(La to Eu) 533.1 403.92 2) 302.9 101.90 77.00 85.96 126.94 
L(Gd to Lu) 58.36 56.01 92.97 38.77 31.20 39.95 44.26 

La/Sm 5.2 19.2 10.9 6.6 6.2 7.8 8.2 
Ce/Sm 13 7.6 7.3 5.7 4.3 3.7 3.9 
Vb/Sm 0.4 0.9 1.46 1.3 1.9 1.9 1.45 
V/Sm 7.7 12.7 21.2 22.2 29.0 30.5 23.1 

1) Near-shore deep-sea troughs between 3000 and 7500 m. - 2) Ce and Nd onLy tentativeLy. 

six types of RE patterns (type A to F). 8ased on weighted Linear regression anaLyses it 
is shown that eLeven sampLes from depths between 1800 and 2500 m at aLL studied stations 
and from 4000 to 5000 m at two stations in the eastern basin, aLL being from the same 
water mass (the North AtLantic deep water), have an identicaL RE pattern of type A (taken 
as a normaLizing standard) with an average enrichment factor of 2.3 for Y and an average 
depLetion factor of 5 for Ce, provided that both eLements are distributed normaLLy reLative 
to the other RE in chondrites. This Ce anomaLy is in good agreement with the vaLue of 
4.8 (deduced from the data of [10]) for Pacific seawater off San Diego, CaLifornia. The regres
sion Lines through a set of normaLized data can be Looked upon as the Lanthanide pattern 
of that sampLe reLative to the average distribution given by type A. The data of the remaining 
sampLes, normaLized to type A, show that eight sampLes have patterns best fit by singLe 
straight Lines, three of wh ich have negative sLopes (type 8 pattern) and resuLt from sampLes 
coLLected at a depth of 4000 to 5000 m at two stations in the western basin, and five of 
which have positive sLopes (type C pattern) and resuLt from sampLes coLLected between 
900 and 1000 m at two stations in the western and one station in the eastern basin. 80th 
patterns are significantLy different from the type A pattern. Of three sampLes which have 
normaLized patterns best represented by two Lines, one has a type D pattern and was coLLect
ed at a depth of 900 to 1000 m at one station in the eastern basin, and two have type E 
patterns and were coLLected at one station in the western basin at 900 to 1000 m depth. 
The normaLized patterns of two mud-containing sampLes from one station in the western 
basin at 4000 to 5000 m depth resembLe that of the North American shaLe composite, ob
viousLy refLecting contamination, and are referred to as type F patterns. According to the 
different types of RE patterns, the caLcuLated mean contents of Y and RE are as foLLows 
for sixteen [1) and an additionaL eight anaLyses of AtLantic seawater; n = number of anaLy
ses [30): 

content in 10- 4 1l9/L 
eLement type A 1) type 8 type C type D type E type F 

n= 11 n=3 n=5 n=1 n=2 n=2 

Y 134.3 156.0 135.8 127 122.5 25150 
La 34.9 57.3 31.0 10.0 27 23700 
Ce 15.5 29.7 17.7 2) 6.2 11.6 67150 
Pr 6.6 11.1 7.5 4.9 4.2 7395 
Nd 30.5 38.3 26.0 22 16.5 29350 
Sm 4.6 6.9 5.2 3.4 3.4 6665 
Eu 1.4 2.0 2.6 0.9 1.0 1595 
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TabLe [continued] 
content in 10- 4 J.lg/L 

eLement type A 1) type B type C type D type E type F 
n=11 n=3 n=5 n=1 n=2 n=2 

Gd 7.3 3) 9.0 7.7 5.6 5.6 5945 
Tb 1.8 1.6 1.4 1.0 843 
Dy 9.2 10.7 8.8 5.2 6.7 4710 
Ho 2.3 2.7 3.0 1.8 2.2 1012 
Er 8.8 10.3 8.9 8.6 7.8 2680 
Tm 1.8 1.7 2.2 1.7 1.7 4) 380 
Yb 8.3 9.3 10.7 6.2 8.7 2175 
Lu 1.5 2.1 3.2 1.3 1.8 344 

1) Average content given in the originaL paper is caLcuLated by taking the arithmetic mean 
of the Logarithm of the absoLute abundances of each eLement, the antiLogarithms of these 
resuLts are in J.lg/L: Y 133, La 34, Ce 12, Pr 6.4, Nd 28, Sm 4.5, Eu 1.3, Gd 7.0, Tb 1.4, 
Dy 9.1, Ho 2.2, Er 8.7, Tm 1.7, Yb 8.2, Lu 1.5. - 2) Three sampLes onLy. - 3) Nine sampLes 
onLy. - 4) One sampLe onLy. 

Based on data in [35 to 37]. the foLLowing four types of shaLe-normaLized RE patterns 
are given for AtLantic Ocean waters: (1) shelf water, e.g., from the Barents Sea, Arctic 
Ocean, and the Strait of GibraLtar, has a pattern aLm ost identicaL to that of water from 
the Gironde River, France, with absoLute RE concentrations, however, being significantLy 
Lower; (2) Antarctic boltom water (AABW) differs from sheLf water in three aspects, nameLy 
the concentrations of RE are significantLy Lower, the heavier RE (Sm through Lu) exhibit 
a strong monotonie increase with increasing atomic number, and Ce is strongLy depLeted 
reLative to the trivaLenl RE; (3) North AtLantic deep water (NADW) cLoseLy resembLes AABW, 
the main differences being a decrease in contents of the individuaL RE, a steeper sLope 
to the monotonie heavy-RE increase, and an increase of the Ce depLetion reLative to the 
other RE; and (4) Antarctic intermediate water (AAIW) shows a RE pattern simiLar to that 
of the other water masses, but it has the pattern most strongLy fractionated from river 
water, i.e., it is the most strongLy depLeted in RE, it has the strongest heavy RE enrichment, 
and the strongest Ce deficiency. The three major water masses are stratified such that 
the RE concentrations increase sLightLy with depth more or Less continuousLy. Due to insuffi
cient anaLyses, a trend for Pacific seawater is not ascertained; however, concentrations 
of RE in the deeper water are significantLy higher than in the AtLantic, suggesting that 
the increase with depth may be more strongLy deveLoped [3, pp. 290/2]. Other shaLe-normaL
ized RE patterns for seawater sampLes, Cape Madeira abyssaL pLain, AtLantic Ocean, show 
the foLLowing characteristics: (1) surface seawater with a fLat and shaLe-Like pattern showing 
sLightLy negative Ce and prominent negative Eu anomalies ; (2) water beLow the mixed Layer 
(~100 m) with a pattern showing heavy RE enrichment becoming Less significant with in
creasing depth, a negative Eu anomaLy deveLoping, and a Less striking negative Ce anomaLy 
than previousLy reported (see [10]) which at first strengthens and then weakens. Conse
quentLy, except for its Ce anomaLy, the deepest sampLe begins to resembLe surface water; 
and (3) seawater between ~900 and 1500 m (representing Mediterranean outfLow water) 
showing a typicaL seawater pattern which is, however, anomaLous reLative to waters beLow 
and above in dispLaying stronger negative Ce and weaker negative Eu anomalies and higher 
heavy RE and Lower Light RE contents, thus Leading to a more marked heavy RE enrich
ment [2]. At seLected depths of the Sargasso Sea, shaLe-normaLized RE patterns show three 
major features: (1) heavy RE are enriched reLative to the Light RE, the Lu/La ratio in the 
upper water coLumn being about four times higher than in shaLes. With Ce disregarded, 
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RE patterns are very simiLar in the upper 1000 m. However, from about 1000 m downward, 
a minimum tends to develop at about Sm and Eu, possibly due to injection of a fraction 
enriched in light RE released from dissolving biogenie particles at or near the sea floor; 
(2) at all depths, a significant Eu anomaly is absent; and (3) in the mixed layer, Ce is two
to threefold enriched relative to La and Pr, representing the first finding of a distinct positive 
Ce anomaly in seawater which is explained by injections of Ce from reducing inshore 
sediments. The anomaly drops off rapidly with depth until the transition from positive to 
negative values at about 250 m, and at greater depth a typical three- to fourfold depletion 
develops, indicating enhanced removal of dissolved CeH due to oxidation to the highly 
insoluble Ce4+ state [9]. 

Rare earth distribution patterns and seawater masses show a strong relationship, differ
ences in lanthanide distribution and total abundance between different water masses being 
small but significant [1]. Due to the mixture of inland and ocean waters, a RE composition 
in coastal seawater, being intermediate between river and Pacific Ocean waters, with a 
slight Ce deficiency in one of two samples, occurs for surface seawater of the co ast off 
Arasaki, Miura peninsula, Japan [45]; refer to a RE pattern very close to that of shales 
in near-shore, filtered seawater 5 km off the coast of Ibaraki prefecture, suggesting the 
contribution of terrestrial material [18]. The age of a water parcel may be reflected to some 
extent by the degree of fractionation of RE, the water mass with the most strongly fractionated 
RE pattern then possibly being the oldest. The trend in fractionation of RE patterns for 
the Atlantic Ocean from shelf water to Antarctic bottom water, and from North Atlantic 
deep water to Antarctic intermediate water may reflect the relative time water has been 
isolated from continental sources [3, p. 292]. Variations from one water mass to another 
in RE concentrations are expected, inasmuch as the mixing times of such waters are probably 
of the order of or greater than the residence times of RE [10]. Mixing of a specific water 
mass with other water masses having different overall or relative (or both) lanthanide con
centrations changes relative and overall concentrations of lanthanides in seawater [1]. 
Ocean currents may be responsible for transporting RE between water masses, e.g., between 
the Scotia Sea and southern Atlantic Ocean [42, p. 234]. The characteristic current system 
in the northern Pacific Ocean is responsible for different 144Ce concentrations in its eastern 
and western parts, coastal surface waters near La Jolla, California, have lower contents 
(0.05 pCi/L) than in the western part [47]. Closely following the pattern of turbidity, 144Ce 
shows a maximum content in a zone of very turbid water in the St. Lawrence estuary, 
Quebec, Canada [48]. Bulk surface seawater samples from the southern North Sea, off 
Lowestoft, Great Britain, show a marked decrease of particulate RE between 3 and 6 km 
offshore (La 1.5 and 0.32, Ce 3.3 and 0.18, Sm 0.22 and 0.025, Eu 0.089 and 0.00561l9/L, 
respectively). A marked decrease in turbidity occurs at about 5 km from shore [49]. 

For two analogous depth profiles of the northern Atlantic Ocean, the summary contents 
of light and heavy RE given in the table on p. 40 can be calculated (for the individual 
data see original paper) from samples of prefiltered water, Cape Madeira abyssal plain 
(28°01' N, 25°59' W) [2], and from unfiltered water, Sargasso Sea (33°58' N, 58°05' W) [9]. 
Additionally, contents of Nd and Gd varying between 10 to 40 and 3 to 10 pmol/kg, respective
ly, at different depths have been noted for the Sargasso Sea [15]. For variation with depth 
in Nd and Sm content and 147Sm/144Nd ratio in Sargasso Sea water, see p. 43. The depth 
profile at Cape Madeira is characterized by a deep-water enrichment, all RE showing signifi
cant increases towards the bottom, a mid-water extrema at about 1000 m, and low but 
non-zero concentrations at the base of the mixed layer (about 100 m). In addition, light 
RE show surface maxima. The deep-water enrichment varies in magnitude systematically 
throughout the RE group, the proportional increase towards the bottom being higher for 
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content in 10-12 mol/kg seawater 
depth Sargasso Sea depth Cape Madeira 
in m ~light RE1) ~heavy RE2) in m ~light RE3) ~heavy RE4) 

10 109.98 8.27 0 143.93 17.37 
49 99.05 9.11 100 45.91 15.81 
98 60.90 7.33 200 60.47 14.505) 

147 50.70 8.73 600 65.26 18.98 
491 47.20 7.91 700 76.79 19.30 
638 43.70 7.34 900 56.68 20.41 
783 45.14 7.75 1000 49.12 6) 6.007) 
981 45.43 9.57 1500 56.18 21.63 

1179 59.86 9.32 2500 86.15 23.17 
1379 48.70 7.66 3000 82.98 22.48 
1719 47.70 7.33 4500 164.77 25.60 
2486 11.226•8) 9.37 
2874 29.60 6) 9.67 
3264 72.78 11.46 
4328 148.07 14.38 
4378 144.46 14.28 
4427 156.90 13.53 

1) Comprises La, Ce, Pr, Sm, and Eu. - 2) Comprises Tb, Ho, Tm, Vb, and Lu. - 3) Comprises 
La, Ce, Nd, Sm, and Eu. - 4) Comprises Gd, Dy, Er, and Vb. - 5) Without Gd. - 6) Without 
La. - 7) Only Dy. - 8) Without Ce and Pr tentatively. 

the light than for the heavy RE, e.g., Yb or Dy are enriched by a factor of about 1.4 at 
4.5 km depth relative to the base of the mixed layer, whereas Nd and La are enriched 
by factors of 3.6 and 4.2, respectively (compare also [38], where enrichment factors are 
given as La 2.26, Ce 1.55, Nd 1.95, Sm 1.78, Eu 1.39, Gd 2.11, Dy 1.28, Er 1.25, Yb 1.35). 
As in deep water, surface enrichment of RE varies with atomic number; however, the light 
RE are enriched (e.g., La by a factor of 2.8 compared to the base of the mixed layer), 
whereas heavy RE are not enriched or are slightly depleted. Due to their similarity, surface
and deep-water enrichments show a striking correlation; the enrichment of Ce and Eu 
are anomalous compared with values obtained from interpolations between their respective 
neighbors. 80th the fractionation of light from heavy RE (or vice versal at the surface 
and bottom boundaries of the water column and the anomalous behavior of Ce and Eu 
are compatible with the chemistry of the RE. Possibly, certain parts of this vertical profile 
may be hydrographical signals. Thus, surface values could reflect input of continental RE 
by horizontal air streams (advection), and deep-water values could mean that North Atlantic 
deep and bottom water originally forms with very high RE contents. It is more plausible 
that the mid-water extrema reflect a distinctly different composition of Mediterranean outflow 
water (at about 1200 m) from that of the adjoining Atlantic water masses, Le., a larger 
heavy RE enrichment, a more negative Ce anomaly, and a less negative Eu anomaly [2]. 
For changes with depth of the RE distribution pattern of Cape Madeira and Sargasso Sea 
samples, see pp. 38/9. Advective transport will be the major means of influencing the 
vertical distribution of long-lived radioisotopes (including 144Ce) within three water columns 
of the Atlantic Ocean at 36° N, 68°W [46]. In the Gulf of Maine, La contents (being strongly 
correlated with Sc) in particulate matter for samples taken during various months of 1969 
and 1970 vary with depth and are mostly enriched close to the bottom [39]. Contents of 
dissolved Y and the calculated sums of light and heavy RE (for the individual RE, see 
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original paper) in relation to depth for shelf waters of Gibraltar [35] and the Barents Sea 
near Novaya Zemlya, European USSR [36] are as folIows; additionally, ratios are given 
indicating the RE composition: 

Content in 10- 5 mg/L 
Gibraltar Barents Sea 

element or ratio 10t015m 350 m 50m 100 m 225 m 

Y 1.33 2.42 1.96 1.68 1.74 
~(La to Eu) 1.615 2.519 6.176 7.59 2) 7.998 2) 

~(Gd to Lu) 0.433 0.464 0.65 1) 0.60 0.601 

La/Sm 7.5 6.4 8.0 
Ce/Sm 10.0 7.2 16.8 
Vb/Sm 0.91 1.16 0.49 
V/Sm 19.5 20.0 10.3 

1) Without Tb. - 2) Without Sm. 

Three clearly defined layers occur in the upper 120 m of the Atlantic Ocean between 
22°45' N, 63°06' Wand 15°22' N, 20°56' W. The top, well-mixed layer has the highest value 
of specific activity of 155Eu which is practically constant, while in the layer of rapid tempera
ture fall, the activity sharply decreases depending on half-life. Below this thermocline activity 
remains practically constant. The positions of these layers are directly related to the position 
of the thermocline [52]. Much higher concentrations of 144Ce occur at the surface than 
at depth for one station in the Gulf of Mexico, off Panama City. Particulate and soluble 
144Ce concentrations for different depths are as follows [55]: 

depth content in m~~c/L 
in m particulate soluble 

0 47.0 23.0 
400 6.6 1.3 
750 1.7 3.0 

Throughout the water column at 36° N, 68° W in the Atlantic Ocean the ratio of soluble 
to insoluble 144Ce is the same, but vertical profiles of 144Ce concentrations as measured 
on three successive days show a variance with depth [53]: 

date depth 144Ce content date 

8-27-70 

8-28-70 

Gmelin Handbook 
Rare Earth A6b 

in m in dpm/m3 

7±2 
20±3 
39±5 
65±5 
88±6 

surface 
11 ± 1 
26±1 
46±2 
72±1 
97±1 

1010±100 
990±80 
700±60 
360±40 
260±90 

860±90 
840±70 

1050±70 
440±60 
240±30 
210±40 

8-29-70 

depth 
in m 

surface 
10±1 
25±1 
43±1 
69±1 
92±1 

144Ce content 
in dpm/m3 

900±60 
960±90 
810±70 
680±90 
300±50 
240±80 
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Increasing concentrations occur with depth for Sm and Nd at one station in the north
eastern AtLantic Ocean (station 95) as well as for Nd at one station in the northwestern 
AtLantic Ocean (station 30), the latter showing in bottom water (4850 m) the highest Nd con
centration as yet reported in seawater. At station 95, between 800 and 2000 m, Nd and 
Sm contents oscillate due to the influence of the Mediterranean water outflow, high contents 
corresponding to the high-salinity ranges and vice versa. Below 2000 m, Nd shows an 
approximately linear increase with depth (see table below). In general, these Sm and Nd 
profiles at station 95 are similar to those reported for filtered seawater from the northeastern 
AtLantic Ocean at the Cape Madeira abyssal plain (see [2]), a region also influenced by 
the Mediterranean outflow, but concentration levels at comparable depths are 20 to 30% 
lower at station 95. The 147Sm/144Nd ratios also differ, varying between 0.106 and 0.126 
with one outstanding value of 0.173 at 200 m at Cape Madeira, while at station 95, without 
exception, the ratios vary between 0.117 and 0.134, pointing to an absence of any surface 
enrichment. In contrast, the eastern AtLantic sample studied by [2] may possibly be related 
to higher levels of dust fallout from the Sahara [40]. Generally increasing Sm and Nd contents 
are reported for the Drake Passage and the southeastern and central Pacific Ocean (see 
table below). For the three vertical profiles studied (stations 315 and 327 in the Drake Pas
sage and station 31 in the central Pacific), an approximately linear increase of Nd content 
with depth occurs (in contrast to the differences in Nd isotopic composition at different 
localities, see p. 45), the concentration gradient at station 327 being about a factor of 3 
lower than at station 315. The sample from 30 m at station 31 has the lowest Nd concentration 
yet measured in seawater. Samples where Sm concentration was measured yield a constant 
147Sm/144Nd ratio of about 0.11 at all levels. As indicated in potential temperature vs. salinity 
diagrams for the three above mentioned stations, the Nd distribution is not dependent on 
factors that directLy influence local temperature and salinity variations. Concentration as 
well as isotopic composition of Nd may depend on scavenging by particles, resolution from 
particles, and resolution from sediments at the sea bottom, since the regular change of 
Nd contents with depth cannot be simply due to scavenging [43]; compare pp. 69/71. The 
contents of Nd and Sm and the 147Sm/144Nd ratios for the above mentioned locations are 
as folIows; latitude and longitude are given here only by their degree values: 

location, station number, 
and latitude and longitude 

AtLantic Ocean 
95;36°N,lOoW 

depth 
in m 

surface 
200 
500 
800 

1000 
1000 
1150 
1300 
2000 
3000 
4000 

200 
1100 
4850 

650 

content in 10- 12 gIg ratio Ref. 
Nd Sm 147Sm/144Nd 

1.80 0.376 0.126 
2.01 0.417 0.125 
2.26 0.473 0.126 
2.48 0.528 0.128 
2.34 0.519 0.134 
2.35 
2.61 0.532 0.127 
2.49 0.533 0.129 
2.46 0.498 0.122 
2.84 0.556 0.118 
3.33 0.644 0.117 

1.96 
2.60 
9.01 

5.16 [401 
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TabLe [continued] 

Location, station number, 
and Latitude and Longitude 

Sargasso Sea 
OCE 63-1-1; 29° N, 76°W 
OCE 63-2-2; 27°N, 700 W 
OCE 63-2-3; 27° N, 70° W 

Pacific Ocean 
315; 61°S, 62°W 

327; 56° S, 66° W 

261 ; 47° S, 83° W 

292; 60° S, 89° W 

31; 200 S, 159°W 

SW-1; 36°N, 122°W 
SW-4a; OON, 86°W 

depth 
in m 

300 
2200 
3400 

50 
800 

2000 
3600 

50 
650 

1900 

3900 

5050 

30 
2800 
4500 

1000 
2500 

content in 10-12 gIg 
Nd Sm 

2.00 
2.57 
3.19 

1.85 
2.30 
3.25 
4.21 

1.19 
1.31 
1.93 

3.69 

4.09 

0.411 
2.57 
3.68 

3.2 
2.2 

0.462 
0.516 
0.623 

0.347 
0.432 
0.610 
0.800 

0.683 

0.63 
0.4 

ratio Ref. 
147Sm/144Nd 

0.140 
0.121 
0.118 

0.109 
0.113 
0.113 
0.115 

0.112 

0.118 
0.112 

[41] 

[43] 

[42] 

43 

An approximateLy fourfoLd increase with depth occurs for some RE in seawater (at 
31°10'N, 1200 54.5'W) off San Diego, CaLifornia; it is difficuLt to say whether inorganic sca
venging or bioLogicaL uptake is responsibLe. The respective contents in ~g/L of Ho, Yb, 
and Lu are 1.7, 4.3, 2.0 at 100 m and 7.2, 28.0, 6.4 at 4000 m depth [10]. The verticaL distribution 
of 144Ce at six stations around Japan in the Pacific Ocean and Japan Sea shows a sharp 
decrease from 0 to 500 m and approximateLy uniform concentrations in Layers beLow 500 m. 
The mean concentrations in deep waters (0.11 to 0.18 ~~c/L) are one-fifth to one-twentieth 
of those in the surface Layers. This pattern of verticaL distribution of 144Ce seems to indicate 
strong bioLogicaL retention within the surface Layer and rapid decrease in deep Layers due 
to the decrease of fallout and the decay du ring verticaL transport [54]. Deep LagoonaL waters 
of Bikini AtoLL, centraL Pacific Ocean, generaLLy have higher 155Eu concentrations than surface 
waters, the particuLate concentration aLso being higher at the deep stations (>70%) [51]. 
RE20 3 contents are aLso higher in deep .waters than in surface waters at severaL pLaces 
in the Indian Ocean (see tabLe on p. 44). The more detaiLed profiLes at stations 4575 and 
4618 show a graduaL decrease of RE content with depth, reaching a maximum in bottom 
water, and resembLe that of the biogenic eLements Si and P. The RE content in suspended 
matter aLso increases with depth, but since the content of suspension does not change, 
it is supposed that the suspended particLes adsorb the RE from seawater during sedimenta
tion [32]. 

As described for ocean water [44], in BLack Sea water (station 201, off Poti, Greater 
Caucasus) the reLative abundance of heavy RE increases with depth due to a more intense 
compLexing of heavy compared to Light RE. The maximum at 10 m may be caused by biomass 
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location, sample number, sampling depth RE20 3 content 
latitude and longitude in m in 10-7% 

Arabian Sea 
4712; 15°11'7" N, 68°33'6" E surface (0.3) 
4721; 16°50'0" N, 68°33'6" E surface 1.0 

3500 2.4 

northern part of Indian Ocean 
4618; 6°24'1" N, 75°48'1" E surface 1.3 

50 2.5 
200 3.1 

1870 3.5 
bottom 4.1 

central part of Indian Ocean 
4575; 29°42'9" S, 89°85'0" E surface 1.4 

100 1.0 
1000 1.6 
2600 3.8 

4582; 16°03'0" S, 90°05'9" E 1000 1.9 
3800 2.2 

4594; 1°59'2" S, 86°41'5" E surface 1.0 
1000 2.0 

Malabar coast of India 
4619; 9°17'2"N, 75°57'0"E surface 2.4 

90 4.5 

4620; 8°34' 2" N, 75°38' 4" E surface 4.7 

Colombo Bay, Sri Lanka surface 3.5 

Java deep; 10°08' 6" S, 108°00' 4" E 3000 4.4 
6200 2.5 

concentrating RE, or by retention of minute suspended particles resulting from an increase 
in density of seawater with depth. A further decrease of contents between 10 and 300 m 
corresponds to the vertical distribution of suspended matter, and the increase in near-bottom 
water may be due to the decomposition of organic matter, higher contents of suspended 
matter, and/or enrichment of the suspended particles in RE during their passage through 
water. The calculated summary contents (suspended and dissolved) of light (La to Eu) and 
heavy RE (Gd to Lu) vary with depth as follows; for individual data see original paper, 
La contents are only tentative [8]: 

content in 10-6 ppm 
Om 10 m 20m 300 m 1720m 

l:light RE 2215 2320 1022 504 900 
l:heavy RE 1087 1111 492 239 757 

Gmelin Handbook 
Rare Earth A6b 



45 

With increasing depth, mean 144Ce levels decrease gradually in the Baltic Sea (in the 
spring of 1981) from 16 Bq/m3 at the surface to 11 Bq/m3 at 50 m depth. The variances 
are 4 to 47 and 7 to 30 Bq/m3, respectively [20]. 

The isotopic composition of Nd in the Atlantic Ocean (Sargasso Sea) varies with depth, 
with ENd(O) values at or below 1000 m being very uniform (-13.5±0.4) and two near-surface 
samples (300 and 50 m) having values of -10.9 and -9.6, respectively. All deep-water 
samples reported above are from water masses associated with North Atlantic deep water, 
which is suggested to have a uniform Nd isotopic composition, at least in its western part. 
Such values for surface waters may vary, depending largely on other sources for their 
observed isotopic composition. Isotopic distinctions must be related to the sources of surface 
waters, mechanisms of their injection into the oceans, and their circulation patterns and 
mixing mechanisms within the oceans [41]. In contrast, fairly uniform ENd(O) values at differ
ent depths, being independent from geographical location, are reported for two stations 
in the Drake Passage, one south of the Antarctic polar front (-8.4 to - 9.1 at 50 to 3600 m 
depth), where Nd composition is independent of its concentration, and one north of the 
Antarctic polar front (-9.2 and -8.2 at 650 and 1900 m depth, respectively). At two stations, 
one in the Humboldt Plain, far north of Drake Passage, and one in the Bellinghausen Plain 
within the Antarctic circumpolar current, ENd(O) values are determined as -7.9 at 3900 m 
and -8.2 at 5050 m depth, respectively. The Antarctic polar front has no observable effect 
on the distribution of Nd isotopic composition. A decrease with depth in ENd(O) from +0.3 
at 30 m to -8.1 at 4500 m is reported for one station in the south-central Pacific Ocean. 
The indistinguishable ENd(O) values for deep-water samples of the south-central Pacific 
and of the Drake Passage indicate that both represent Antarctic bottom water underlying 
middle and deep Pacific water. One sample from a depth of 2000 m in the north-central 
Pacific with a ENd(O) value of zero compared to -4.5 at 2800 m in the south-central Pacific 
indicates considerable differences in Nd isotopic composition between waters within the 
central Pacific as well as between the central Pacific and the Drake Passage. The changes 
in Nd isotopic composition with depth in the northern Atlantic (see [41]) and south-central 
Pacific Ocean show well-defined isotopic characteristics which can be used to characterize 
water masses and wh ich are unaffected by changes in salinity due to evaporation or dilution 
by rainwater [43]. Values of ENd(O) can be, in principal, decoupled from either salinity or 
temperature. The isotopic composition of Nd at station 95 in the northeastern Atlantic Ocean 
in the vicinity of the Mediterranean water outflow is within the range of ENd(O) values reported 
for the Sargasso Sea (see above), ENd(O) varying with depth by 2.7E units. In the upper 
500 m, ENd(O) ranges between -11.4 and -12.5, and below 500 m it increases to more 
radiogenic values, reaching a maximum of -9.8 at 1000 m. It lowers again below 1000 m, 
remaining constant down to 4000 m. This shift in the samples at 800 and 1000 m, correspond
ing to about 2E units and associated with the Mediterranean outflow core, indicates a source 
of Nd different from that in adjacent waters (compare also pp. 46/7) and is a direct result 
of Mediterranean water (ENd(O) ~ -9.8) intruding into a nearly uniform layer of northern 
Atlantic water (ENd(O) ~ -12). One additional sample from the eastern Atlantic Ocean (Gulf 
of Cadiz) with ENd(O) -9.9 at 650 m depth represents Mediterranean outflow water (as follows 
from theoretical considerations). A depth profile from the western Atlantic Ocean at 360 N, 
62°W is almost indistinguishable from that of the Sargasso Sea. Its uniform deep-water 
values of -14.0 at 1100 m and -13.6 at 4850 mare lower than those in the deep layers 
of station 95 with ~ -12. Both ENd(O) ranges are assumed to characterize North Atlantic 
deep water. All these data indicate a source at the surface which is distinct from that 
for the respective deep waters, demonstrating lateral end vertical transport of RE [40]. Ac
counting for variations of 2E units in Atlantic seawater by addition of Nd from mid-oceanic 
ridge basalt or oceanic volcanic sources to continental material as represented by the 
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North American shale composite (ENd(O) = -14.4) would require doubling of the oceanic 
contribution [42, p. 234]. 

There are distinct Nd isotopic variations in seawater, and ENd(O) values observed are 
characteristic of the ocean basins. While the difference in the absolute abundance of 143Nd 
between the Atlantic and Pacific oceans is only ~ 106 atoms/g seawater, the isotopic effects 
can readily be measured [41], [42, pp. 231, 234]. The small but distinct range of 143Nd/144Nd 
ratios in seawater within each ocean basin is a function of the residence time of Nd in 
seawater, of the kinetics of any important exchange process, and of intra- and interocean 
mixing times. Continental-derived detrital material is the dominant control of the Nd budget 
in seawater within each ocean basin (see also [42, pp. 229, 234]) and highlights the differ
ences between them, as is inferred from 143Nd/144Nd ratios in surface pelagic clays, showing 
the same general relationship as those in ferromanganese depositions, i.e., the median 
ratio of Pacific clays being higher than the median of Indian Ocean clays which, in turn, 
is higher than that of Atlantic clays [50]. The exchange and mixing of water masses can 
possibly be traced through Nd isotopic composition, since oceans are not weil mixed with 
respect to Nd isotopic composition as a result of the short residence time of Nd and its 
distinct source characteristics having different ENd(O) values [43]. Within each ocean basin 
a rather thorough mixing of Nd is suggested by the rather restricted range of ENd(O) values 
for seawater and ferromanganese nodules in the Atlantic and Pacific oceans; however, 
a better understanding is required [41]. Different ENd(O) values in the Atlantic and Pacific 
oceans can be due to different values of the continental sources directly supplying RE 
and being responsible for at least 80% of Nd in the former and a minimum of 50% in 
the laUer [41]. The more negative values in the Atlantic point to the dominance of an old 
continental source (with a low average Sm/Nd ratio) relative to young, mantle-derived mate
rials for Nd injections [43]. Another possibility is that ENd(O) values of the continental sources 
are the same for both oceans with the Pacific having much larger contributions (as much 
as 50%) from oceanic mantle sources (with ENd(O) = + 10; see [42, p. 232]) mixed with Atlantic 
water (:::::: -12) with only small direct contribution from older continental sources. However, 
no marine materials (sediments or water) yet have been analyzed with ENd(O) >0, indicating 
that submarine volcanism (or hydrothermal systems) cannot play a dominant role. The 
far greater drainage of fresh water into the Atlantic relative to the Pacific is a third alternative. 
Dilution of Nd from continental sources draining into ocean basins combined with Nd having 
ENd(O) >0 from volcanic mantle sources is the most likely explanation for negative ENd(O) 
values in seawater [41]. At least at the station studied in the south-central Pacific, the 
source of Nd near the surface is more radiogenic than is indicated by ferromanganese 
sediment data in this area (compare [50], [42, p. 225]) or from seawater in the eastern 
Pacific (compare [41]). Values of ENd(O) close to -9 in the Drake Passage, the only region 
where significant transport of water occurs between the Atlantic and Pacific oceans, are 
intermediate between northern Atlantic and mid-depth Pacific values and closer to Atlantic 
and similar to, or possibly slightly lower than values inferred from ferromanganese sedi
ments for the Indian Ocean. Therefore it is concluded that one-half to two-thirds of Drake 
Passage water is of Atlantic and at most one-half of Pacific origin. These values do not 
agree with those based on the estimated salt budget for the Drake Passage or on heat
transport considerations. Rather uniform ENd(O) values with depth in the Drake Passage, 
in contrast to the northern Atlantic (compare [41]) and south-central Pacific Ocean (see 
p. 45) indicate slow addition of Nd to southern ocean waters from other source terranes 
(Atlantic, Indian, and Pacific oceans) relative to residence time and vertical mixing of Nd 
in the southern ocean. The profiles investigated in the northern Atlantic and south-central 
Pacific consist of water layers with different sources. The Pacific apparently represents 
mixtures of southern ocean water with what is inferred to be more typical shallow or interme-
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diate Pacific water, as is indicated by the change in Nd isotopic composition with depth 
in these profiles. The Atlantic data suggest a layer of water, possibly of Mediterranean 
origin, underlain by northern Atlantic deep water with some mixing [43]. Presumably, injec
tion of waters with distinct Nd isotopic composition results in the eastern Atlantic in more 
radiogenic values of ENd(O) of about -12 than in the western Atlantic Ocean with -13 
to -14. These injected waters possibly can be from the Mediterranean outflow and also, 
in part, a larger southern component (Antarctic bottom water) with ENd(O) values of -9 
(see also [43]). Due to complex mixing processes between Mediterranean outflow core and 
surrounding waters, samples within the core do not show a linear correlation between 
Nd and nutrients, as it is evident for adjacent waters [40]. Using a box model to describe 
steady-state conditions for Nd in the Mediterranean Sea, the sources of soluble and relative
ly radiogenic Nd, necessary to shift the isotopic composition of incoming Atlantic water, 
are supposed to be rivers draining a relatively young continental terrain possibly character
ized by late Precambrian basement and younger volcanic terrains as weil as Nd remobilized 
from deep-sea sediments with significant young volcanogenic components (volcanic ash 
layers) in the Mediterranean basin. Possible sources of relatively non-radiogenic Nd (low 
ENd(O) values) in deep waters of the northern Atlantic Ocean are runoff from Precambrian 
shields of North America and Asia into the Arctic Ocean (ENd(O) is expected to be ~ -25) 
and mobilization of RE in deep-sea sediments into the overlying water column which is 
thought to be necessary to bring the dissolved oceanic RE budget into balance. The isotopic 
differences described for deep waters of the eastern and western Atlantic basin (see p. 45) 
may reflect sediments that have an "older" component in the western relative to the eastern 
basin, if Nd in deep waters is supplied from sediments. However, the presence of different 
sources of RE with the same Nd isotopic composition (e.g., the ENd(O) value of -9.8 at 
1000 m depth in the Mediterranean outflow being indistinguishable from the maximum of 
-9.6 in near-surface water of the Sargasso Sea and of-9.4 in the western Atlantic) requires 
caution in identifying water masses on the basis of Nd isotopic composition alone [40]. 
Rapid mixing of the water column in lagoonal Bikini Atoll waters, central Pacific Ocean, 
is indicated by constant 155Eu concentrations in deep and surface waters at a few stations 
[51]. 
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7.2.2.2 Non-Marine Waters 

River and Lake Waters 

As is exemplified by the foLLowing paragraphs, the reLati0nship between content and 
composition of RE and Y in surface waters depends on severaL factors. Besides differences 
introduced by the source material or area, the physico-chemicaL state of (dissolved or 
suspended) Y and RE and the chemistry of the water (especiaLLy pH or aLkalinity) are of 
major importance. 

With increasing alkalinity (pH between 6 and 9) and mineralization (content of mineraL 
matter), the contents of Y and RE increase (Ce and La strongly, Y slightly, and Yb insignifi
cantly) in aLkali ne waters (having generaLLy higher RE contents ; refer also to the table 
on p. 56) aLong with contents of Fand C03 ions [1]. 

With decreasing pH, La concentrations in river water generaLLy increase [2]. At different 
pH, the caLcuLated speciation of trivalent Y and RE cations in modeL fresh water at 25°C 
and 1 atm pressure shows different amounts of the important dissolved components (for 
details see pp. 12/3). Thus, at pH 6, free ions predominate with minor amounts of sulfate, 
carbonate, and fluoride compLexes, whiLe at pH 9 carbonate compLexes for Y and the light 
RE and hydroxide complexes for the heavy RE occur [3]. The pH also infLuences the exact 
composition of the various soLubLe and insoLubLe coordination compounds of trivalent Ce, 
Vb, and Y with fulvic acids in surface water [4], and the association between humus and 
trace eLements depends to some extent on pH. In water of Lake Trehfllrningen, Baerum, 
Norway, which was concentrated experimentaLLy by evaporation under reduced pressure 
at 35°C and pH >3 to 4, compLexing of La and Ce with humus is very strong (since retention 
by uLtrafiltration is very high and the fraction centrifuged out or retained by ion exchange 
membranes is very Low). If the soLution is acidified to a pH of 2 to 3, resuLts of ion exchange 
indicate that a substantial part is reLeased from the organic complexes [5]. In unpoLLuted 
Lakes of northern and southern Sweden (20 and 18 Lakes with pH>5.3 and >4.7, respective
Ly), mostly having low total saLt content and some of them very acid, no significant differences 
are found for Sm and La LeveLs in water sampLes coLLected during March and April. The 
concentrations, range and mean, in Ilg/L are: La <0.1 to 1.1, 0.39±0.31 and Sm 0.02 to 
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0.26, 0.08 ± 0.07 for 18 samples from northern Sweden; La< 0.1 to 1.0, 0.38 ± 0.26 and Sm 
0.03 to 0.14, 0.07±0.03 for 16 samples from southern Sweden [6]. Two lake waters with 
comparable pH (9.4 to 9.6) but different mineralization (63890 and 103710 mg/L) from areas 
of granitoid massifs, USSR, contain 0.10 and 0.45 mg/L L RE, respectively [1]; refer also 
to mean total RE contents of 0.119 and 0.45 mg/L in alkali ne mineralized lake waters (pH ~ 10) 
of Tuz-Kul' and Sasyk-Kul', respectively, in the eastern Pamir, USSR [7]. A relationship 
between water hardness and La content occurs at four stations in the rivers Thames and 
Kennet, Great Britain, where between 22.5 and 62.0% of La is carried with the soluble 
fraction [8, pp. 261/2]. a higher percentage than that given for the Garonne River, France 
[9]; refer also to p. 12. Possibly due to admixture of seawater, La and to a lesser degree 
Ce, is enriched to contents of 1.5 mg/L La and 2.2 mg/L Ce in the Astrakhan lighthouse 
area, Volga River mouth, USSR, compared to average contents in the suspended matter 
of the river of 1.05 mg/L La and 2.0 mg/L Ce [10]. In Ca-Na- and Ca-hydrogencarbonate 
surface waters of granite intrusions in the Far East, USSR, anomalous contents of Y and 
Yb derived partly from ore bodies occur [11]. The saline anaerobic bottom layer (up to 
12.5 m thick, maximum salinity of 17%0) of the stratified Lake Rorholtfjorden, Norway, has 
higher RE contents than the upper fresh water layer (135 m), the average enrichment factors 
(saline to fresh water) being La 9, Ce >4, Sm 7, Eu 1.3. In a vertical lake profile, contents 
of some RE and pH values vary as folIows; saline water zone is below 135 m [12]: 

depth pH RE contents in Ilg/L 
in m La Ce Sm Eu Yb 

5.9 0.6±0.2 0.6±0.1 0.17 ± 0.05 <0.02 <0.4 
10 6.0 0.6±0.2 <0.3 0.16±0.05 <0.02 <0.4 
30 5.7 0.6±0.2 <0.3 0.18±0.03 <0.02 <0.4 
50 5.7 0.7±0.2 <0.3 0.17±0.03 0.012±0.001 0.49±0.09 
70 5.7 0.6±0.2 <0.3 0.17 ± 0.02 0.014±0.001 <0.4 
90 5.6 0.8±0.2 <0.3 0.12±0.02 0.011 ± 0.001 <0.4 

110 5.6 0.7±0.2 0.5±0.2 0.17±0.03 <0.02 <0.4 
130 5.6 0.9±0.3 0.3±0.1 0.11 ±0.01 0.0009 ± 0.001 <0.5 
135 5.6 0.5±0.2 0.5±0.1 <0.2 <0.01 <0.5 
137 6.6 3.2±0.3 1.3±0.2 1.6±0.2 0.015±0.001 <0.3 
139 6.6 7.3±0.7 0.9±0.1 0.9±0.1 <0.02 0.46±0.06 
141 6.6 7.1 ±0.6 1.1 ±0.1 0.8±0.1 <0.02 0.71 ±0.09 
143 6.6 6.8±0.5 1.2 ±0.1 <0.8 <0.02 <0.3 
145 6.6 6.6±0.6 1.1 ±0.1 1.2±0.1 <0.02 <0.2 

Relative to the amount 0' suspended terrigenous materiaL in rivers, total RE contents (sus
pended and dissolved) vary more than 500-fold, this relationship being even more evident 
for RE in suspension [13, pp. 149/51]. For river-suspended matter an enrichment of light 
RE is characteristic [14]. The average RE composition for suspended matter of nine water 
samples, Gironde River, France, is Y 27.5, La 54.8, Ce 103.4, Pr 10, Nd 37.7, Sm 6.32, 
Eu 1.24, Gd 6.05, Tb 0.92, Dy 3.77, Ho 0.98, Er 2.75, Tm 0.42, Yb 2.8, Lu 0.41, LRE(+Y) 
259 g/t [15]. Contents of individual RE in suspended matter of other rivers are given in 
the following summary: 

South America 
Magdalena - La 37, Sm 6.4, Eu 1.4, Yb 3.7; Parana - Sm 9.1, Yb 3.5, Lu 0.57; Orinoko -
La 50 ppm [9]. Amazon - La 48, Ce 112, Sm 9.7, Eu 1.8, Yb 3.7, Lu 0.60 ppm [16]. 
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Africa 
Congo - La 47, Ce 104, Eu 1.5, Tb 1.6, Yb 2.4, Lu 0.38 ppm [16]; La 50, Ce 90, Eu 
1.6, Gd 2.5, Tb 1.6, Yb 2.6, Lu 0.37 ppm (9). Zaire - La 53, Ce 74, Sm 7.7, Eu 1.7, Tb 
0.56, Yb 2.8, Lu 0.36 ppm (17). 

Asia 
Ganges - La 42, Ce 98, Nd 48, Sm 9.7, Eu 1.2, Tb 0.7, Tm 0.35, Yb 3.2, Lu 0.51; Mekong -
La 48, Ce 93, Pr 8.5, Nd 47, Sm 5.4, Eu 1.5, Gd 5.3, Tb 0.9, Ho 0.9, Er 2.7, Tm 0.45, 
Yb 3.2, Lu 0.58 ppm (16). 

Europe 
Rhine - La 31.1, Ce 53.5; Main - Y 45, La 31.0, Ce 55.5; Neckar - La 35.0, Ce 48.4 ppm 
(18). Thames - La 28.9, Ce 97.9, Sm 5.4 (19); La 29.0, Ce 105.2, Sm 7.0 ~g/g [8, p. 266). 

A direct correlation between content of suspended matter and total RE content occurs 
in some rivers of southwest France (Dordogne and Garonne-Gironde) and the USSR (Volga 
and Rioni, western Caucasus). Due to differences in granulometric and mineral composition 
of particles wh ich depend on morphology of the area, data of Rioni River do not fall on 
the straight correlation line observed for the other rivers. Rioni water near the river mouth, 
at Poti, is therefore enriched in La, Ce, Pr, Nd, and Sm; summary mean contents are 
~(La to Eu) 1509.0 and ~(Gd to Lu) 373.0 X 10-6 ppm (20). The calculated mean contents 
of light (La to Eu) and heavy RE (Gd to Lu) and of Y for these rivers are as folIows; 
susp. mat. = suspended material: 

river and location susp. mat. content in 10-5 mg/L Ret. 
in mg/L Y l:light RE ~heavy RE 

Volga delta 38.75 105 507 1) 69 2) (10) 

Dordogne above Libourne 2 56.3 4.6 3) 

Garonne above Bordeaux 7 24 151.1 12.63) 

below Bordeaux 1590 4500 29960.0 2339.0 3) 

Gironde middle course 1141 320 21440.0 1719.03) 

Pointe de Grave 22 41 306.9 24.5 3) (15) 

1) Without Eu. - 2) Only Gd, Dy, Er, and Vb. - 3) Without Dy. 

Variations in the suspended load, highly associated with river flow rate, possibly cause 
the high coefficient of variation for La (217%) in the soluble fraction in the Thames River, 
Great Britain [8, pp. 261, 265). 

The amount and composition of suspended matter (wh ich show relationship to weathering 
or climatic factors, see p. 54) strongly influence the distribution of 144Ce in surface 
waters (21). Thus, differences in grain-size distribution and composition of suspended matter 
influence contents of Ce radionuclides in various rivers of the Federal Republic of Germany, 
and tidal action mixes inland water-suspended matter of higher radionuclide content with 
marine suspended matter lower in radionuclides [22, pp. 159/62). In co nt rast to normally 
decreasing radioactivity of 144Ce per liter of water with decreasing content of suspended 
matter per liter in the mouth of the River Elbe, Federal Republic of Germany, the specific 
activity of 144Ce/g suspended matter behaves in the opposite way, e.g., it increases down
stream (between the mouth of the River Oste and lightship "Elbe 1 ") and shows clear 
differences in 144Ce concentrations at 5 m water depth during falling and rising tides (23). 
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Based on a compiLation of water-rock partition coefficients for chemicaL eLements (pre
dominantLy used to discuss river input to ocean, pp. 21/2, or overall composition of river 
water and seawater, p. 200) it foLLows that solid state chemistry, especiaLLy compLex stabiLity, 
controLs eLement content and distribution in river water. Thus, from diagrams of eLectronega
tivity function vs. partition coefficients between river water and crustaL rock [24, 25] or be
tween river water and river-suspended matter it can be seen that the degree of affinity 
for the solid phase decreases with increasing eLectronegativity on passing from the RE 
to the halides (for the definition of function and coefficients see originaL papers) [26]. Sorption 
of part of RE on river-suspended matter causes a decrease of dissoLved RE concentrations 
in river water compared to ground and subsurface waters [13, p. 147]. The increasing stabiLity 
of organic and inorganic compLexes of the RE expLains the observed increase of the soLubLe/ 
detritaL RE ratio from La to Lu in the rivers Garonne and Dordogne, France [16]. A more 
profound effect of these compLexes on the RE pattern in fiLtered surface water of five Pacific 
Northwest rivers, USA/Canada (and, in addition, different RE patterns of the sedimentary 
rocks affecting the rivers, see p. 53) can be the reason for differences as against dissoLved 
RE patterns for the Dordogne and Garonne rivers, with RE patterns very simiLar to the 
sedimentary type rock abundance pattern used for normaLizing. The Pacific Northwest rivers 
aLso show a pattern simiLar to the sedimentary type rock (within a factor of two) but aLso 
simiLar to the seawater RE pattern with the dissoLved RE increasing (reLative to sedimentary 
rocks) as atomic number increases, and the heavy RE are more abundant than the Light 
RE in previous observations in river water [2]. In addition to Y content, in the foLLowing 
are given caLcuLated summary contents of Light (La to Eu) and heavy RE (Gd to Er, Vb, 
Lu) and eLement ratios indicative of RE composition for the French rivers [15]: 

river and Location dissoLved content in Ilg/L ratio 
Y LLight RE Lheavy RE La/Yb Ce/Sm 

Dordogne above Libourne 181.3 19.9 1) 13.1 10.5 

Garonne above Bordeaux 43.1 181.5 20.5 1) 13.1 9.9 
beLow Bordeaux 72.8 3.3 2) 6.2 10.7 

Gironde middLe course 15 29.7 4.2 3) 3.7 9.4 
Pointe de Grave 9.3 24.9 4) 3.0 1) 9.2 

1) Without Dy. - 2) Yb and Lu onLy. - 3) Gd, Tb, Ho, Vb, Lu onLy. - 4) Without Sm. 

The corresponding data for the Pacific Northwest rivers are [2]: 

river dissoLved content in ng/L ratio 
LLight RE Lheavy RE LalYb Ce/Sm 

Fraser 399.9 78.7 1) 6.1 
CoLumbia 166.4 13.8 2) 6.7 1.3 
Rogue 119.4 18.3 2) 4.0 5.7 
KLamath 59.5 13.83) 4.9 8.1 
Sacramento 40.9 8.8 3) 3.2 4.6 

1) Gd, Tb, Ho, Er onLy. - 2) Gd, Tb, Ho, Vb, Lu onLy. - 3) Gd, Tb, Ho, Er, Vb, Lu onLy. 

Differentiation of RE in VoLga River water, USSR, does not significantLy affect the eLements 
from La through Dy, and onLy the reLative contents of the heavy RE (Er through Lu) increase 
by a factor of aLm ost two [10]. As is suggested by RE patterns for river water, Afon Gwesyn 
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catchment, mid-Wales, Great Britain, the relative hydration energies of individual RE and 
not the composition in the weathering material mainly control fractionation of RE on weather
ing into solution [27]. 

For an influence of source area morphology on RE amount in suspension or solution, 
see p. 84 and on RE composition in river waters, see below. 

The rock composition in the catchment area and processes of weathering and soiL formation 
determine content and composition of dissolved RE in river water. Regional differences 
in the composition of the source rock cause small differences of RE conte nt and composition 
in suspended matter whose composition, in general, is fairly close to that of platform 
clays [28]. Mainly sedimentation in continental regions determines composition of RE in 
suspension, since the RE composition (suspended and dissolved) in river water is close 
to the average composition of sedimentary rocks (RE(Ce)/RE(Y) ratios being 2.75 to 4.2 
and 3.1, respectively), and average RE contents in river-suspended matter (259 g/t) are 
elose to that of platform clays (196 g/t) [13, pp. 147, 149/50]. An RE composition resembling 
that for average shales has been found for the chondrite-normalized RE pattern of Nippara 
River water (the upper stream of Tama River), Tokyo area, Japan [29], and for shale
normalized RE patterns of the dissolved and total load of Gironde River water, France. 
Since rocks other than shales crop out in the latter drainage area which may have different 
RE patterns, it is concluded that either contribution from these rocks is insignificant or 
that their relative contributions are such as to reinforce the shale pattern for both the 
dissolved and the suspended load [30]. Higher contents than in the world average sedimenta
ry rock type of heavy relative to light RE in the sedimentary rocks affecting five Pacific 
Northwest rivers, USA/Canada, can cause a predominance of heavy RE in the rivers as 
compared to the Dordogne-Garonne river system, France [2]; see p. 52. Different character
istics of the source area lead to different RE concentrations in the Volga and Ural rivers, 
RE being found in all samples of the Volga River but only a trace of Ce in water of the 
Ural River, although the content of suspended material is practically the same in both 
rivers. Sedimentary rocks and soils, the main sources of clastic material carried by streams 
on the Russian Platform, have RE contents about tenfold higher than weathered ultramafic 
rocks which characterize the source area of the Ural River [10]. For the influence of climate 
on RE content for both regions, see p. 54. Concentrations of RE in the dry residue of Neva 
River water, Leningrad area, USSR, do not exceed Clarke contents in sedimentary rocks; 
the observed fractionation (with light RE being lower in river water) is consistent with the 
weathering scheme of RE minerals [31). The hydrogeochemistry of acidic intrusions of the 
Far East, USSR, is reflected in waters by anomalous concentrations of the elements charac
teristic of a given intrusion. Thus, anomalous contents of Y and Yb occur in surface waters 
of two granite intrusions and waters in the vicinity of stocks and dikes of acidic and intermedi
ate igneous rocks [11]; additionally, acid granite 1 and granite 2 are characterized by their 
La contents [32]. Related to the presence of apatite and fluorite are local concentration 
anomalies of Y in a streamlet cross-cutting a sulfide mineralization near Ty Flehan, Brit
tanny, France [33]. 

In relation to the stage of weathering (as defined by [28], refer also to "Rare Earth 
Elements" A6a, 1988, p. 10) of the drained rocks, dissolved RE coming into rivers from 
ground waters can show different composition (distribution patterns): (1) enrichment of Y 
and heavy RE in waters draining rocks with the initial (alkaline) stage of weathering (" Y 
waters "); (2) enrichment of light RE in waters draining rocks with a late (acid) stage of 
weathering (" La waters "); and (3) a V-shaped pattern with relative maxima both at La 
and Y - Yb due to mixing of the above two types. For all three types, in general, a Ce 
deficiency occurs due to its retention by hydrolysis in the weathering crust. For example, 
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entireLy corresponding RE distributions in weathering crust and fresh water have been 
mentioned for the VoLga basin, European USSR, and the Gironde basin, France [13, pp. 136, 
139/40]. Higher relief and a smaLLer amount of vegetation for the Garonne basin, resuLting 
in a Larger detritaL erosion, which manifests as a Lower soLubLe/detritaL RE ratio in the 
discharge area of the Garonne than of the Dordogne, can expLain the discrepancy occurring 
between the two rivers [16]; for the caLcuLated mean contents of dissoLved Light (LLa to 
Eu) and heavy RE (LGd to Lu) and V and for ratios indicative of RE composition, see 
p. 52. In contrast to the Gironde and due to quite different processes of weathering and 
soiL formation (extensive gLaciaL erosion on the Scandinavian peninsuLa), Leading to a differ
ent chemicaL behavior of Ce reLative to the other RE in waters, soiLs, and sediments, surface 
waters of eLeven Norwegian rivers show onLy a sLight depLetion of Ce reLative to the other 
RE (Ce/Sm=2.1). The range and weighted mean content of some RE for the river waters 
are: La < 0.1 to 3.5, 0.40; Ce < 0.06 to 2.1, 0.20; Sm < 0.02 to 0.66, 0.095; Eu 0.006 to 
0.040, 0.0098; Dy < 0.01 to 0.11, < 0.02; and Vb < 0.01 to 0.5, < 0.2 Ilg/L [34]. 

Different degrees 01 erosion Lead to differences in the transler 01 144Ce-containing soiLs 
into various rivers 01 the FederaL RepubLic of Germany [22, pp. 161/2]. ProbabLy due to 
infLow-outfLow circuLation in Lake Trasimene, centraL ItaLy, 144Ce Irom laLLout is concentrated 
in the outfLow area [35J. 

Dlfferences In cLimate determine the relationship of transport of RE in suspension and 
in soLution in VoLga and UraL rivers, both European USSR. The RE are found in aLL sampLes 
of the VoLga River fLowing in a humid zone, which is characterized by a predominance 
of chemicaL over mechanicaL denudation (1.75: 1), whiLe onLy a trace of Ce is found in water 
of the UraL River in an arid zone with a predominance of mechanicaL over chemicaL denuda
tion (1.25: 1) [10]. The average concentration of RE in solid discharge of the Amazon River, 
BraziL (6 x 10- 2 mg/L), is three orders of magnitude higher than the concentrations in rivers 
of moderateLy humid cLimatic zones [13, p. 149]. ConsiderabLe concentration of dissoLved 
organic materiaL and HC0"3 ion in surface waters of the humid zone expLain the greater 
soLubiLity of heavy compared to Light RE [36]. Surface waters in a weakLy humid zone 
(47°30' N Latitude) show somewhat higher 144Ce LeveLs than waters in a more intenseLy 
humid zone (58° N Latitude). The distribution of 144Ce between soLubLe and suspended phases, 
however, shows onLy sLight differences [21]. 

Content and distribution of RE radionucLides in surface waters is infLuenced especiaLLy 
by seasonaL or meteoroLogicaL conditions, but aLso by Living organisms, as may be seen from 
the foLLowing few exampLes. Thus, rainfall in the catchment area of some rivers, FederaL 
RepubLic of Germany, can cause the observed different 144Ce LeveLs in water. EspeciaLLy 
the disappearance of 144Ce in suspension during the first quarter of 1982 in the Rhine 
River near KobLenz is ascribed to seasonaL or meteoroLogicaL conditions [22, pp. 161/2, 
164/5]. However, due to diLution, a decrease of 141Ce concentration does not occur in Dardan
eLLe Lake, Arkansas, since introduction of 141Ce by rainfaLL occurs over a wide area and, 
therefore, concentrations are the same, no matter what the source of the water [37]. Season
dependent high river fLow causes resuspension of Eu and Ce radionucLides into the CoLumbia 
River at McNary Dam site, Washington and Oregon, in spring and earLy summer [38], and 
of 144Ce during summer into Lake Michigan [39]. Maximum La contents (1762 ppb) in the 
CoLumbia River at Hanlord, Washington, in ApriL 1962 are due to the introduction of waters 
from the Spokane tributary [40]. Higher contents during the winter months, due to greater 
rainfaLL, are reported for 144Ce in the water reservoir Lake Marathon near Athens, Greece, 
concentrations varying between 0.27 and 0.78 pc/L [41]. 

The presence of Living organisms infLuences the distribution of 144Ce in surface waters, 
since 144Ce can be carried by biota [21], e.g., an enrichment by a factor of 130 (reLative 
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to water free of coarse sediments) occurs for 144Ce in fish flesh, upper Danube near Gund
remmingen, Bavaria [42]; or plankton intensively concentrates 90y in the lakes Nehmitz 
and Stechlin, German Democratic Republic, the radioactivity in the ash being 136 to 300 
and 136 to 327 pCi/g, respectively [43]. In water of the eutrophie lake Linsley Pond, North 
Branford, Connecticut, none of the RE is detected, suggesting that submerged rootless 
plants quickly extract RE from water [44]. 

An influence partially of pollution has been mentioned for some surface waters. Thus, 
for La in the Thames River, Great Britain, considerably higher dissolved contents at a 
downstream station (3.7 Ilg/L) compared to upstream (0.001 Ilg/L) are related to the signifi
cant increase in effluent discharge of industrial origin. The content of La in suspension 
in the Thames River is 38% higher than in its tributary Kennet River, which receives metal 
input primarily from natural sources [8, pp. 258, 265/6, 272]. Contents of some RE in Norwe
gi an unpolluted and rather pOlluted surface water are as follows (in Ilg/L): Lake Treh0rn
ingen, Baerum (May 1974), La 0.145, Ce 0.33 and Nitelva River, Lillestr0m (February 1974), 
La 0.21, Ce 0.48; the slightly polluted Glomma River, Fetsund, shows (February 1974) La 
0.12, Ce 0.42, Eu 0.11 [45] and (November 1973) La 0, Ce 0.24, Eu 0.046 [46]. Lowest RE 
contents in the most highly polluted, and high RE contents in water with a small number 
of artificial pOllution sources are reported for the Yodo River and its main branches (rivers 
Kizu, Uji, and Katsura), Japan [47,48] and are, therefore, considered to be of natural origin 
[47,49]. No impact of pollution on RE contents is found for the Neva River, Leningrad area, 
USSR [31]. 

Ground and Subsurface Waters 

Content and composition of RE in ground and subsurface waters are dependent on 
pH and chemical type of the water, see, e.g., [50 to 55] and the following examples. With 
increasing pH, both the total content and the portion of light RE in the total RE content 
increases for alkali ne waters of, e.g., the Kola Peninsula (Lovozero massif) and Central 
Asia, both USSR. The total RE content in these waters is ~500 to 601 Ilg/L, with maximum 
concentrations at pH > 8 to 9.5 [51, 53]; compare for alkali ne waters 500 to 680ll9/L with 
maximum values at pH >8 [54]. Ground water (mainly of the siliceous-hydrogencarbonate
Ca type, pH 5.8 to 7.9) of granite rocks, Baikal mountain region, USSR, contains as a mean 
for 34 samples (of which 62% contain RE) 0.0002 mg/kg each of Y and Yb [56]. Slightly 
acid (pH 6.8) subterranean mine waters of the HC0"3 -Na-Ca type of an undisclosed alkali ne 
massif (USSR?) have average and maximum contents of La 0.17 and 0.5, Y 0.06 and 0.1, 
and Ce 0.29 and - % of the dry residue, respectively. The slime fraction of the spring 
water contains Y~0.1, La~0.03, and Ce~0.01% [57]. Acid to strongly acid mine waters 
of the Fe-Zn-SO~- type, Kutna Hora ore district, Czechoslovakia, contain La at about 1 mg/L 
[58]. In very acid waters (pH nearly 3) of coal-bearing strata, central part of the Donbass, 
Ukraine, the RE contents are in the range of O.n mg/L [55]. In relation to their chemical 
type, ground waters of the Transcarpathian region, Ukraine, contain La up to 0.096 mg/L 
in Cl- -HC0"3 -Na-type, up to 0.076 mg/L in HC0"3 -Cl- -Na-type, up to 0.075 mg/L in Cl-
HC0"3 -Na-Ca-type, and only 0.006 mg/L in HC0"3 -Na-Ca-type waters [59]. For weil and 
spring waters (pH~6.64, temperature ~15°C, and HC0"3-Cl--Ca-Na type) from an area 
with small U and Cu-U occurrences near Monticello, New York, statistically derived mean 
content and standard deviation are: Y 0.784±0.605, Ce 15.7±3.79, and Dy 
0.0216±0.138 ppb [60]. Refer to higher contents of Y and Yb in subsurface waters occurring 
in regions containing ore mineralizations as, e.g., in the low-mountain regions of the south
eastern part of western Siberia [61] or in Afghanistan where highest amounts of Y in the 
waters are related to granitoid-type (maximum 0.5; mean 0.3 mkg/L) and rare metal pegma
tite-type mineralizations (maximum 0.2 to 0.3; mean 0.1 mkg/L); contents of Yb are at back-
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ground level, 0.1 mkg/L [62]. Ground waters with different composition from fractures in 
agpaitic nepheline syenites (USSR?) contain V, La, Ce, and Vb in relation to pH and mineral
ization (content of mineral maUer) for six samples as follows [1]: 

content in mg/L 

mineralization 509.5 627 346 225.5 178 141 
V 0.016 0.0163 0.0093 0.0106 0.0196 0.0096 
La 0.0275 0.2633 0.0761 0.212 0.1958 0.078 
Ce 0.4178 0.3825 0.2076 0.338 0.3382 0.122 
Vb 0.0015 0.0021 0.0015 0.0013 0.0007 0.0007 
pH >9.4 >9.4 9.1 9.1 9.1 7.8 

The RE contents in subsurface waters of the HCOa-Ca, partly HCOa-Mg type from coal
containing depositions of the Russian Platform (artesian Moscow basin) are different for 
samples from the Lower and Middle Carboniferous rocks; range and mean content with 
number of analyses given in parentheses are [63] : 

content in mg/L for subsurface waters of the 
Lower Carboniferous Middle Carboniferous 

0.06 to 4.9; 0.65 (17) 
0.4 to 9; 1.0 (29) 
0.03 to 0.5; 0.17 (4) 
0.006 (1) 

0.0005 to 1.0; 0.5 (5) 
0.04 to 1.7; 0.3 (8) 
0.008 (1) 
0.008 (1) 

La 
Ce 
Sm 
Eu 
Tb 
Lu 

0.3 to 0.07; 0.04 (12) 
0.0002 to 0.0070; 0.0012 (8) 0.0005 to 0.0020; 0.0008 (5) 

Rare earth element content in stratal waters *) of various petroleum deposits, western 
Caspian Sea region, Azerbaidzhan, depends on salinity and chemical type of water (Ca 
chloride-Na type at the Neftechalinsk and Surakhansk deposit, hydrocarbonate-Na type 
at the other ones), with highly saline waters having high RE contents. Mean ~RE contents, 
given in n· 10-6 g/L, are 2.05 for seven analyses from Neftechalinsk; 1.45 for six analyses 
from Binagadinsk; 1.17 for five analyses from Balakhany-Surakhansk; and 0.62 for five 
analyses from Siazansk [64]. Refer to contents of V and Vb in stratal waters below petroleum 
layers of the Dniepr-Donets basin, Ukraine, dependent on the age of the country rocks, 
their lithology, and the position of the water within the basin. Neither element occurs in 
waters extracted from clay stratum [65]. Mean contents of 1.34 y/L La occur in formation 
waters of petrOleum pools and of 29.0 y/L La in subsurface waters not related to oil forma
tions and situated above them, western Siberian Lowland [66]. Waters from condensation 
zones of subterraneously gasified coal, USSR, are enriched in V, in addition to other rare 
elements, the V contents being 0.006 and 0.01 mg/L for the Nadugol'nyi and Uspinski forma
tions, respectively [67]. 

Old fossil ground water (22000 to 29500 yrs.) with pH between 6.3 and 7.5 and low 
salinities, supposed to be in solution equilibrium with surrounding rocks, Kufra basin, Libyan 
Sahara, contains in 10 out of 48 samples 0.2 to 3.4, mean 0.3 ppm V [68]. Old ground and 
subsurface waters (5000 to 10000 yrs.) of the upper Volga river basin, USSR, are higher 
than surface river waters in Ce, Sm, Eu (except for subsurface water), Lu and lower in 
La and Vb [69]: 

*) Erroneously given as ground water in the English translation. 
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ground water 1.5 
subsurface water 9.4 
river water 15.0 

Ce 

2.5 
12.0 
2.0 

mean content in mkg/L 
Sm Eu 

0.1 0.03 
0.12 0.0005 
0.08 0.008 
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Yb Lu 

0.008 0.0002 
0.0026 0.0002 
0.009 0.00005 

Ground waters of the Perch Lake basin, Ontario, Canada, compared with the recharge 
area (sample GWO), have highest RE contents in wells adjacent to the lake's shore (samples 
GW-DT and GWK). The lake itself has the lowest concentrations. No explanation for this 
is given; the change in valence due to more reducing conditions adjacent to the lake shore 
quoted for other elements behaving in the same way seems not to occur with RE. The 
ground water samples taken during the winter months have the following contents (70): 

content in J..l9/L 
GWO GW-DT GWK lake water 

La 0.42 3.3 2.3 0.10 
Ce 4.3 35 25 0.90 
Eu 0.084 0.67 0.53 0.020 
Nd 3.0 21 0.51 
Tb 0.056 0.35 0.29 0.013 
Yb 0.083 0.28 0.65 0.0089 
Lu 0.081 0.23 0.21 0.014 

In ground water from deep boreholes (> 1700 m) of the Crimea peninsula and the Car
pathians, both USSR, the La content differs from that in argillaceous rocks of the same 
depth interval. Five ground water samples, Crimea peninsula, contain 4 to 30, mean 12, 
and two samples, Carpathians, have 10 and 40 ppm La [71). 

Moreover, for different types of ground and subsurface waters the following contents 
of Y and/or individual RE have been given without special discussion in the literature : 
Mean content of 0.23 mg/L Yb in ground waters (pH 6.68) of the northern taiga region (mainly 
of the USSR) [72). Ground waters (pH 6.0 to 8.7, temperature 15.3 to 18.3°C, and Ca-HCOs 
type) of the Musashino area, central Honshu, Japan, show the following range and mean: 
for La 0.009 to 0.087, 0.027; Sm 0.0006 to 0.035, 0.006; and Eu 0.0007 ppb [73). Two ground 
water samples (containing < 50 ppm total solids) from wells of the Virginia Piedmont area 
of crystalline schists, west of Washington, D.C., contain 0.8 ppb Y, 0.4 ppb La and 0.03 ppb 
Yb and 41 ppb Y, 12 ppb La, 0.5 ppb Ce, 0.7 ppb Nd and Dy each, 0.8 ppb Er, 0.3 ppb Tm, 
1.6 ppb Vb, and 0.3 ppb Lu [74). Ground waters of the upper Arman' region, Magadan prov
ince, Far East, USSR, show range and mean for La of 0.7 to 3.5, 1.4 J..l9/L (108 sample 
points) and for Yb 0.05 to 0.76, 0.23 J..l9/L (for 44 sample points) (75). Ground waters of the 
industrial region of Warsaw, Poland, contain Ce at <2 to 10 and Yb at ~6 to 18 J..lg/dm3 (76). 
Stratal water (" plastovykh vodakh" of the Russian original), with Y 0.006, La 0.02 mg/L 
and water in fractures of crystalline rocks with Y 0.009, La 0.03 mg/L, occur in the Ukrainian 
Shield, USSR [77). 

MineraL and ThermaL Waters 

The pH and chemistry of mineral and thermal waters influence concentration and compo
sition of Y and/or RE as is exemplified in the following. 
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Contents of RE in water of the Tatsumatojigoku and Umigigoku hot springs, Japan, are 
higher in acid than in neutral or alkali ne waters [78]. Acid H2S-containing alum springs 
of Japan (Moto-yu and Gyönin-no-yu) show higher RE contents than simple hot or low-H2S 
springs (Kita, Senten, Omaru, Sandoyoga I, or Takao, respectively) (see table below). In 
the simple hot springs, contents of Ce and La are alm ost equal while in the acid alum 
springs Ce is about three times higher than La. In the Moto-yu spring, the abundance 
of each RE becomes gradually lower with increasing atomic number, showing almost the 
same tendency as in the case of the average earth's crust values [79]. The contents of 
individual RE in these and other acid hot springs of Japan are as folIows: 

locality, temperature, content in Ilg/L Ref. 
and pH La Ce Nd Sm Eu 

Nasu district 1) 

Moto-yu; 63°C; 2.0 1.79 5.51 8.03 1.44 0.28 
Gyönin-no-yu, 52°C; 2.2 3.13 7.09 3.89 1.36 0.27 
Kita et al.; 93 to 65°C; 4.0 to 5.7 0.30 0.32 0.11 0.07 0.016 
Takao; 39°C; 5.4 0.034 0.031 0.004 0.003 [79] 

Misasa 2); 76°C; 6.9 0.018 0.0059 0.00051 [80] 

Yunotsu 2); -; - 0.08 0.02 0.005 [81] 

Ikeda 3); -; - 0.13 0.07 0.008 [81] 

locality, temperature, content in Ilg/L 
and pH Gd Tb Ho Tm Yb Lu Ref. 

Nasu district 
Moto-yu 2.13 0.32 0.40 0.11 0.41 0.13 
Gyönin-no-yu 3.72 0.34 2.08 1.38 0.32 
Kita et al. 0.07 0.02 0.013 0.066 0.017 
Takao 0.031 0.005 0.002 0.011 0.010 [79] 

1) For Nasu and Kusatsu, La 1.2 to 5.7, Sm 0.8 to 2.6, and Eu 0.2 to 2.6 y/L are given addition-
ally [82]. - 2) Hot spring. - 3) Mineral spring. 

Due to pH dependence of RE accumulation, carbonated (pH >8) and sulfurous thermal waters 
(pH ~6) of the Pyrenees and the Massif Central, both France, show different total RE concen
tration (see table on p. 59) and composition (with characteristic distribution patterns; see 
original paper). Compared to the carbonate waters with high amounts of heavy RE and 
positive Eu anomalies, sulfurous thermal waters are enriched in light RE, as is corroborated 
by the mean Dy/Eu ratio of 18 for the former and 0.5 to 3.5 for the latter. Anomalously 
high RE concentrations in sulfurous thermal waters of the Pyrenees are due to very large 
amounts of organic matter in those waters [83]. Deep-seated Na-chloride waters of the 
Geyser Valley and Uzon Caldera, Kamchatka Peninsula, USSR, with a relatively low total 
RE content (0.6 Ilg/L) become enriched during near-surface mixing with acid sulfate solutions 
in these elements by a factor of three (1.6 Ilg/L) in the most acid waters (pH 1 to 2), whereas 
in carbonate-type hot springs (pH 6 to 6.5, temperature 50 to 74°C) of the Nalachevo area, 
Kamchatka Peninsula, the RE concentration increases by a factor of five (up to 10Il9/L) 
in sulfate waters [84,85]. In various radioactive mineral springs (pH 6.3 to 9.5, temperature 
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locaLity; type of water; 
and pH 

Massif Central 
alkali ne 

acid 

range and mean in ppb 
La Sm Eu 

0.218 to 1.107; 0.010 to 0.328; 0.002 to 0.022; 
0.522 0.116 0.009 

0.045 to 0.348; 0.007 to 0.024; 0.023 to 0.963; 
0.202 0.015 0.323 

Dy 

0.005 to 0.062; 
0.028 

0.030 to 0.248; 
0.096 

59 

Pyrenees; alkali ne ; 8.5 to 9.5 
Thues-les-bains 0.15 to 0.35; 

0.165 

Ax-les-thermes 0.012 to 0.331 ; 
0.096 

Usson-Escoububre 
Carcaneires 0.055 to 0.075; 

0.067 

Pyrenees and Corsica 
alkali ne 0.042 to 2.069 

Pyrenees; acid; 6.2 0.65 to 2.43; 
1.340 

0.0009 to 0.0085; 0.0011 to 0.0073; 
0.0038 0.0038 

0.007 to 0.051 ; 0.0074 to 1.0610; 0.0011 to 0.0067; 
0.0135 0.1966 0.0038 

0.0027 to 0.248; 0.0016 to 0.0032; 
0.0106 0.0023 

0.003 to 0.645 0.0006 to 0.267 0.0011 to 1.440 

0.006 to 0.050; 0.0035 to 0.0155; 0.0676 to 0.3118; 
0.0277 0.0084 0.1651 

6 to 94 °C) of the western United States, the contents of Y and Yb are determined by duration 
of water circulation and thus tend to increase with increasing saLinity. Their very sm all 
contents (Yb 0.02 to 2.4, Y 0.29 to 2.0 J.!9/L) are caused by their association with minerals 
being relatively insoluble in most near-surface environments but whose solubiLities are 
increased by the presence of saline solutions [86]. Only small amounts of La and Ce occur 
in low-mineraLized, sLightly alkali ne SO~- -Na-Ga-type waters (temperature 17.5°C, low 
Si and high N03" contents) from the Chashma radon source near Leninabad, Tadzhikistan, 
USSR [87]. 

Depending on type of water and location, waters from several health resorts, eastern 
part of Eastern Siberia, contain 60 to 96 mg/L RE(Y), total RE content being between 200 
and 460 mg/L [88]. Waters from springs and health resorts of the Transbaikal region, USSR, 
having 0.06 to 1.05 mg/L total RE content (20 to 60% being yttrian RE), show maximum 
content in water with maximum HC03" content (Gook spring), and La and Ce subgroup 
elements are highest in HC03"-Ca-type waters [89]. Cold mineral waters (CO~--Fe type) 
of the southern part of Eastern Siberia have highest RE contents while warm SO~- -Na-type 
mineral waters are lowest. Total RE contents vary between 0.20 and 0.25 mg/L, the relative 
composition being Ce 20 to 40, Tm 0.6 to 1, and (Eu + Tb) 0.2 to 0.4% [90]; note also 100 
to 480 J.!g/L total RE content for cold and warm carbonate-type waters of the same region, 
with lowest concentrations in SO~- -HC03" -Ca-Mg- and SO~- -Na-type waters and highest 
concentrations (270 to 480 J.!g/L) in hydrogencarbonate-Na or Ca-type waters [91]. Highly 
mineraLized Cl- -Ca-type water of Lugela, Georgia, USSR, contains La 310.7, Ce 352.7, 
Pr 71.2, Nd 195.1, Sm 45.2, Gd 28.4, (Tb+Y) 25.4, and Dy 16.9 y/L, these contents being 
much lower than their Clarke contents in the earth's crust [92]. Correlations between concen
trations of RE and Ti, Al, V, Ga, and Zr have been found in thermal waters of central 
Afghanistan [93]. Volcanic hot waters from Santorini, Italy, contain small amounts of Eu, 
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Tb, and Yb which increase with seawater concentrations in the infLux areas [94]. Low
mineralized waters of the spas in western Czechoslavakia contain, in Jlg/kg water: Y, 3; 
Ce, Nd, Dy, Er, and Yb, 0.3 to 0.5 each; La and Pr, 0.1 to 0.2 each; and Ho, Tm, and 
Lu, 0.05 to 0.1 each [95]. 
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7.3 Migration, Removal, and Precipitation 01 YHrium and/or 
Rare Earth ELements in the Hydrosphere 

7.3.1 GeneraL 

The form in which rare eLements (incLuding Y and La) migrate in naturaL waters varies 
with their acid-base properties (ionization constant, ionic potentiaL, eLectronegativity) and 
with the hydrogeochemicaL conditions in the medium (e.g., pH). In spite 01 compLexing, 
these eLements are the Least mobile and the poorest migrants in water. In aLL types 01 
naturaL water, the concentration 01 compLex-lorming eLements is aLways much Lower than 
their CLarke content in the Lithosphere [1]. Since the pH of hydrolysis of Y, La, Ce, and 
Yb is generaLLy about 7 and the soLubiLity product of their hydroxides is smaLL, they have 
an insignificant migration ability in naturaL waters [2]. The mobiLity or migration ability 
of an eLement may be expressed by its coefficient 01 migration in water (ratio of the average 
contents in water and in the earth's crust) which is ~ 1 X 10-5 lor RE in river water [3]. 
or by its coefficient of thaLassophiLity (ratio 01 the eLement content in seawater and the 
CLarke content in the Lithosphere) which is in the order of n x (10- 5 to 10-7) lor RE [4] 
or 1 x 10- 5 lor Y and La each and 4 x 10-5 for Ce [5]. Among the RE, La is the most simiLar 
to Ca. Taking the migration ability 01 Ca as 100%, the caLcuLated respective ability lor 
La and Y is 0.15% and 0.1% in seawater and 19.7% and 2.7% in hydrogencarbonate-Ca 
surface water [6]. According to their Mesusp/(Mesusp. + Mesot) ratio, describing the mobiLity 
01 a metaL in water, eLements can be arranged in aseries from Low mobiLity (with a high 
ratio) to high mobiLity. During transfer Irom river through coastaL to open-ocean water, 
the ratio decreases, since the main part 01 terrigenous (cLastic) suspended materiaL is depos
ited at the coastaL and peripheraL parts of the oceans, and thus in the centraL part soLubLe 
lorms predominate with onLy minor terrigenous material. CertainLy, dissoLved organic matter 
lorms compLexes with the eLements and thus increases their soLubiLity in seawater. For 
some RE, the 10LLowing series 01 mobiLity in river and seawater is given by the ratio Mesusp/ 
(Mesusp + Mesot.) (susp. = suspended, sol. =soLubLe) [7]: 
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eLement mobiLity in % 

river water La, Y 95 to 99 
Ce 80 to 95 

seawater Ce, Lu 20 to 50 
Y, Eu 10 to 20 
La 5 to 10 

A higher soLubiLity of RE is favored in aLl carbonate soLutions with aLkali metals compared 
to hydrogencarbonate soLutions for which an essentiaLly weaker soLubiLity of the Light RE 
occurs, and compLexation of RE is higher in K- than in Na-carbonate soLutions. Thus parti
tioning of RE occurs due to different soLubiLities in aLkali ne hypergene carbonate and hydro
gencarbonate soLutions, heavy RE having a higher soLubiLity and a higher ability to migrate 
in comparison with the Light RE [8]; refer aLso to a more extensive migration of yttrian 
RE due to higher soLubiLity of hydrogencarbonate and organic compLexes compared to the 
anaLogous compLexes of the cerian earths [9]. 

Generally, trace eLements may be removed from water and concentrated/deposited by 
severaL means. They may be: (1) adsorbed to cLays, hydroxides, or organic carbon; (2) con
tained in the Lattice of degraded cLays; (3) precipitated as a sulfide; (4) removed by organ
isms and subsequentLy entombed in the sediment; (5) physicaLly concentrated as heavy 
mineraL pLacers (e.g., zircon, monazite, etc.); or (6) combined in the form of organometaLlic 
compLexes [32]. ObviousLy, the third and sixth mechanism is of no importance for the RE 
as can be seen from the exampLes given in the foLLowing sections of this chapter. To quantify 
the rem ovaL of individuaL RE from seawater, or the net effect of Ce oxidation during removal, 
a modified version of a verticaL scavenging modeL (using a diffusion-advection process 
and having been deveLoped for other trace eLements in [10]) Leads to scavenging rate con
stants \f RE/\f Lu (\f = first-order scavenging rate constant) reLative to the most conservative 
eLement (Least changed in content) Lu, and does not need the various assumptions (e.g., 
an absoLute vaLue of the upweLling velocity) necessary for derivation of an absoLute scaveng
ing rate constant (given in years) in the originaL version [11]. 

Based on a surface compLex formation modeL describing the adsorption of ions at hydrous 
oxide interfaces, it is shown that for tri- and tetravalent cations (incLuding Y, La, Ce, Pr, 
Nd, and Lu), which usuaLLy form hydroxyL compLexes in naturaL waters, the partitioning 
between solid and Liquid phases in the oceans (C~p/C~w = concentration ratio of eLement 
i in oceanic peLagic cLay and seawater) or in rivers (C~/C~ = concentration ratio of eLement 
i in river-suspended particLes and river water) shows a broad maximum or even a sLightLy 
negative correLation with the reLative bond-strength between cations (MH) and the oxy
gen of the hydrous oxide surface, or with the first hydrolysis constant *K1 for the reaction 
MH +H20 ~ h-O-M+(z-I)+H+ (as is shown in simpLified pLots of Log *K 1 vs. Log C~/C~w 
or Log C~/C~ with the detaiLs of compLex formation of cations in water and on the hydrous 
oxide surface ignored; data for Cop from [12] and for Cr from [13]). The Log *K1 is highLy 
correLated to the ionization potentiaL I (minimum amount of energy required to remove the 
Least strongLy bound eLectron from a gaseous atom or ion) and moderateLy correLated to 
the ionic potentiaL or surface charge of ions. The ratio Cop/Csw and the mean residence 
time in the ocean (T) of an eLement are inverseLy reLated if T is defined as (V· Csw)/(S . Cop) 
with V = voLume of the ocean and S = mean sedimentation rate of peLagic cLays; for other 
definitions of residence times, see foLlowing paragraphs. The surface compLex formation 
modeL appears to work quite weLl both in river and marine environments [14]. 

The RE concentrations in seawater are far beLow the soLubiLity product of their hydroxides, 
they are in an undersaturated state [15]. Compare aLso that Lanthanides beLong to the catego-

GmeLin Handbook 
Rare Earth A6b 



65 

ry of depleted elements in the oceans according to their relative oceanic enrichment factor 
<0, calculated as log(concentration in seawater)-log(concentration in river water) [16). Ele
ments with the highest degree of undersaturation would be the most reactive in the marine 
environment [17) wh ich is evidenced by their short residence limes in seawater. Calculated 
according to tA = A/(dA/dt) (with A = total amount of the element in the oceans, dA/dt=the 
amount of the element introduced into or precipitated from the oceans per unit of time, 
assuming a steady state and a supply of 2 x 1015 g/yr. of material with a RE content similar 
to that of igneous rocks), the residence times in years are as follows: La 440, Ce 80, Pr 320, 
Nd 270, Sm 180, Eu 300, Gd 260, Ho 530, Er 690, Tm 1800, Yb 530, and Lu 450 [18); based 
on a supply of material with a RE content corresponding to the North American-shale 
composite, the residence times are: La 210, Ce 48, Pr 180, Nd 180, Sm 180, Eu 160, Gd 280, 
Ho 440, Er 430, Tm 630, Yb 390, and Lu 570 [19). More recently, the oceanic residence time 
of RE has been estimated to be on the order of a few hundred years or less [20), e.g., 
for Nd a very short residence time [21) of < 100 years is suggested [22); compare also 
other residence times for Nd below and on pp. 66/7. Due to the preferential enrichment 
in mineral structures, cerian RE have significantly tower partition coefficients (Ky(sw)) and 
shorter mean residence times (fy) in the oceans than yttrian RE. The logarithms of the 
partition coefficient and the residence time for individual RE are as follows [16): 

cation type cation logty1) log Ky(sw) 2) 

RE(Ce) La 3.31 -5.69 
Ce 2.63 -6.48 
Eu 3.53 -5.63 

RE(Y) Gd 3.47 -5.52 
Y -5.95 
Lu 3.83 -4.90 

1) Calculated from river input of dissolved material. Residence times an order of magnitude 
lower are obtained if the particulate loads in river water and in seawater are also taken 
into account. - 2) Recalculated from data given in [13). 

Elements which are significantly depleted in the oceans relative to rivers (including 
RE) have a mean oceanic residence time (qualitatively describing the facility with which 
elements in seawater are made insoluble) less than the time of ~ 103 years required for 
a single stirring of the oceans. These elements are deposited very rapidly (in geological 
terms) on entering the oceans and therefore show a heterogenous oceanic distribution. 
In the following, calculated mean oceanic residence times (ty) of Y and RE are listed (pre
dicted from the equation log ty = ao log Ky(sw) + bo with Ky(sw) = seawater/rock partition coeffi
cient and ao, bo = linear regression fitting parameters; note that subscript y denotes an 
arbitrary element). A well-stirred ocean at steady-state condition is assumed (for theoretical 
details, see original paper) [23); observed ty values are from data of [13), if not otherwise 
noted (calc. =calculated, obs. = observed): 

ty in 102 yrs. 
Y Ce Pr Nd Sm Eu Gd 

calc. 5 3 8 10 8 10 10 
obs. 75*) 61 *) 20.8 25.7 2.14 33.9 29.5 

4.3 
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TabLe [continued] 
ty in 102 yrs. 

Tb Dy Ho Er Tm Yb Lu 

caLc. 10 20 10 10 10 10 20 
obs. 33.9 67.6 67.6 67.6 67.6 67.6 

*) Estimated from sedimentation rates. 

In a reassessment, new Linear regression fitting parameters for the caLcuLation of ty are 
introduced which onLy marginaLLy aLter the observed direct correLation between ty and the 
eLectronegativity function OyO (= (Xy -XO)2 where x is the eLectronegativity of the subscripted 
eLement) [24]. A residence time of RE in seawater of ~2000 years is caLcuLated, based 
on the transport of materiaL via pLankton to deep water in the Gulf of Aquaba and the 
southern AtLantic Ocean [25]. However, if the residence time is Less than the time required 
for one stirring revoLution of the oceans, as is shown, e.g., for La, then ty cannot be interpreted 
strictLy as a residence time [26]. 

The minimum residence time of ~ 1 yr. for La reLative to aeoLian input (TLa) in surface 
seawater from one station in the northern AtLantic Ocean is estimated from theoreticaL 
considerations (assuming a steady state and ignoring horizontaL transport) if aLL RE are 
Leached from the aeoLian input; TLa wouLd be ~6 yrs. if onLy 15% of particuLate La dissoLves. 
Another approach to estimate residence times is made by comparing the RE fractionation 
beLow and in the mixed Layer of ocean water. As the Vb/La ratio decreases by a factor 
of 3.2, the upper Limit of TLa in the mixed Layer (uppermost 100 m of the ocean) is about 
one-third (6.2 yrs.) of the residence time for the mixed-Layer water (TH 0 ~ 20 yrs.). Corre
sponding residence times of Ce and Eu are shorter or Longer, respectiv~Ly, than their posi
tions in the RE series might impLy (see tabLe beLow). Residence times with respect to river 
input aLone are much too Long, but a major atmospheric input wiLL readdress the baLance 
(see Chapter 9). Thus, overall RE may reside in the oceans for ~500 yrs. before being 
scavenged, but are regenerated on average five times before finaLLy being buried and thus 
have residence times with respect to river input of ~ 2500 yrs. The residence times of the 
Light RE are especiaLLy shorter. Residence times for some RE according to different methods 
of caLcuLation (for details, see originaL paper) are as foLLows [27]: 

part of ocean, residence time in yrs. 
basis of caLcuLation La Ce Nd Sm Eu Gd Dy Er Yb 

surface ocean reLative to aeoLian input 
maximum 6.2 4.4 6.6 7.8 19 11 17 20 20 
minimum 0.97 0.87 1.0 0.93 1.1 1.1 1.2 1.3 1.2 

overall ocean reLative to 
river input 1500 720 1100 1100 910 1200 1400 2000 2000 
aeoLian + river input 240 110 450 220 470 300 340 420 410 
sediment output 690 400 620 600 460 720 810 980 970 

Compare fairLy Long residence time of RE in the northwestern AtLantic surface water (depth 
10 and 48 m) indicated by a heavy RE enrichment with Lu/La ratio about four times higher 
than in shaLes [28]. 

An actuaL residence time of Nd in seawater higher than the above estimates (see p. 65) 
is assumed if apart of the RE entering the oceans is isoLated from chemicaL contact with 
seawater, as is indicated, e.g., by the 143Nd/144Nd ratios of western Pacific cLays, providing 
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that cation exchange between pelagic clay and seawater is the controlling factor of the 
Nd isotopic composition in seawater. If the RE within particulates are isolated completely 
from seawater, the residence time of Nd may be as long as 3100 yrs. [29]. Approximate 
limits of the residence time of Nd ('Nd) in seawater can be calculated from variations of 
the Na/Nd ratio in crustal rocks (CR) and river water (RW) relative to the ratio in seawater 
(SW) and the residence time of Na in seawater ('Na)· According to the equation 'Nd ='Na[(Na/ 
Nd)CR/(Na/Nd)sw] (with 'Na = 4.8 X 107 yrs., (Na/Nd)CR ~ 1000, and (NalNd)sw = 3.5 X 109) a 
lower limit of ~ 15 yrs. is calculated. Compared with a 'Nd range of 400 to 2000 yrs. (based 
on literature data assuming that only a small part of Nd eroded from the continents enters 
the oceans as dissolved components of river water) it is evident that more studies are 
needed to determine the fluxes of RE to the oceans to further define the residence time 
of Nd, which may be substantially greater than estimated previously. To maintain the clear 
distinctions of tNd(O) between individual oceans (see pp. 46/7), 'Nd must be considerably 
shorter than the mixing time of the oceans [30]. 

According to their relative residence time Ra in the ocean (ratio between the residence 
time of a given element (tx) and the residence time of water (tH20)), RE have been subdivided 
into depleted elements with Ra< 0.1 (La, Ce, Pr, Nd, Sm, Eu, Gd, and Tb) and unchanged 
elements with 0.1< Ra < 10 (Ho, Er, Tm, Vb, and Lu). Due to their mean oceanic residence 
times being less than the time required for a single circulation of the oceans (~1500 yrs.), 
the depleted elements are deposited, and their behavior in the estuarine zone is likely 
to be controlled by particulate removal which is usually due to a coagulation-flocculation 
process involving humic acids or hydrous Fe oxide colloids with wh ich they may be asso
ciated. The rate of removal will depend in part on the affinity for inorganic ligands. The 
mean concentrations of the unchanged elements are not alte red so strongly on transfer 
from river to oceans; however, they often are actively cycled by the biota and consequently 
will show marked spatial and temporal variations in concentrations [31]. 

For an influence of residence time on the Ce anomaly in seawater see pp. 191/2. 
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7.3.2 Migration, Removal, and Precipitation in Seawater 

7.3.2.1 Migration 

The mobility of Y and RE in seawater varies laterally and vertically and is dependent 
on several factors such as the physico-chemical properties of the elements, and the amount 
and composition of suspended matter in water, as weil as biological productivity. As is 
shown in the following, the forms of migration for Y and RE can be of inorganic or biogenous 
type (see pp. 70/1). 

Rare earth elements pass through the oceans in adsorbed or insoluble forms rather 
than in true solution [1]. The active migration of RE in surface waters of continental and 
coastal marine basins is mainly determined by sorption processes [2], and migration of 
La, Ce, and Eu primarily in suspended form is indicated by comparing the elemental compo
sition of bottom and suspended sediments from the Gulf of Riga, Baltic Sea [3]. On the 
average, 99.81 % of RE migrates in suspended form and only 0.19% in solution from rivers 
into seawater (with a higher soluble amount for the heavy RE; for details see p. 11) [4]. 
The lithogenic clastic forms of the hydrolyzing elements (including Y) in suspended matter 
are supplemented by more mobile forms arising from biological absorption of the elements 
from seawater and also from sorption on small particles of suspensate [5]. Rare earth 
elements not associated with suspensions (particles >0.7 J-l) or organisms migrate in solu
tion and account for the great mobility of the RE in the oceans, their transport being governed 
by hydrological and hydrochemical factors [6]. 

The particulate flux of RE to the oceans is governed by the sedimentary trap in the 
pericontinental zones. Since the concentration pattern of RE from river to sea shows no 
significant variation in the Gironde estuary, France, it is suggested that they are either 
lattice-held or quantitatively poorly reactive in the estuary [7]. A dominant continental com-
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ponent is indicated for RE in seawater and sediments from the Pacific Ocean (offshore 
Monterey, California, and the Galapagos ridge crest) and from four locations in the Sargasso 
Sea, Atlantic Ocean, suggesting that at least some of these very insoluble elements are 
capable of breaching the estuarine environment and entering the oceans [8]. 

Dissolution of settling particles transports RE within the upper 500 m of the water column 
at one station in the northeastern Atlantic Ocean, as can be inferred from the approximately 
linear correlation between nutrient level (contents of PO~~, N03 , Si02) and Nd concentra
tions. A more rapid decrease of nutrients relative to RE in the particulate phase du ring 
dissolution of settling particles in deep waters is indicated by a marked change in the 
slope of the correlation due to a relatively greater rate of increase with depth in Nd concentra
tions as compared to PO~~ or N03 [9]. Refer also to transport of RE to depth by particulate 
biological material which is supported by the slight similarity between the shale~normalized 
pattern of trivalent RE in deep~water ferromanganese nodules and foraminifera. A biogenic 
mechanism for the transport of RE to the sediments is supported by the higher concentrations 
of RE in the Pacific compared with the Atlantic Ocean and the similarity in both oceans 
of the RE distribution and the distribution of N03 and PO~~, two essential nutrients in 
the biological cycle, both increasing with depth. Sinking of organic matter may represent 
a significant flux of RE to the sea floor where they possibly may be incorporated into 
authigenic phases of pelagic sediments (see pp. 75/8) [10]. Since the RE profiles are dissimi
lar to the profiles both of phosphate (reflecting near~surface regeneration of soft tissues) 
and of silicate (reflecting deep~water regeneration of hard skeletal materials), except that 
all increase with depth (see pp. 39/40), a simple nutrient-like behavior of RE in seawater 
is considered to be unlikely for one station at 28°01'N, 25°59'W in the Cape Madeira abyssal 
plain, northern Atlantic Ocean. While for waters below the mixed layer (> 100 m) the behavior 
is nutrient-like (i.e., light RE following Si and heavy RE following P), surface waters do 
not behave in a nutrient-like manner (unlike RE, both silicate and phosphate show near-zero 
concentrations). From the general depth trends of RE, P, and Si contents and of alkalinity, 
it follows that planktonic material cannot account for the deep-water enrichment of light 
RE (for heavy RE little data are available), that RE contents in foraminiferal carbonate 
only account for the heavy RE enrichment, and that diatom algae can readily account for 
both light and heavy RE enrichments. Large particles from sediment traps show a large 
excess of RE compared with the levels needed to satisfy the deep-water enrichments, 
as is suggested by the RE/P, RE/Si, and RE/Ca ratios of this material. Hence it is proposed 
that the RE are selectively removed from solution in surface waters by scavenging, with 
a more efficient removal of the light RE compared with the heavy RE (consistent with a 
heavy RE enrichment due to the increasing stability of complexes with seawater ligands 
or with a differential adsorption of RE on solid phases, see p. 32). While fractionation of 
the trivalent RE shows a maximum at the base of the mixed layer, indicating that the surface 
removal processes are restricted to this zone, the negative Ce anomaly develops at a 
depth of 500 m or more, pointing presumably to the oxidation of CeH to the less soluble 
tetravalent state. In addition to surface removal, there is tentative evidence of deep~water 
rem oval below ~2 km, as is indicated by the negative curvatures in plots of RE vs. the 
conservative tracers temperature or salinity. However, the deep circulation of the Atlantic 
is complex, and deep-water scavenging is not necessarily implied [11]. Although the increas
ing trend of individual RE (except Ce) with depth slightly resembles the distribution of 
nutrients (especially silicate) at the station mentioned before and at one station in the 
Sargasso Sea, northwestern Atlantic Ocean, it is suggested that most of the processes 
governing the RE transport cycle are different from those controlling the nutrients, and 
any RE incorporation by biogenic phases does not seem essentially to control the vertical 
distributions. In the upper water column, RE and nutrient profiles diverge appreciably. While 
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the RE continue their linear increase up to the surface, the nutrients decrease to very 
Low vaLues. Removal of Lu is sLow for depths beLow 1000 m compared with LocaL renewal 
rates of the deeper water masses, since Lu shows a strong positiveLy correLated linear 
relationship vs. silicate (an approximateLy conservative tracer in the deep northwestern 
AtLantic Ocean). Efficient scavenging for the lighter RE reLative to Lu, however, is indicated 
by pLots of the other RE vs. silicate showing increasingLy negative curvatures with decreasing 
atomic number which, together with the heavy RE enrichment, is consistent with adsorptive 
scavenging over the entire water coLumn combined with arelease at or near the sea fLoor. 
Based on a modified version of a verticaL scavenging modeL, preliminary caLcuLations for 
deep water (> 1000 m) suggest that the rate of rem ovaL for La and Pr is about twice that 
for Lu, but about four times that of Lu for Ce. Thus the change in oxidation state approximateLy 
doubLes the removal efficiency for Ce in the Sargasso Sea. Oxidative scavenging removal 
in surface water aLso causes a decrease in extent of the observed positive Ce anomaLy 
(see pp. 38/9) and Ce itself in the offshore direction [12]. 

A compLex transport mechanism on a short time scaLe which does not depend on factors 
infLuencing LocaL temperature and salinity variations is suggested for Nd (and Sm) in seawa
ter from the Drake Passage, from the BeLlinghausen PLain, and from the centraL Pacific 
Ocean, since Nd concentrations exhibit a reguLar increase with depth (see pp. 42/3). Removal 
of Nd from near-surface waters by settLing particLes (with continuous resoLution during 
settling) coupLed with verticaL transport or circuLations might provide a net effective LocaL 
source of increased Nd concentrations at depth [13]. Refer aLso to compLexities in the trans
port mechanisms of the RE into and out of seawater, indicated by enrichment factors f5m/Nd 

(reLative to a chondritic uniform reservoir; for detaiLs see originaL paper) in seawater and 
ferromanganese sediments from the Pacific Ocean wh ich range for seawater between -0.39 
and -0.421 (or -0.5 as based on data from [14] and [15]) and for ferromanganese sediments 
between -0.2 and -0.4. The ratios of seawater are typicaL of continentaL vaLues, but the 
variation of f5m/Nd in the sediments is not consistent with a steady-state modeL for the 
input vs. output of eLements in seawater [16]. Some type of particLe transport of Nd and 
Sm to depLete the surface and enrich the deep waters is required to account for the concen
tration gradients observed at one station in the northeastern AtLantic Ocean (see pp. 42/3) 
[9]. 

As shown in experiments with radionuclides added to seawater from the equatoriaL 
Pacific Ocean, the migration of 144Ce and 91y in seawater depends on the state of the 
isotopes, specific adsorption Laws, coLLoid formation, and other factors infLuencing their 
behavior in soLution. Further, secondary dissoLution, mineralization of suspended matter, 
and bioLogicaL processes contribute to the migration of radionuclides in suspension (i.e., 
the amount retained by an ultrafilter). The quantities of 144Ce and 91y extracted by suspension 
depend on the properties and granuLometric composition of the suspension (see p. 28) [17]. 

Inorganic scavenging or bioLogicaL uptake can aLso be responsibLe for the conveyance 
of RE from surface to deeper waters (see p. 43) [14]. VerticaL biogenous transport by diatoms 
in Antarctic waters and by foraminiferaL pLanktonic organisms north of the zone of the 
Antarctic convergence obviousLy produces a RE deficiency in surface seawater, e.g., in 
the Indian Ocean near the Princess RagnhiLd Coast, Antarctica [18]. A significant infLuence 
on the verticaL distribution of RE by bioLogicaL action occurs onLy in areas of high productivity 
and high density of organisms, usuaLLy Located near continents with upweLLing water or 
addition of nutrients from continentaL runoff [19]. Refer aLso to the settLing of faecaL peLLets 
and aggregates as the most important verticaL transport mechanism of severaL eLements 
(incLuding Eu) from the surface to the depth of oceans, whiLe direct settLing of pLanktonic 
detritaL materiaLs and fineLy suspended particLes is shown to be an unimportant transport 
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mechanism in the northern Atlantic Ocean for the biophile elements La, Ce, Sm, and Eu, 
which show in marine plankton enrichment factors E~,;C; 10 (E~, = concentration ratio of ele
ment i to Al in the sample compared to this ratio in oceanic pelagic clay) [20]. Faecal 
pellet flux is a major contribution to the biogenie vertical transport of Ce, Eu, and other 
elements in Mediterranean surface seawater off Monaco, thus possibly being an important 
factor influencing their oceanic residence time. The degree to wh ich faecal pellets and 
other biogenie debris transport their trace element load to depth will be a function of trace 
element regeneration time for these sinking materials [21]. Sorption and absorption of most 
of trace elements from seawater by organic matter can be factors keeping their contents ' 
constant in the ocean. The influence of sorption is ascertained by the corresponding coeffi
eients of migration in water and coefficients of thalassophility (see p. 63) of most of the 
trace elements (including RE) [22]. 

Two biological transport mechanisms of RE from surface to deep waters are suggested: 
(1) the source in deep waters may be solid phases resulting from the death of organisms 
or from the formation of metabolie debris which fall through the water column and undergo 
oxidation; (2) dissolved species may be adsorbed onto the disorganized masses of organic 
matter resulting in a net transfer from the upper to the lower water layers [23]. A rather 
simplified model for the transport of metals (including RE) by plankton and pteropod tests 
(trapping some trace elements) into the deep ocean is as folIows: During dissolution of 
the CaC03 of the tests below the carbonate compensation depth, small Fe-rich flocks, carry
ing the RE, will be released to the water column. Although the insolubility of these flocks 
at all depths of normal ocean environment will not return the metals into true solution, 
the extremely small size of the flocks (on the order of tenth of microns) will assure that 
they will behave as a "dissolved" phase. An authigenic component is strongly represented, 
if not actually dominant, in the pteropod tests, since their Ce/La ratios are lower than 
that ratio in any suitable detrital material and since extensive overlap exists between the 
ratios in pteropods and in seawater. The strong coupling of the elements Fe, Sc, La, Ce, 
and Th indicates that this authigenic component is carried by an Fe phase (hydrated oxide 
or phosphate) [24]. As a main product of nutrition, Fe probably plays a unique role as 
a carrier of fission products (including 144Ce and 91y) and prornotes their involvement in 
an active biological cycle [25]. Humic acids are significant in the transport of some trace 
elements (including Eu) in the marine food chain, as is shown in experiments with humic 
acids isolated from offshore sediments from the northern Adriatic Sea [26]. Due to floccula
tion of humic substances (mixtures of aromatic, phenolic, and carboxylic acids) comprising 
only a small part of the total dissolved organic matter, 50 to 80% of "dissolved" RE is 
removed over a salinity range of 0 to 10%0 (possibly with a fractionation of the RE) during 
estuarine mixing in the water of Luce Bay, Wigtownshire, western Scotland [27]. To the 
contrary, Er-Si relationships varying with location (as observed for seawater from the north
ern and southern Pacific and northern Atlantic oceans) and RE concentrations varying in 
waters with identical nutrient levels (as reported for Sm, Nd, Dy, and Er in the southern 
Pacific Ocean) contradict a simple cycling of RE with nutrients in seawater [28]. 

The major transport mechanism for Y and RE and some radionuclides, e.g., 144Ce, from 
the mixed layer into the deeper waters of the ocean is affected through the influence of 
gravity on faecal pellets, moults, and carcasses with direct biological transport accounting 
for ::; 10% of total movement toward the bottom of the sea. Where the transport by faecal 
pellets, moulds, and dead organisms constitutes 299% of total biological transport, the 
total RE content strongly increases with depth [19]. Associated with particles sinking at 
~100 m/month or a little slower, 144Ce is removed from seawater at various stations studied 
between 1956 and 1958 in the Atlantic Ocean (between approximately 400 N to 80 S and 
7 to 78°W). Preferential retention of Ce in the water even at very efficient RE removal 
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is confirmed by high Ce/Pm ratios of two samples from Bimini Islands (Bahamas). Reduction 
of Ce4+ before adsorption may well occur near organic debris of lower density. Surfaces 
of large zooplankton (;:::0.1 mm) are rarely significant in lanthanide sinking, for only <0.1% 
of 144Ce is removed in this fraction [29]. Rapid sinking of 144Ce at, possibly, a rate of 400 m/ 
month in deep layers of seawater collected during 1963 and 1964 around Japan is indicated 
by the uniform vertical distribution of the radionuclide through 500 to 6000 m thick layers [30]. 

Significant movement of fallout 144Ce with particles between 1956 and 1960 is reported 
for surface water from 60 stations in the Atlantic Ocean [31]. A maximum of 144Ce activity 
at ~700 m depth in the Caribbean Sea and in the Norwegian Sea outflow (at one station 
each) represents sinking populations of labelled particles (attributable to the spring 1959 
delivery maximum) [32]. Refer also to 144Ce peaks at 700 m (in the Atlantic at 15°32'N 
in 1960) and at 1000 m (in the Caribbean Sea at 0013'S in 1961) suggesting a slow sinking 
rate of ~ 1000 m/2.5 yrs. Some of the observed secondary maxima of 144Ce at various depth 
in the latitudinal hydrographie profiles are interpreted as local concentrations of sinking 
particles whereas others appear to represent retention in the bodies of plankton swarms. 
The very high RE concentration at 100 m in 1961 indicates that the RE, after introduction, 
can have had no significant vertical velocity other than due to water movement [33]. In 
contrast, biological or particulate settling of 144Ce is considered to be an insignificant factor 
for three vertical profiles in the northern Atlantic Ocean, where <5 to 10% of the measured 
radioactivity is in the insoluble fraction (separated by 0.3 ~m filters), and a constant ratio 
of soluble to insoluble torms occurs throughout the water column [34]; see also depth 
profiles sampled in 1968 and 1969 for the northern Pacific Ocean, where 144Ce removal 
trom the water column by particulate settling or biological activity seems to be insignificant, 
since the quantity associated with the particulate fraction is < 10% ot the total activity [35]. 
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7.3.2.2 Removal and Precipitation 

Seawater 

Scavenging of RE in seawater is very efficient, as the concentrations of RE in seawater 
are among the lowest observed for stable elements which is not due primarily to low crustal 
abundances [1]. Barite (see p. 78), the minerals of manganese nodules (see pp. 75/7), phos
phorites, and ocean-ridge hydrothermal (metalliferous) sediments (see pp. 77/8) are the 
most important hydrogenous minerals removing RE from seawater [2, p. 358]; compare 
that assimilation by ferromanganese minerals at least partly causes undersaturation of 
RE in seawater [3]. Various complex and interrelated factors determine removal or precipita
ti on of elements from the pa re nt solution. Two simultaneous and often equally important 
factors contribute to the fractionation of RE between a precipitate and its solution: (1) crystal
lographic effects of cation substitution, and (2) solution effects of ion complexation [4]. Gener
ally, the incorporation of the RE into hydrogenous minerals or biogenic phases and simple 
inorganic precipitation resulting from the concentration limits of the insoluble salts of the 
RE can remove RE from seawater and control their concentrations in water [2, p. 354]. 
However, their solution chemistry alone cannot be the reason for effective removal of the 
RE from seawater, since their concentrations in water are several orders of magnitude 
below the concentration limits set by their insoluble salts and their effective complexing 
should favor higher concentrations in sea- than in river water. The differences in behavior 
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within the RE series (enrichment relative to chondritic minerals of the cerian against the 
yttrian earths in most hydrogenous minerals [5]) confirm ion capture to be effective in remov
ing lanthanides from solution; particularly where new minerals are formed in the oceans, 
lanthanides are enriched in various authigenic phases (e.g., ferromanganese nodules, 
phosphorite, glauconile) and in foraminiferal tests [1]. Compare also different RE patterns 
of seawater, both their deviation from those of river water and their fractionation from 
shales, caused by the RE distribution among authigenic phases (e.g., ferromanganese nod
ules, amorphous metal hydroxides, barite, phillipsite, montmorillonite) and biogenic phases 
of marine sediments (e.g., CaC03 tests of planktonic organisms, fish-bone apatite), Le., 
phases that formed directly from seawater [6, pp. 292/3]. Since ion capture only becomes 
apparent when the elements are held in a reservoir with a long retention time (at least 
several thousand years), it is likely that oceans are depleted in lanthanides relative to 
the world's rivers. The preferential enrichment of light RE (La through Eu) in most hydrogen
ous minerals probably arises because the effect of the increasing polarizing power of the 
cation on going from La to Lu is outweighted by the higher coordination number which 
enables the larger, lighter cations to accomodate in oxide lattices, thus favoring their cap
ture [1]. 

The Intensity 01 RE precipitation with, or uptake by ferromanganese nodules or metallife
rous sediments is influenced by the sedimentation rate prevailing at the special deep-sea 
area. Thus the entire mid-ocean ridge system is considered as a significant sink for RE, 
if the accumulation rate of Fe is as great as >30 mg/cm3/1000 yrs. [7]. Coprecipitation 
of RE with Fe and Mn hydroxides and sorption on these hydroxides in seawater and at 
the sediment-water interface, being effective when sedimentation rate decreases, result 
in an accumulation of RE (especially of Ce due to its oxidation) in ferromanganese nodules 
and red clays from the Pacific Ocean with the RE first following Mn and then following 
Fe from the littoral (Uchina Bay, Japan) to the pelagic zone (northwestern basin) [8, p. 1185]. 
With long exposure on surfaces at great ocean depth (with very slow sediment accumulation 
rates), resorption of RE, released from the dissolving apatite of fish debris which incorporates 
RE from seawater (see pp. 78/9), causes addition of large amounts in the secondary layer 
of manganites to any RE already taken up in manganese nodules, while in pelagic clays 
and oozes with a higher rate of sedimentation the fish debris is largely preserved and 
micronodules are lower in RE [9]. Sorption of RE by slowly coagulating and precipitating 
gels of Fe and Mn hydroxides with a surface adsorption considerably higher than that 
of terrigenous suspended matter presumably occurs in ferromanganese and carbonate 
(mainly foraminiferal) oozes from four stations in the Bauer basin, East Pacific Rise, which 
show RE contents very similar to those of seawater. Extremely low sedimentation rates, 
indicated by the very low RE contents in seawater (~20 x 10-6 gll) in the presence of high 
RE accumulation in the ferromanganese and foraminiferal oozes (~1000 and 200 gll, respec
tively) seem to favor the precipitation of dissolved RE. Moreover, the residence time of 
terrigenous suspended matter is insufficient for complete extraction of RE from seawater, 
and due to considerably higher surfaces, the sorption capacity of Fe and Mn gels is often 
higher than that of terrigenous suspension [10]. Compare also p. 77 for a higher adsorption 
of RE by metal-rich sediments from areas with slow sedimentation rates. Precipitation from 
the overlying waters during slow deposition, besides diagenetic changes in postdepositional 
stages, essentially causes the increased RE concentrations in red clays from the abyssal 
hill province of the northwestern Atlantic Ocean (depth >5000 m). These precipitations can 
be termed as the hydrogenous phase of the sediments (hydrogenous precipitation) [11]. 

As is only exemplified in the following, removal of Y and/or RE from seawater occurs 
mainly via seHlIng particles comprising, e.g., inorganic suspensions (clay or mineral frag
ments, colloidal precipitates of oxides or hydroxides of Fe and Mn) or biogenous detritus; 
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direct removal from solution is minor. Compare direct precipitation from seawater as the 
source of RE (except of Ce) in sea-floor sediments (ferromanganese nodules and associated 
sediments) considered unlikely, since seawater is highly undersaturated with respect to 
trivalent RE salts, and rather association with settling particles is suggested as primary 
RE input (see p. 69) [12]. 

Sound to inorganic suspensions, RE fall down to sediments with two different groups 
of minerals: The larger part enters sediment with terrigenous clay particles; the second 
part of RE reaches the sediment with colloidal hydroxides of Fe or Mn and other compounds 
which are introduced partly from shore and partly formed in the water by oxidation, hydroly
sis, and coagulation of dissolved elements. Due to leaching of Y and heavy RE from the 
clay particles during sedimentation (see p. 2), the solid phase of clay material falling down 
to the ocean floor is relatively enriched in elements of the cerian subgroup, and during 
sedimentation of the colloidal hydroxides, light RE (mainly Ce) are extracted from the water 
[13, p. 593]. Association with settling particles (Fe-oxyhydroxide coatings and flocks asso
ciated with biogenous debris) is supposed as the primary input of RE to the sea floor 
[12]. Rare earth elements adsorbed to large particulate matter will tend to sink to the bottom 
or to the appropriate density layer within the water column and, except for bottom feeding 
organisms, will be essentially removed fram further distribution [14]. During horizontal and 
vertical migration, suspended matter assimilates the preferentially hydrolyzed CeH and 
intermediate RE from shelf water by sorption and transports them to the bottom, as is 
found at one station from the Californian coast, Pacific Ocean [15]. As mineral fragments 
and as suspension, Y and Yb (and Ce?) are carried to the bottom sediments of the Slack 
Sea [16]. 

Removal from seawater by calcite and possibly other biogenic phases followed by a 
subsequent transport to sediments is suggested for RE in ferramanganese nodules of the 
Pacific Ocean because their shale-normalized RE distribution patterns show a similarity 
in depth for the change between shallow- and deep-water nodule type at ~3500 m with 
the depth of ~3700 m for the lysocline (depth at which CaC03 is significantly soluble); 
the RE patterns are without extense fractionation for the shallow-water nodules above 
3500 m and show strong fractionation for the deep-water nodules [17]. 

The removal of La and Ce fram seawater, or their transfer from surface to deeper waters 
or to the sediments may be enhanced by the biological cycles in which phosphate is regener
ated by decomposition of organic detritus descending thraugh the water column. The solubili
ty of phosphate appears to contral their concentrations in seawater, keeping them at a 
remarkably low level [18]. Some unidentified solid, such as organic matter which later 
is dissolved and not necessarily the apatite itself, possibly carries RE to the sediment 
where they are sorbed to the surface of microcrystalline apatite of skeletal debris (see 
p.74) [9]. During sedimentation of sapropelites in the Slack Sea, organic matter extracts 
RE dissolved in water. Since Y forms the most stable complex compounds with organic 
and inorganic anions, suspended organic matter sinking down to the bottom for the most 
part combines with elements of the Y subgroup [19, pp. 154/5]. Ingestion by organisms, 
absorption to surfaces or ion exchange, and rem oval to deeper waters by processes of 
sedimentation occur for 144Ce in the Gulf of Mexico [20]. Inspect further pp. 78/9 for RE 
intraduction into sediments with biogenous matter. 

Incorporation of RE in manganese nodules occurs by direct precipitation of the REH hy
droxides from seawater at an essentially constant rate. Since RE concentrations of nodules 
appear to be a function of the logarithm of the solubility product rather than the solubility 
product itself, and since trivalent RE are undersaturated in seawater with respect to their 
hydroxides by several orders of magnitude, it is suggested that this relationship is a kinetic 
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rather than a thermodynamic one and that the rate-determining step for RE incorporation 
is the adsorption of the trivalent RE ions on the surface of the noduLe. The tendency of 
RE to precipitate may, however, be infLuenced by other factors such as the degree of com
pLexation with organic Ligands or carbonate species, since the thermodynamic properties 
of the RE depend on ionic radii. Variations in the absoLute abundance of RE in seawater 
seem to have no effect on their abundance in manganese noduLes, since onLy minor varia
tions in absoLute contents occur between different water masses [21]. Direct precipitation 
from seawater probabLy occurs for RE in one deep-water ferromanganese noduLe from 
the Pacific Ocean (at 400 14'N, 155°52'W; depth 5000 m). A much higher abundance of Ce 
reLative to La and Pr in the ferromanganese noduLe than in seawater or phosphorite is 
expLained by oxidation of Ce and its incorporation by the Mn02 Lattice [22]. Incorporation 
of RE present in seawater is reported for deep-sea manganese noduLes and micronoduLes 
from the abyssaL hiLL province, northwestern AtLantic Ocean (depth >5000 m) [11]. Precipita
tion from seawater suppLies Eu into pore waters from the western manganese noduLe beLt 
between the CLarion and Clipperton fracture zones, centraL Pacific Ocean [23]. 

Introduction of RE together with coLLoidaL Fe and Mn hydroxides is supposed for ferroman
ganese noduLes from 23 stations at various parts of the Pacific and Indian oceans which 
show a dominant accumuLation of Ce and Pr and a reLative impoverishment of Y, owing 
to processes taking pLace in the ocean water (see aLso p. 75). WhiLe, depending on the 
conditions, Fe hydroxide acts as a coprecipitant for RE in soLution to variabLe degrees, 
the reLation of Lanthanides to hydrated Mn02 may be sorption and of a chemicaL nature. 
Lanthanides apparentLy may enter Mn mineraLs (chiefLy polypermanganates) in noduLes, 
repLacing divaLent eLements such as Cu, Co, Ni, Ba, and others [13, pp. 592/3]. Compare 
aLso incorporation of RE in ferromanganese noduLes by coprecipitation with Fe and Mn 
hydroxides after the RE having been reLeased from inorganic particLes, as is stated for 
two stations each from the Pacific and Indian oceans. During this deveLopment aRE fractiona
tion occurs due to the increasing stabiLity of RE to form compLexes with increase of its 
atomic number. Thus the Light RE show a greater tendency to coprecipitate with hydroxides 
and the heavy RE remain Longer in soLution. The preferentiaL hydrolysis of Ce compounds, 
caused by oxidation of Ce to the tetravalent state, acceLerates its passage into bottom 
deposits [24]. The differences in shaLe-normaLized RE patterns for various shaLLow- and 
deep-water noduLes from the Pacific Ocean (see p. 75) may be expLained partLy by coprecipi
tation of the RE with Fe and Mn phases; the positive Ce anomaLy in noduLes and the 
negative Ce anomaLy in seawater are the main evidences for a precipitative origin of RE 
in noduLes [17]. The suggestion that RE in noduLes may be derived from terrigenous materiaL 
seitling onto noduLes [25] rather than from seawater is not supported by shaLe-normaLized 
RE distribution patterns for shaLLow-water noduLes from both the Pacific and AtLantic oceans 
[6, p. 297]. 

A controL of the RE baLance in seawater by precipitation with manganese noduLes is 
indicated to some extent by the RE abundance pattern for seawater with a negative Ce 
anomaLy, whiLe the noduLes have a positive anomaLy. However, steady-state considerations 
(assuming the enrichment factor fSm/Nd of -0.390 for the North American shaLe composite 
as the correct vaLue for fSm/Nd in the dissoLved component of RE runoff from the continents) 
indicate that ferromanganese sediments cannot be the onLy major sink for RE in the oceans. 
There must be other sedimentary deposits with fSm/Nd vaLues (and Ce abundances) which 
wouLd baLance the RE abundance in ferromanganese deposits with those in ocean water 
[27, pp. 133/4]. See aLso, ferromanganese deposits being of minor importance in the overaLL 
Nd budget of the oceans, whiLe peLagic cLays are considered as the Largest repository 
of Nd. ALthough ferromanganese noduLes possess a higher Nd concentration than peLagic 
cLays, the ratio of the Nd accumuLation rate in noduLes reLative to that in peLagic cLays 
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is estimated to be ~ 0.05 and is further limited to be ~ 0.05 by the more restricted occurrence 
of noduLes. If the dissoLved Nd concentration in seawater is at steady state, the excess 
Nd in river water (with the dissoLved Nd concentration over one order of magnitude higher 
than in seawater) must be sequestered by particuLate matter in the oceans and may constitute 
a portion of the Nd in the hydrogenous component of peLagic cLays [28]. 

Enrichment of Ce by preferentiaL adsorption or other mechanisms is evidenced by the 
Lower La/Ce ratios (gene raLLy < 1) for ferromanganese crusts from the Juan de Fuca ridge, 
the East Pacific Rise, and the Mid-AtLantic Ridge [26]. 

WhiLe most ferromanganese noduLes preferentiaLLy remove Ce from seawater, the chemi
caLLy and mineraLogicaLLy simiLar metaLLiferous sediments may preferentiaLLy reject Ce [29]; 
e.g., the different behavior of Ce with a positive anomaLy in four sampLes of ferromanganese 
noduLes from the northern Pacific Ocean and a negative anomaLy in metaLLiferous sediments 
from the East Pacific Rise is a function of the mechanism of RE removal from seawater 
[30]. Coprecipitation or sorption from seawater probabLy incorporates RE into metaL-rich 
sediments from the East Pacific Rise at 12° to 14°S, from the Bauer basin (~70 km east 
of the East Pacific Rise), and from the centraL northern Pacific Ocean. SLow sedimentation 
rates, indicated by the high percentage of fish debris, permit more adsorption of RE from 
seawater. The chondrite-normaLized RE abundance patterns for six of the eight sampLes 
from the centraL northern Pacific and from the Bauer basin are simiLar to that of seawater; 
a Ce depLetion is evident in aLL sampLes, which distinguishes these sediments from typicaL 
ferromanganese noduLes. Due to the reported spread of Ce/Sm ratios in seawater (1.6 
to 6.5 from [31]), it is uncertain whether these metaLliferous sediments with Low ratios actuaLLy 
have been depLeted in Ce reLative to seawater, but the data suggest some fractionation 
of Ce reLative to the other RE during their coprecipitation with Fe hydroxides [29]. Incorpora
tion of smaLL amounts of La and Ce from seawater into (pseudo)hydrothermaL *) Mn- and 
Fe-rich crusts (Mn-rich crusts from the Mid-AtLantic Ridge and from the GaLapagos spread
ing center, Fe-rich deposits from the DeLLwood seamount, northeastern Pacific Ocean, and 
from a seamount at 19°5 near the East Pacific Rise) with onLy minor subsequent enrichment 
of Ce probabLy resuLts in a Ce depLetion in the shaLe-normaLized RE patterns of these 
crusts with high La/Ce ratios approaching the seawater vaLue of 2.8 (after [31]), and the 
rapid accumuLation rate of these deposits may inhibit the subsequent Ce enrichment which 
occurs to most other ferromanganese deposits [26]. Introduction of RE by coprecipitation 
with amorphous Fe-Mn phases, precipitating near hydrothermal vents, without fractionation 
is reported for metaLLiferous sediments from the Bauer basin, coprecipitation of RE with 
Fe hydroxide being a weLL-known process for removing these eLements from soLution without 
fractionation [32]. Adsorption or coprecipitation with the Mn-Fe fraction of one sediment 
core from the East Pacific Rise at 17°S removes most 01 RE without fractionation from 
seawater [33]; reler aLso to incorporation 01 RE without significant fractionation in crestaL 
sediments, East Pacific Rise, with the adsorption 01 RE Irom seawater onto hydrated ferric 
Fe phases (representing up to 15% 01 these sediments) possibLy accounting for the greater 
fraction of RE. Within flank sediments, showing a covariance of Eu and AL20 3 , the contribution 
of RE from seawater is significant [7]. Scavenging 01 Light RE by oxidation products 01 
Mn and Fe discharged with hydrothermal effLuents causes fractionation of RE in seawater 
Irom the northern (Marianas Trench at 18°N and a mounds lieLd some 60 km west of the 
main extrusion zone) and southern part of the Pacific Ocean (East Pacific Rise at 19°5), 
as is supported by normaLizing the resuLts Irom 2500 m depth at these vent sites to data 
lrom the northern AtLantic Ocean and by the 10LLowing lines of evidence: (1) shaLe-normalized 

*) Being not 01 primary magmatic origin, but lormed lrom seawater circuLating aLong cracks 
through hot basaLtic depositions. 
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RE patterns from the Marianas Trench become more light-RE depleted with increasing 
depth, and the Ce anomaly becomes increasingly negative with depth; (2) the trends of 
the East Pacific Rise depth profiles for Nd, Sm, Dy, and Er suggest anomalously low concen
trations below 2 km at off-axis stations and no anomalously high concentrations at on-axis 
stations; (3) scavenging by hydrothermal products is plausible because Mn anomalies per
sist at depths below 2 km even at locations 800 to 1400 km away from the vent fields, 
establishing a link with hydrothermal activity on the rise crest, and, in addition, fine-grained 
Fe colloids can possibly be important scavengers at these remote locations; and (4) differ
ences between on- and off-axis stations disappear above 2 km, and the variability below 
this depth decreases systematically with increasing atomic number, suggesting a greater 
degree of scavenging in the plume with the light RE being more reactive. Since precipitation 
of Mn and Fe oxides is ubiquitous in natural waters, fractionation of RE during the scavenging 
process may well fix the RE pattern of seawater [34]. 

Precipitation or fixation of RE from a seawater source is responsible for RE enrichment 
and the Ce depletion in phosphorites [38]. Direct precipitation from seawater is assumed 
for RE in one oceanic phosphorite sample (depth 100 m) off the continental shelf of Magda
lena Bay, California [22], and introduction of RE from bottom water and sludge into a phos
phorite nodule through an exchange mechanism (Ca ~ RE) occurs at one station (No. 4214) 
at the California shelf, since shelf mud is in contact with seawater for a long period of 
time [15]. 

Precipitation of RE from seawater also occurs with microcrystalline barite deposition 
in deep-sea or shallow-marine sediments, and both formations subsequently (and not al
ways clearly distinguished from, or distinguishable) may suffer diagenetic changes. In gener
al, deep-sea barites have large RE concentrations (as do other authigenic deep-sea miner
als) and display the chrondrite-normalized Eu minimum, but not the negative Ce anomaly 
of seawater; barites of shallow-marine origin display lower total RE contents. This RE 
distribution can be attributed both to crystallographic constraints of substitution, and to 
solution complexing of RE in the precipitating medium, for details see original paper [4]. 
See also diagenetic barite in "Rare Earth Elements" A6a, 1988, pp. 129/30. 

Very low RE concentrations in salts (polyhalite and anhydrite) of the Salado formation, 
southeastern New Mexico, reflect the composition in the seawater during deposition. A 
negative Ce anomaly, though not nearly as pronounced as in seawater, and an enrichment 
of heavy relative to light RE probably are caused by ion exchange between the above 
minerals and the evaporite brine solution (wh ich most probably exhibited a strong negative 
Ce anomaly). Light RE probably were leached from accompanying detrital clays or replaced 
by Ca2 + and Na + from the brine solution [40]. 

Rare earth eLements can further be introduced into oceanic sediments with suspensions 
of biogenous maUer, as is shown for various parts of the Pacific and Indian oceans [13, 
pp. 581, 593]. Growth of calcareous plankton tests is considered as the main way in which 
organisms remove RE from seawater, for Globigerina tests have higher RE contents than 
seawater. In addition, RE in Globigerina are fractionated mutually as in sediments in general, 
and not as in seawater, suggesting that the light RE preferentially are incorporated by 
these plankton tests [35]. In contrast, the shale-normalized RE pattern of biogenous calcite 
(foraminifera) from an eastern Pacific core sample does not show a depletion in heavy 
relative to intermediate RE and is indistinguishable from that of seawater, suggesting that 
planktonic carbonate does not preferentially incorporate any RE [12]. Since RE follows Fe 
concentrations in pteropod tests from the southern Atlantic Ocean and the Gulf of Aquaba 
and in bulk plankton samples from Long Island Sound, northern Atlantic Ocean, coprecipita
ti on of RE by either hydrated ferric oxides or ferric phosphate is assumed [36]. Superficial 
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sorption of RE (? partLy during diagenetic alteration, see" Rare Earth Elements" A6a, 1988, 
p. 135) from seawater is reported for microcrystalline apatite of skeletal fish debris which 
contains several percent of RE in the apatite phase [9] and for settLed biogenous debris 
on the sea floor [12]. In view of the strong chemical affinity between P and RE, extraction 
by bone phosphate of the entire spectrum of RE characteristic for seawater occurs especially 
at the contact sediment-bottom water in red clays of the littoral (Uchima Say, Japan) and 
pelagic zones of the northwestern Pacific Ocean. Sediments enriched in bone phosphate 
have a high total RE content with an enrichment of yttrian earths and especially of Y [8, 
pp. 1178, 1183]. In contrast to oceanic ferromanganese nodules with their RE associated 
with hydroxides of trivalent Fe and precipitation (especially of Ce and Pr) with polyperman
ganate at the bottom (see p. 76), in ferromanganese nodules at four stations of the Slack 
Sea high concentrations of phosphate introduced into muddy and near-bottom waters during 
nodule formation lead to a bonding of total RE and, especially, of Y (since Y concentrations 
in water are higher than those of the other RE dissolved in water) [19, pp. 157/8]; see 
also accumulation of Y in Slack Sea ferromanganese nodules wh ich probably is due to 
processes taking place in the bottom layer of water (with a considerable concentration 
of soluble phosphates) which causes the RE (mainly the heavy yttrian earths) dissolved 
in water to become fixed. SubsequentLy, RE enter ferromanganese nodules together with 
Fe phosphate [37]. 

Sesides the biogenous matter, biological processes cause environmental changes by 
wh ich trace elements (including Y and La) are removed and precipitated in the Gulf of 
Sevastopol, Slack Sea, USSR. The overall cycle depends on salinity of water, on pH of 
water and suspended matter, on the amount of heterotrophic bacteria in suspension, on 
content of organic phosphor, and on other factors [39]. 

Processes of sorption, precipitation, and coprecipitation may cause local accumuLations 
01 radioisotopes (e.g., of 144Ce) in sediments, plankton, and other materials suspended in 
the marine environment. The diffusion of radionuclides into the sediments, expressed by 
the diffusion coefficient (for details see original paper and [41]), is influenced by nuclide 
concentration and granulometric composition of sediment and suspended matter in water, 
by salinity, and by the electric potential (describing the attraction of the radionuclides on 
the surface of sediments) [42]. See also, radionuclides of Ce in seawater are absorbed, 
coprecipitated, and involved in ion exchange processes [43], and particles of 144Ce precipi
tate on the sea bottom and are difficult to dissolve [44]. Locally, deposition of 144Ce and 
91y on the sea floor (of the Slack Sea?) occurs after the death and autolysis of marine 
benthonic organisms (red, green, and brown algae, mOllusks, mussels, lobsters, and 
crabs) [45]. 

As follows from experiments using the most frequent silts from the Pacific and Indian 
oceans, the retention of 144Ce and 91y from seawater by oceanic bottom sediments, depend
ing directLy on the surface area and chemical composition of the sediment, is a complicated 
physical and chemical process including the mechanical retention of colloidal particles 
of the elements by silts and the sorption of the radionuclide fraction which is present in 
seawater in truely dissolved form. Almost complete retention of 144Ce and 91y occurs with 
deep-sea silts containing >50% kaolinite in the finely dispersed fraction, ~85% is retained 
by tropical pelitic radiolarian ooze with > 16% amorphous silica (radiolaria and diatoms), 
and 80% by low-calcareous argillaceous silts. Sediments with high Ca content and volcanic 
sands have the lowest retention of ~60 and ~75%, respectively [46]. The reaction of 144Ce 
with sediments from 59 stations in open-ocean and coastal areas is probably connected 
with precipitation, since the half-time of sorption (10.5±4.4 days) is relatively large, and 
later the 144Ce is bound more strongly with another compound, resulting in more of the 
element being adsorbed on the sediment particles. The change in reaction on the sediment 
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particles may be related to aging (refer also to the next paragraph). Depending on sediment 
and radionuclide characteristics, 144Ce shows highest affinity for the fraction 8 to 16 11m 
wh ich is somewhat different from the general opinion that the affinity for a size fraction 
should be proportional to the surface of the particles [47]. For the influence of salinity 
on sorption and hydrolysis, see pp. 24/5. The degree of coprecipitation of fission product 
elements (including Y and Ce) also depends on the character of the solids, being colloidal 
or particulate [48]. and, as is shown for microamounts of 91y added to prefiltered seawater, 
a change in the physicochemical properties of radioyttrium in seawater will be reflected 
by the values of its adsorption and by accumulation coefficients [49]. Artificially added 
144Ce is separated from 91y predominantly as a precipitate, as shown in experiments with 
prefiltered water from the Pacific Ocean [54] and coprecipitation of 144Ce and 91y (added 
to seawater from the tropical Pacific Ocean) with ferric hydroxide occurs in the case of 
simultaneous penetration of Fe and the above radionuclides into water [55]. 

The association with a preformed solid phase rather than precipitation from solution 
as a simple solid phase is reported for 141Ce added to pretreated natural seawater samples, 
since the fraction of the added Ce tracer that appears as particulate in filtration or centrifuga
tion experiments depends on the source of the water, and this property may be alte red 
by storage. Reaction of 141Ce, added to precentrifuged seawater (to remove natural particles) 
may occur with the anions of seawater to produce insoluble compounds; CeH reacts strongly 
with hydroxide and can form the extremely insoluble hydroxide. With added concentrations 
of 0.01 and 0.1 Ilg/L CeH , 10 to 20% of Ce is removed by centrifugation; aging for 16 days 
does not increase the quantity removable, and with 10 to 501l9/L, 80 to 90% of Ce is 
centrifugable, most of this would also setUe out in five days as observed in replicates 
not centrifuged. Addition of CeH produced centrifugable particles more readily than CeH 

additions [50]. Compare that the equilibrium between natural and radioactive Ce introduced 
into seawater from Nakaminato City on the Pacific coast of Japan and into artificial seawater 
may be achieved after a fairly long time [51], since the residence time of natural Ce which 
precipitates as Ce02 in the sea is ~80 yrs. [22]. 

The precipitation percentage of trivalent 144Ce from aged seawater increases with in
creasing pH value [52]. For 90y added to natural seawater, at low pH values apredominant 
extraction by Zn(OH)2 is observed as against Fe(OHb and Al(OH)3' while with increasing 
pH the difference in the effectiveness of the collecting hydroxides is of the order Fe< Al < Zn, 
and is < 10% at pH 10 [53]. 

Differences in deposition rates of particles on the sea boUom are indicated by a wide 
variation for the ratios of mean concentration of 144Ce in coastal sediments and seawater 
for the period 1964 to 1972 for samples from Tokyo Bay and Ibaraki, Fukushima, and Fukui 
prefectures, all Japan. Compared with other radionuclides (e.g., 90Sr and 137CS), 144Ce shows 
the highest degree of removal from seawater, although concentrations in seawater were 
nearly in the same order of magnitude during the period studied which is considered to 
be due to the different physico-chemical behavior of each nuclide in seawater. The ratios 
(range and mean) of the 144Ce concentrations are as follows: 3700 to 22000, 13000 for 
the Tokyo Bay area; 500 to 70000, 19000 for the Ibaraki area; 2600 to 80000, 23000 for 
the Fukushima area; and 7500 to 110000, 41000 for the Fukui area [56]; refer also to the 
accumulation of 144Ce in coastal sediments for Tokyo Bay in 1964 to 1965 with the 144Ce/90Sr 
ratio in the sediments being higher than that in seawater along Fukushima prefecture [57]. 

Estuaries 

In estuaries precipitation on particulates usually affects elements with low dissolved 
transport index (ratio of dissolved transport to total transport) such as the lanthanides [58]. 
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Coprecipitation with ferric hydroxide can explain the decrease of dissolved RE in estuaries 
[59]; see also pp. 21/2. Possibly, RE can be removed by adsorption onto particulate matter 
(including faecal pellets of marine organisms) along the traverse of a stream and in the 
estuarine zone before reaching the ocean and are carried to the sediments [27, p. 136]. 
In areas of mixing of fresh water and seawater, adsorption of several radionuclides due 
to inorganic and organic processes possibly occurs in places of extensive scouring and 
resuspension of bottom sediments by tidal currents. Simultaneously precipitated colloids 
of Fe and Al may act as scavengers for 144Ce, wh ich would be rapidly sedimentated in 
estuarine regions by precipitation, coprecipitation, as weil as biological activity [60]. The 
deposition of fine particles in suspension leads to an obvious accumulation of sparingly 
soluble active isotopes (including 144Ce) in the area around lightship 'Elbe 1', North Sea. 
The concentration of 144Ce in sediments reached twice that in solution, although the incom
plete removal of solids by centrifugation may indicate a higher value of the concentration 
factor [61]. The coarseness of the sediment as weil as salinity and pH of water influence 
the adsorption of 144Ce and 91y on the bottom sediments of estuarine water of Osaka Bay, 
Japan, the highest adsorption occurring in the silt and clay fraction. Higher distribution 
coefficients in clay sediment occur at a chlorinity of 14 9 Cl/L and a pH of 7.3 in the water. 
Distribution coefficients of 144Ce in very fine sands being somewhat higher than in medium 
sands and the reverse observation for 91y are not explained [62]. 
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7.3.3 Migration, Removal, and Precipitation in Non-Marine Waters 

7.3.3.1 Migration 

In river water, RE migrate mainLy in suspended form, whiLe transport as coLLoids (mainLy 
of the Light and intermediate RE) and in dissoLved form is of minor importance. The migration 
in suspended form is favored by a decrease in carbonate concentration of river water 
(by degassing or absorption during bioLogicaL processes) and partiaL coaguLation of the 
dissoLved RE during diLution with meteoric water (accompanied bya breakdown of carbonate 
compLexes, especiaLLy those containing the Light RE). The highest migration ability in sus
pended form is reported for the Light RE which are concentrated in feldspar, mica, and 
the peLitic fraction of cLay materiaL [1); refer aLso to the important roLe of RE transport 
in suspended matter in rivers [2, p. 148). Rare earth eLements are carried to the oceans 
almost entireLy by river-particuLate matter (see aLso pp. 11/2), as is indicated by the dissoLved 
transport index DTI (i.e., the ratio of dissoLved transport to totaL transport) which is < 1 % 
for RE in severaL major worLd rivers and the Garonne River, France. Arranged in decreasing 
order, the percentage of dissoLved transport for the individuaL RE is as foLLows: 0.7 for 
Tm; 0.5 for Lu; 0.4 for Gd; 0.3 each for Er, Ho, La, Nd, Sm, and Yb; and 0.2 each for 
Ce, Eu, and Pr. ReLated to an average AL content, the fLux ratio FR = Clltheor/Cllobs. for the 
poorLy soLubLe eLements Ce, Eu, La, Nd, Sm, Tb, and Yb and their enrichment factor in 
suspended matter are near unity (since FR becomes the enrichment factor for eLements 
with DTI < 10%), i.e., the totaL amount carried by rivers is equivaLent to the theoreticaL 
fLux vaLue. The fLuxes are defined as Clltheor. = [x)lrMpmJAL)pmJ[ALhr. (with [x)lr. = average con
tent of eLement x in the surficiaL fresh rock, [AL)pm. = average AL content in river-particuLate 
matter, [AL)lr. = average AL conte nt in the surficiaL fresh rock, and Mpm. = annuaL river-particu
Late discharge to the ocean ~ 15000 x 106 t/yr., [AL)pmJ[AL)lr. = 1.36) and Cllobs. = [x)SOI.Q+ 
[x)pmMpm. (with [x)SOI. = average dissoLved content of eLement x in rivers, Q=annuaL river 
water discharge to the ocean =37400 km3/yr.) [3). River-suspended matter carries between 
99 and 99.9% of RE in the Gironde River, France, with the amount of RE in the solid 
phase possibLy decreasing to 64% in the upper course of the river and decreasing even 
more in fiLtered water (e.g., ground water) [4). At four stations of the rivers Thames and 
Kennet, Great Britain, La is transported mainLy in particuLate form [5). The migration forms 
of La, Ce, and Sm, prevaiLing in surface waters of the Norwegian rivers GLomma (Fetsund) 
and NiteLva (LiLLestn?Jm) (temperature ~ 1 °C, pH ~6.9) and of the Lake Treh0rningen 
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(Baerum) (temperature 13°C, pH ~6.7), are coLLoidal or suspended particles which might 
consist of (hydr)oxides (particularly Al and ferric hydroxide) or basic salt miceLLes carrying 
the adsorbed or coprecipitated ions or molecules. Migration of Ce both as positively and 
negatively charged coLLoidal particles is found in electrophoresis experiments. Migration 
as free cations is minor (the observed high retention by ion exchange filtration of 64% 
is probably due to the filtration effect or to adsorption of coLLoids and molecules rather 
than to ion exchange of free cations) [6]. Migration with the clastic products is reported 
for Y in small rivers of the upper Vishera basin, northern Urals, USSR [7]. 

Due to self-purification of river water by sedimentary suspended matter and biological 
circulation, RE contents in river water of the upper Volga basin, USSR, are lower than 
in other natural waters (e.g., ground and subsurface waters). Moderate mobility is shown 
for La and Sm, weak mObility for Ce and Eu, and very weak mobility for Yb and Lu [8]. 
In contrast, negligible rates of radioisotope removal from water by self-purification are 
indicated by the distribution of 144Ce and other radionuclides in sediment, water, and ice 
of an experimental water basin, depending on the physico-chemical state of individual 
isotopes in water [9]. 

The morphology of the source area can influence the relationship between RE transport 
in suspension and solution of rivers, transport in solution being more important in rivers 
flowing over plains (e.g., Volga River) than in mountain rivers (e.g., Ural River, both USSR), 
caused by a lower amount of suspended matter [10]. 

Among dissolved carbonate and hydrogencarbonate complex compounds in fresh water, 
maximum solubility occurs with the heavy RE, Y, and tetravalent Ce [2, p. 142]. Increasing 
stability from Ce to Yb is found for coordination compounds with fulvic acids (with a fixed 
molecular composition) in surface waters, leading to RE differentiation during precipitation 
(see p.88) [11]. Compare a marked mobility of 144Ce in surface waters indicated by the 
ability to form soluble undissociated complex compounds with oxalic and citric acids, e.g., 
Ce[Ce(cit.)2P- [12]. In surface waters of the humid zone, most of dissolved RE are trans
ported in the form of carbonate complexes; organic compounds can also playa rOle, while 
migration as simple chlorides or sulfates (except possibly for La) hardly can be supposed, 
since such compounds hydrolyze in nearly neutral solutions [13]. Higher mean contents 
of La (7 x 10-6 g/L for 19 samples) than Y (1.5 x 10-6 g/L for 13 samples) in HC03"-Ca2+ 

surface waters (with an average mineralization of 80 mg/kg) from the Korosten granite, 
northwestern Ukrainian Shield, indicate that La in natural waters of this region is more 
mobile than Y. This is also corroberated by the coefficients of aqueous migration K = m . 1001 
a· n (with m = content of the element in surface water, a = mineralization of the water, n = 
average content of the element in rocks in %) wh ich are 2.9 for La and 0.4 for Y (erroneously 
given as 1.37 in the original paper) [14]. 

Migration of RE in ground waters is favored in acid sulfate waters and in alkali ne waters 
enriched in F- and CO~- ions. The migration ability of RE in alkali ne media corresponds 
to that in acid media wh ich are both higher than migration ability in neutral media [15]. 
See also, lanthanides migrating as complex compounds mainly of the carbonate type 
[Ln(C03)nFm] in alkaline natural waters (ground waters from agpaitic nepheline syenite mas
sives, pegmatites, and sulfide-RE deposits, thermal waters from crystaLLine rocks, and saline 
soda lakes). Increased migration ability of Ce for alkali ne waters, while Y shows higher 
migration in slightly acid and almost neutral solutions [16], and favorable to RE migration 
are hydrogeochemical media in the order alkali ne >acid >neutral [17]. An alkali ne pH favors 
migration of RE because complexes are formed wh ich shift the pH of hydrolysis to the 
alkali ne side and prevent hydrolysis. For example, in alkali ne waters of the Kola Peninsula 
and Central Asia, both USSR, RE show an increased mobility and tendency towards accumu-
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lation [18]. The probable forms of migration for RE in ground waters are REH, REF~-", 
RE(OH)~-" in acid media, and [RE(F,C03)n]q-, RE(C03rn-, REPO~ [15], or [RE(C03k 
(F,OH)m]q- in alkali ne media [17], and [RE(C03)n]m and [RE(C03)nFm]q in alkali ne subsurface 
waters. Since the coefficient of migration in these waters is in the order of O.n to n, RE 
are highly mobile [19]. The migration capacity of RE is attributed to complex formation. 
An increasing amount of carbonate complexes of RE, due to an increase of carbonate 
in water, prornotes higher stability of RE in solution, as is shown by a correlation between 
RE and l:(CO~- and HC0"3). The most favorable medium for migration of yttrian and cerian 
RE are Na+ waters rich in carbonate ions. An increase of cerian RE mobility is indicated 
in alkali ne subsurface waters of a weathering profile over agpaitic nepheline syenites of 
the Lovozero massif, Kola Peninsula, as the variable (Ce + La)/(Y + Vb) ratio is higher in 
the waters than in rocks [20]. Migration solely as hydrogencarbonate is given for La in 
neutral HC0"3 -CaH -MgH stratal waters from the woodlands of the Ukrainian Shield, USSR, 
while Y, migrating in complex form, is most mobile in slightly acid HC0"3 fissure waters 
[21]; see migration of Y in acid and weakly acid ground waters from the Ukrainian Shield 
[22]. Migration of the hydrolyzing elements (including RE) in subsurface waters can be 
accomplished as complex compounds with carbonate, phosphate, and oxide, as well as 
compounds with organic matter [23]. 

Migration as simple cations, compound ions, and (pseudo)colloids possibly occurs for 
Y, La, Sm, Dy, Er, and Yb in neutral or slightly alkali ne ground waters (pH 6.5 to 8) from 
the Urals, from the Transuralian region, and from northern Kazakhstan, all USSR. Based 
on the coefficient of mobility Kx (concentration of element x in the mineral residue of water/ 
concentration of element x in rocks, Le., the ratio of the regional background value of 
an element in the hydrosphere to its concentration in the specific water-bearing rocks), 
increasing with mobility, the following tentative hydrogeochemical classification can be given 
in an oxidizing and a reducing environment: Yb(?) is mobile with 0.1~Kx<1; Dy, Er, and 
Sm (?) are slightly mobile with 0.01 ~ Kx < 0.1 ; and Y and La are almost immobile with Kx< 
0.01. Elements whose compounds are readily soluble in water (Y, La) belong to the class 
of almost immobile elements because most of the ions leached during weathering of the 
surrounding rocks are sorbed by clay minerals of the residue, and only small amounts 
are removed by water [24]. 

Moderate mobility in old (5000 to 10000 yrs.) ground and subsurface waters from the 
upper Volga basin, USSR, occurs for Sm, while La, Ce, and Eu have weak and Yb and 
Lu very weak mobility because they easily hydrolyze [8]. The mobility of Y and Yb in stratal 
waters below petroleum layers from the Dniepr-Donets basin, Ukraine, is dependent on 
the age of the surrounding rocks [25]. In weIL and spring waters from an area with small 
U and Cu-U occurrences near Monticello, New York, Ce and Y (with a low solubility in 
most natural waters) and some other elements belong to the immobile group as follows 
from R-mode factor analysis [26]. 

Besides in dissolved form, RE in subterranean mine waters of the HC0"3-Na+-Ca2+ 
type from an undisclosed alkali ne massif, USSR, migrate as mechanically suspended mat
ter [27]. 

In mineralized subsurface waters (pH 2.0 to 7.8 and Eh +96 to - 700 mV) from complex 
and chalcopyrite ore deposits of the Alaverdi region, Armenia, Y and Yb migrate as sulfate 
complexes or as trivalent free cations, the ratio between both forms being slightly influenced 
by pH and type of water [28]. 

A trend for migration in suspension is inferred for La, Ce, and Sm in Bulgarian hydro
therrns (of various types and releasing N2 or CO2) from the distribution coefficients between 
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water and suspension. Based on an average saturation index, a transport ability of La 
(with respect to those of Cr and Ba) occurs with sLightLy soluble oxide, fluoride, and hydrox
ide. All hydrotherms studied are saturated with La with respect to La(C03b, and unsaturated 
with respect to LaF3 and La(OHb, possibly reflecting a control of the elemental concentration 
by its presence in the mother rock. A lowered migrational ability of the studied RE (compared 
to the trend of other trace elements) is observed for reservoirs with higher temperatures 
[29]; see also, thermal waters from Plombieres les Bains (e.g., the Sondage Neuf water), 
Vosges, France, with La concentration being controlled by its fluoride solubiLity (LaF3 with 
a saturation index n 0.5, indicating saturation), while n for the other insoluble compounds 
(La(OHb and La2(C03ls) is 10-4.3 and 10-3.2, respectively, indicating unsaturation [30]. 
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[2] Yu. A. Balashov (Geokhimiya Redkozemel'nykh Elementov, Nauka, Moscow 1976, pp. 11 
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[5] S. Habib, M. J. Minski (Sci. Total Environ. 22 [1982] 253/73, 262). 
[6] P. Benes, E. Steinnes (Water Res. 9 [1975] 741/9, 741/2, 746/7). 
[7] R. G. Iblaminov, A. M. Kropachev, V. O. Ablizin (Uch. Zap. Permsk. Gos. Univ. No. 266 

[1973] 40/5 from CA 82 [1975] No. 33529 and Ref. Zh. Geol. 1973 No. 10V62). 
[8] A. A. Menyailov, K. M. Timerbaeva, E. I. Adrievskii, V. A. Pavlov, V. A. Petrukhin, 

V. S. Savenko (Izv. Vysshikh Uchebn. Zavedenii Geol. Razved. 19 No. 6 [1976] 106/16, 
107/8,111). 

[9] V. A. Baturin, I. G. Vodovozova, L. N. Korchak (Tr. Inst. Ekol. Rast. Zhivotn. Ural. 
Nauchn. Tsentr. Akad. Nauk SSSR No. 114 [1978]70/3 from CA 94 [1981] No. 35942). 

[10] Yu. A. Balashov, L. M. Khitrov (Geokhimiya 1967 475/8; Geochem. Intern. 4 [1967]404/7). 

[11] G. M. Varshal, I. Va. Koshcheeva, I. S. Sirotkina, T. K. Velyukhanova, L. N. IntskirveLi, 
N. S. Zamokina (Geokhimiya 1979 598/607; Geochem. Intern. 16 No.2 [1979] 145/54, 
153). 

[12] V. B. Stradomskii (Tr. Inst. Ekol. Rast. Zhivotn. Ural. Nauchn. Tsentr. Akad. Nauk SSSR 
No. 78 [1971] 53/7, 56). 

[13] Yu. A. Balashov, A. B. Ronov, A. A. Migdisov, N. V. Turanskaya (Geokhimiya 1964 
995/1014; Geochem. Intern. 1 [1964] 951/69, 965). 

[14] B. F. Mitskevich (Tr. 1st Ukr. Gidrogeol. Soveshch., Kiev 1961, Vol. 1, pp. 248/56 from 
CA 60 [1964] 2635 and Ref. Zh. Geol. 1963 No. 2E79). 

[15] S. R. Krainov (Geokhimiya 1971 1332/41; Geochem. Intern. 8 [1971] 828/36, 830/1). 
[16] S. R. Krainov, L. G. Loginova, L. L. Galkina, N. G. Petrova, I. V. Baturinskaya (Sb. 

Nauchn. Tr. Vses. Nauchn. Issled. Inst. Gidrogeol. Inzh. Geol. No. 63 [1973] 83/94 from 
CA 81 [1974] No. 156111 and Ref. Zh. Geol. 1973 No. 10V130). 

[17] S. R. Krainov (Ookl. Akad. Nauk SSSR 202 [1972]190/3; Ookl. Earth Sci. Sect. 202 [1972] 
195/7). 

[18] S. R. Krainov (Geokhimiya 1968 342/54; Geochem. Intern. 5 [1968] 315/25, 315, 321/2). 
[19] S. R. Krainov, V. Z. Rubeikin, B. A. Kolotov (Izv. Vysshikh Uchebn. Zavedenii Geol. 

Razved. 13 No. 3 [1970] 64/73, 65). 
[20] S. R. Krainov, I. G. Loginova (Litol. Polez. Iskop. 1968 No. 5, pp. 107/11 from C.A. 70 
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7.3.3.2 Removal and Precipitation 

Removal of Y and RE from river and other waters occurs mainly by adsorption on and 
subsequent sedimentation with suspended matter, as can be seen from the following exam
ples of investigations using radioisotopes. 

Compared to values of the equilibrium concentration of 90y calculated from the 90Sr 
content, the rate of 90y elimination from the water increases with decreasing depth in eu
trophic lakes; other lakes (distrophic) show practically no 90y in the water. The ratio of 
actual concentration to equilibrium concentration in the water decreases from 0.795 to 0.382 
when the water is in contact with silt from the bottom for three days (water:silt=5:1) [1]. 
Experiments with sediment and water from the River Var, near Nice, France, show a tempo
rary loss of 144Ce from the sediment after dilution of fresh water with seawater, followed 
by a shift to equilibrium systems [2]. The content of 144Ce slowly setUes down with suspension 
in lake water as shown experimentally with 10- 5 Ci/L 144Ce added to the water. Complete 
inactivation (100%) of the solution is attained for Ce with wood ashes while sorption is 
84.2% for sand, 86.3% for soil, and 93.2% for silt [3]. Considerable portions of 144Ce are 
insoluble in water of Japanese rivers (Agano, Edo, and Yodo) and, since it is sorbed onto 
suspensions and sediments, it is transported with these carriers to the river bottom. An 
average decontamination rate (DR = [1-WCT/WCR]·100; WCR and WCT are contents of radionu
clide in resource (river) water and in treated (drinking) water, respectively) of 48% is calcu
lated for three water works of the above rivers during 1962 to 1969. The greater the content 
of suspension, the higher the decontamination rate becomes [4]. From the total amount 
of 144Ce supplied by atmospheric precipitation into suspension or sediment of several rivers 
of the Federal Republic of Germany, 0.47% is drained off via suspension. High mobility 
of the material deposited on the river bottom is indicated by the great differences in 144Ce 
concentrations observed in suspension [5]. In contrast, the 144Ce activity in suspended matter 
is about equal to that in solution for three tributary rivers of the Thames River, Great 
Britain [6]. 

In sedimentary suspended matter of river water from the upper Volga basin, USSR, 
Sm accumulates probably as the result of adsorption, coprecipitation, and other .processes 
[7]. Contents of radionuclides in the sediments of various rivers of the Federal Republic 
of Germany reach the same values as those in the suspended matter within a few weeks 
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(e.g., 144Ce in the reLativeLy mobile suspension and immobiLe sediment Layer of the Rhine 
River near KobLenz during <4 weeks), evidencing that equiLibrium is attained rapidLy be
tween suspended phase and bottom sediment [5]. Precipitation or adsorption on particLes 
is suppressed for La and Ce by the compLexing effect of humus in water from Lake Treh0rn
ingen, Norway [8]. This is aLso corroberated by experiments using radioactive tracers added 
to surface water sampLes in the United States, comprising a wide range of hardness and 
geographicaL origin. So, Lower extraction rates for radionucLides of La, Ce, and Nd in the 
Bayou Anacoco River, Louisiana (see tabLe beLow), are due to the high content of organic . 
matter in the water. In the Chattahoochee River, Georgia, representative of most of the 
waters containing an appreciabLe sediment Load, the activities of La, Ce, and Nd are sorbed 
strongLy on the sediments, and certain correLations in seLective extraction to cLay mineraL 
type are indicated, which, however, are onLy indicative, the resuLts depending on sediment 
concentrations and particLe sizes. CaLcuLation of the portions that were removed from soLu
tion by adsorption on suspended particLes from the initiaL dissoLved activities of 144Ce and 
140La (using gamma-ray spectra) as well as simpLified resuLts of the portions of 144Ce and 
91y (counting onLy the resin and the sediment under conditions of simiLar geometry, using 
a scintillation detector and scaLer) for the above mentioned and some other surface water 
sampLes are as follows; radioactive tracers have been added as mixtures, addition as individ
uaL isotopes is marked by an asterisk [9] : 

water source, pH of water, and conte nt of suspended 
and dissoLved matter in ppm; sediment composition, 
see footnote 

Bayou Anacoco, Louisiana 1); 6.2; 24 and 63 
LodgepoLe Creek, Nebraska 2); 6.8; 965 and 200 
Etowah River, Georgia; 6.9; 8 and 28 
Camp McCoy, Wisconsin 3); 6.9; 12 and 60 
Lake Allatoona, Georgia; 7.1 ; 3 and 20 
OostanauLa River, Georgia; 7.3; 10 and 82 
Tennessee River, Tennessee; 7.3; 15 and 80 
Chattahoochee River, Georgia 4); 7.3; 131 and 31 
CoLorado River, UtahS); 7.5; 299 and 350 

adsorption in % on sediments 
91y 140La 144Ce 

67.0* 
62.8* 

30.5 

68.9 

36.9 
96.9 
14.1* 
44.6 
70.3* 

77.2* 
81.0 
72.0 

1) 30% quartz, 6% montmoriLlonite, and 2% kaolinite. - 2) 80% montmoriLlonite and 20% 
iLlite. - 3) 30% quartz, 24% iLlite, and 6% kaolinite. - 4) 44% kaolinite, 33% quartz, and 
23% iLLite. - 5) 95% quartz and smaLl amounts of caLcite, feldspar, kaolinite, and iLLite. 

SeLective precipitation of individuaL RE is possibLe between pH 7.7 and 8.0 in fresh water 
(comprising the range of pH 5.5 to 8), since La possesses the highest pH of hydrolysis 
(pH ~8) and is sharpLy distinguished from the other RE [10]. Since most naturaL waters 
have a pH > 7, the trivalent cationic form of 144Ce easiLy hydroLyzes to the practicaLly insoLubLe 
Ce(OH)3 which is sorbed by suspended matter and bottom sediments, possibLy as a radiocoL
Loid [11]. DiLution of aLkali ne river waters Lower in their course by rivers which are not 
so aLkaLine Leads to hydrolysis of RE carbonato-compLexes and uLtimateLy to adeposition 
of hydroxide geLs. With increasing acidity, the RE precipitates redissoLve and form aquo
and chLoro-compLexes [12]. Like soLubiLity (see p. 84), the tendency to precipitate with fuLvic 
acids (whose exact composition depends on pH and the metaL-Ligand ratio) from surface 
waters increases for trivalent Y, Ce, and Yb with the moLecuLar mass, resuLting in a RE 
differentiation with Light RE, especiaLly Ce, accumuLating in bottom deposits [13]. 
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Although F is one of the elements decomposing RE complexes and precipitating RE, 
in the alkali ne subsurface waters of the Lovozero massif, Kola Peninsula, USSR, high concen
trations of both RE and F occur, suggesting that special conditions prevail in these waters 
which prevent precipitation of RE [14]. 

Precipitation of RE from hot springs occurs with travertine or sinter formation. So, me
teoric waters circulating deeply along a fault are heated and probably have been leaching 
elements from the country rocks and redepositing them in travertine mounds to form a 
low-grade mineral deposit of substantial volume at the Monroe hot springs, Utah. A repre
sentative sample of travertine taken in 1968 from the northern spring deposit contains 
0.0030% Y [15]. A sulfurous sinter deposit from the Moto-yu hot spring, Nasu area, Japan, 
contains La 0.48, Sm 0.12, and Eu 0.02 ppm. The amount of Sm and Eu in the sinter deposit 
is somewhat lower than that in the contacting spring water (see p. 58); the abundance 
of La is almost unchanged. The anomalous behavior of Sm and Eu during the precipitation 
process possibly could be attributed to their presence in the divalent state in the H2S
containing hot spring water [16], as is confirmed by distribution coefficients of RE between 
sinter deposit and hot spring water, which are lower for Eu and Sm by one order of magnitude 
than those of other RE at Moto-yu (caused by a reducing environment in the H2S-containing 
acid spring), while for other hot springs of the Nasu area nearly the same distribution 
coefficients occur for all RE [17]. 
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[17] N. Ikeda, N. Takahashi (Radioisotopes [Tokyo] 27 [1978] 300/5). 
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8 Geochemistry. Atmosphere 

8.1 Origin and Mode of Occurrence of Yttrium and/or Rare Earth Elements 
in the Atmosphere 

8.1.1 General 

Yttrium and/or RE are introduced to the atmosphere by both natural and anthropogenic 
processes. As shown in the following paragraph, both in aerosol (see pp. 93/101) and in 
rainwater (see pp. 102/3) they mostly originate from the earth's crust by aeolian resuspension 
of soil and deposited dust (both in the atmosphere over continents and over oceans), whereas 
the sea-surface (see pp. 101/2), volcanic activity (see p.93), and the sun (see p.93) are 
mentioned only as sources of minor importance. Also, anthropogenic activities playa minor 
role as local sources of RE in the atmosphere (see pp. 103/5). Artificial radionuclides of 
Y and/or RE in the atmosphere originate mainly from nuclear weapon tests, as is shown 
in only a few examples (see p. 103). 

In the following, the various methods applied to identify an origin of an element and/or 
its type of occurrence are briefly summarized; for details see original papers: 

Absolute trace element concentrations are difficult to use in identification of sources 
[1] (see also [2]), whereas cross correlations between absolute element contents [3], [4, 
p.85], or for normalized concentrations [1] may be helpful. In addition, the value of the 
coefficient S of variation of an element in the atmosphere can give some indication regarding 

the source and is defined as S = 1/x [~(Xi-X)2/N T/2 (with N = number of stations, Xi =content 

of element i at a particular station, x = arithmetic mean content). For instance, a small value 
for Lu suggests a more evenly distributed or natural source compared to La, Ce, and Sm 
in the atmosphere over Osaka district, Japan (August and September 1971), wh ich have 
values of Sintermediate between those for elements with small values and large coefficients 
of elements with important local sources [5]. 

Often used are enrichment factors, denoted EF or EI' calculated as the ratio of the 
contents of an element X in air and in a reference medium, both normalized to a reference 
element as, e.g., Al, Fe, Sc, or Na (see examples below and pp. 93/102, 106/9, 113/5, 118, 

127/8, 136). According to EF crust = (XI Al)ai/(XI Al)crusl' or EF sea = (X/Na)ai/(X/Na)seawater (sub
scripts denote the appropriate reference material), elements with EFcrust (or EFsea) values 
<3 to 5 are considered to have approximately the same interelement concentration ratios 
in the atmosphere as in average crustal material (or in bulk seawater). This upper limit 
of enrichment factors frequently has been used for interpreting the crustal enrichment factors 
because the portions of trace elements in the actual crustal aerosol precursor may differ 
slightly from those in average crustaL material [6]. ELements from other sources will have 
much higher enrichment factors (> 10). For the calculation of crustal enrichment factors 
usually Si, Al, Fe, or Sc are used as reference eLements. The crustal reference material 
usually is average rock or soiL, aLthough LocaL rock or soil compositions are used frequently 
[7]. To determine the contribution of crustal weathering to any metal component of marine 
aerosoL, AL (wh ich comprises >8% of the average crustaL materiaL) is used as a reference 
element, and such factors, being near unity, suggest that crustaL material is the probable 
source for the considered eLement in the atmosphere of remote areas. But there will be 
no characteristic difference between natural and man-made processes [8]; refer to [9] for 
the suitability of Al. For calculating aerosol-crust enrichment factors, bulk crustaL rock [10] 
or (buLk) soil may be used as a reference material [11], but these factors are only a crude 
approximation, since the reLative abundances of various rock types in the vicinity of the 
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sampLing site may cause the ratio of crustaL source eLements in the atmosphere to differ 
somewhat from the mean crustaL ratio. So the composition of crustaL aerosoL is somewhat 
dependent on the area's geoLogy and weathering rate, crustaL aerosoL from different areas 
possibLy having very different composition [12]; see aLso [8]. ALthough the concentration 
of Eu and other trace eLements, which show reLative amounts in remote aerosoL particLes 
simiLar to those in average crustaL materiaL, may be controLLed by the Long-term transport 
of crustaL aLumino-siLicate particLes (commonLy named dust or mineraL aerosoL) from the 
continents, the crustaL enrichment factors do not unequivocaLLy demonstrate that their uLti
mate source is either crustaL or naturaL, since quarrying operations and agricuLturaL Land 
cLearing activities produce aerosoL particLes that are essentiaLLy crustaL in composition, 
and aLso other anthropogenicaLLy generated particLes (e.g., fLy ash, road dust) are simiLar 
in composition to crustaL materiaL [6]. Refer to p. 104 for a somewhat inconsistent behavior 
of Eu and Ce in ground-LeveL air filter sampLes from ChiLton, Oxfordshire, Great Britain. 
As is shown in a compiLation of worLd aerosoL-rock enrichment factors EFFe(X), eLements 
with factors ~5 are emitted primariLy from naturaL sources and those with >5 are certainLy 
from anthropogenic sources. Whereas Tb and Lu (with EFFe(X) 0.8 and 0.9, respectiveLy) 
couLd come from fossiL fueL utiLization, the eLements La, Ce, Sm, Eu, Dy, and Yb (with 
1.5, 1.4, 1.0, 2.2, 1.4, and 0.05, respectiveLy) have various sources. For the caLcuLation of 
EFFe(X) by conversion of AL-referenced into Fe-referenced vaLues distinguishing between 
two Fe fractions, see originaL paper [13]. 

More suitabLe than the above enrichment factor methods is a chemicaL mass baLance 
approach because a quantitative estimate of each source contribution can be obtained. 
To caLcuLate the mass of materiaL derived from a source it is necessary to seLect a tracer 
eLement for each source (wh ich ideaLLy shouLd contribute a Large fraction of the totaL emission 
from this source, e.g., Pb for automobiLe emissions, AL for soiL and fLy ash) [14]. According 
to chemicaL mass baLance, the observed eLementaL concentration pattern of aerosoL is a 
Linear combination of concentration patterns of particLes from important types of sources. 
According to this method, the concentration of eLement i (Ci) in a particuLate sampLe is 
given as Ci = L mj Xij (with mj = fractionaL contribution to totaL suspended particuLates of parti-

j 

cLes from source j, Xij = concentration of eLement i in particLes from source j). A Least-squares 
fit is usuaLLy performed with so-caLLed marker eLements to determine the vaLue of mj • The 
quaLity of fit can be tested by comparing predicted and observed concentrations of eLements 
not used in fitting. Since most processes cause LittLe fractionation among eLements such 
as AL, Ti, Sc, Th, and RE, these eLements shouLd be fitted to within a factor of two by 
any resoLution that predicts an approximate crustaL abundance pattern for these eLements 
(except under highLy unusuaL conditions, e.g., RE affected by TV-tube manufacturing) [15]; 
see aLso [2]. Contents of RE are not predicted as weLL as for most other lithophiLe eLements 
(aLthough RE are chemicaLLy very simiLar to each other and usuaLLy behave as other litho
phiLes) for airborne particLes coLLected in the Washington, D.C., area (see pp. 97/8), where 
the Light RE have been sLightLy underpredicted and heavy RE considerabLy overpredicted, 
possibLy due to an enrichment of Light reLative to heavy RE on suspended soiL particLes 
with respect to buLk soiL [4, pp. 88/9]. Refer aLso to the ratio of heavy-to-Light RE in atmo
spheric particLes which is often Lower than for soiLs or crustaL abundance patterns, especiaLLy 
for urban particLes [16]. If this were better understood, RE patterns wouLd heLp to distinguish 
between otherwise simiLar components, e.g., between entrained soiL and particLes from 
coaL combustion [4]. 

ParticLe size distributions are characterized by means of the mass median diameter 
(Le., the diameter beLow which 50% of the totaL mass of an eLement is found) and can 
give some further indication regarding the source type of an aerosoL, since condensation 
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and high-temperature processes are likeLy to produce smaLL particLes, whereas dispersion
type sources emit Larger particLes [9]; or, generaLLy, particLes of predominantLy Large size 
are reLeased into the atmosphere by mechanicaL processes such as abrasion and wind 
erosion, whereas vaporization (foLLowed by cooling and condensation) yieLds particLes of 
very smaLL size [17], and soiL-derived eLements are associated with Larger particLes having 
mass median diameters> 1 J.Lm [18]. Based on a compiLation of AL-reLated enrichment factors 
of aerosoL (from many areas of both hemispheres of the earth), it is shown that Larger 
particLes which appear to be of crustaL origin (either directLy or indirectLy) are Less enriched, 
and smaLLer ones which originate possibLy from a gas phase are highLy enriched. Thus, 
enrichment (of, e.g., La, Ce, Sm, Eu, and Dy) is reLated to greater mass median diameters 
(4 to 6 J.Lm) [19]; note aLso that, the smaLLer the size of a particLe, the higher is the enrichment 
factor of an eLement in urban aerosoLs (from Ankara, Turkey, and from Toronto, Canada), 
since Larger and/or heavier particLes (containing, e.g., La, Ce, and Sm) couLd settLe down 
quickLy due to gravitation [20]. Refer aLso to removal from the atmosphere on pp. 132/6. 

Since onLy drastic geoLogicaL changes can cause a fractionation of the originaL RE compo
sition, crustaL aerosoL may be assumed to have the same reLative RE concentrations as 
its parent crust. Thus, RE shouLd be a suitabLe naturaL indicator to determine the origin, 
behavior, and fate of crustaL aerosoL in the atmosphere [12]. 

References for 8.1.1 : 

[1] G. E. Gordon, W. H. Zoller, E. S. GLadney (Trace Subst. Environ. HeaLth 7 [1973] 167/74, 
167). 

[2] G. S. KowaLczyk, C. E. ChoqueUe, G. E. Gordon (Atrnos. Environ. 12 [1978] 1143/53, 
1143). 

[3] A. KusheLevsky, G. Shani, A. Haccoun (TeLLus B 35 [1983] 55/64, 55, 60). 
[4] G. S. KowaLczyk, G. E. Gordon, S. W. Rheingrover (Environ. Sci. Technol. 16 [1982] 

79/90). 
[5] T. Mamuro, Y. Matsuda, A. Mizohata, T. Matsunami (Ann. Rept. Radiat. Center Osaka 

Prefect. 13 [1972]1/15, 12). 
[6] R. A. Duce, R. Arimoto, B. J. Ray, C. K. Unni, P. J. Harder (J. Geophys. Res. C 88 [1983] 

5321/42, 5321/2). 
[7] K. A. Rahn (Atrnos. Environ. 10 [1976] 597/601). 
[8] R. A. Duce, G. L. Hoffman, B. J. Ray, I. S. FLetcher, G. T. WaLLace, J. L. Fasching, 

S. R. Piotrowicz, P. R. WaLsh, E. J. Hoffman, J. M. MiLLer, J. L. Heffter (Marine PoLLut. 
Transfer 1976 77/119, 84/5). 

[9] R. Heindryckx (Atrnos. Environ. 10 [1976]65/71, 65/7). 
[10] L. Schütz, K. A. Rahn (Atrnos. Environ. 16 [1982] 171/6). 

[11] K. A. Rahn, J. W. Winchester (ORA-P-089030 [1971]1/309, 44). 
[12] A. Sugimae (Atrnos. Environ. 14 [1980]1171/5). 
[13] J. Servant (MARC Rept. No. 27 [1982]1/37, 20/3). 
[14] A. W. Andren, S. E. Lindberg (Water Air SoiL PoLLut. 8 [1977]199/215, 207/9). 
[15] G. S. KowaLczyk, G. E. Gordon (ALChE Symp. Ser. 76 [1980] 144/8). 
[16] K. A. Rahn (Tech. Rept. Univ. Rhode IsLand No. 02882/1197 [1976]1/265 from [4, p. 84]). 
[17] E. S. GLadney, W. H. ZoLLer, A. G. Jones, G. E. Gordon (Environ. Sci. Technol. 8 [1974] 

551/7, 555). 
[18] D. H. Peirson, P. A. Cawse (Phil. Trans. Roy. Soc. [London] B 288 [1979]41/9, 45). 
[19] P. R. Harrison, K. A. Rahn (Earth Sci. [Paris] 16 [1979]177/206, 200, 202, 204). 
[20] I. ÖLmez, N. K. Aras (J. Radioanal. Chem. 37 [1977]67117, 676). 
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8.1.2 Origin 

Rare earth elements in the atmosphere are usually considered to have the earth's crust 
as their principal source [1]; e.g., crustal rocks or mostly soils, as can be seen from the 
examples given for aerosols over continental and marine areas (see pp. 93/9 and 99/100, 
respectively) or for rainwater (see p. 102). For an anthropogenic RE origin in the atmosphere, 
see pp. 103/5. 

Based on literature data on the amount of terrigenous material entering the atmosphere 
(0.5 to 0.8, mean 0.65 x 109 t/yr.), a mass flux of La into the atmosphere of 6.0 x 104 Uyr. 
results [2]. 

Volcanic material generally is of minor importance as a source of RE in aerosol, as 
is shown, e.g., for La and Eu in two samples of atmospheric particulate matter from an 
active volcano on Heimaey, off the southern coast of Iceland. Both the enrichment factors 
of La and Eu relative to the earth's crust (normalized to Al) for lava-ash and fumarole 
deposits as weil as for atmospheric particulate matter are near unity (the apparent depletion 
of La is due to the normalization to crustal abundances, while lava is typically basaltic 
and most basalts show concentrations of La lower than in the crust) [3]. Small enrichment 
with respect to volcanic ash occurs for the nonvolatile RE in suspended particles from 
the plume of the Augustine volcano, located ~290 km southwest of Anchorage in the lower 
Cook Inlet, Alaska, which show aerosol-ash enrichment factors (normalized to Al) close 
to unity. Samples were collected during a flight following the initial eruption on January 22, 
1976, and during three flights following the second eruptive period later in February [4]. 

A formation in the sun is assumed for atmospheric particles collected at altitudes of 
76 to 113.5 km during the night of July 31 to August 1, 1971 above Kiruna, Sweden, which 
contain La, Ce, Pr, Nd, Tb, Er, and Tm. The occurrence of elements with such a high 
atomic number at these altitudes is totally inconsistent with normal sources of cosmic 
dust [5]. 

References for 8.1.2: 

[1] A. Sugimae (Atrnos. Environ. 14 [1980]1171/5). 
[2] A. Z. Miklishanskii, Yu. V. Yakovlev, B. V. Saval'ev, V. V. Atrashkevich (Geokhimiya 1981 

927/36; Geochem. Intern. 18 No. 3 [1981]161/9,166/7). 
[3] E. J. Mroz, W. H. Zoller (Science 190 [1975] 461/4). 
[4] E. A. Lepel, K. M. Stefansson, W. H. Zoller (J. Geophys. Res. 83 [1978] 6213/20, 6214/6, 

6218). 
[5] D. S. Hallgren, D. C. Schmalberger, C. L. Hemenway (Space Res. 13 [1973]1105/12, 1105, 

1107,1109,1111). 

8.1.2.1 Aerosols 01 Contlnental Origin 

In ContinentaL Atmospheres 

In .. world" aerosol (the term applies to more than 100 aerosol samples analyzed by 
[1]), RE are indisputably of crustal origin, and no major pollution sources are known. World
aerosol enrichment factors (normalized to Al and relative to crustal material) are La 2.7, 
Ce 2.6, Sm 2.1, Eu 2.7, Tb 1.92, Dy 2.5, Yb 1.06, and Lu 1.95 [2]; for the corresponding 
Fe-referenced enrichment factors, see p.99. A natural origin from weathered terrestrial 
material is inferred for La from the Sc-normalized concentration and the excess ratio (La/ 
SC)aerosol/(La/Sc)crustalaverage as weil as for Sm, Eu, and Tb in most of the ground-level aerosol 
samples collected in March 1972 at 14 sites ranging in latitude from Greenland to Santiago, 
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ChiLe. Based on the La/Sc ratio (ranging at 11 sites from 1.13 to 3.14) in most cases the 
LocaL air concentrations of these eLements can be represented by a mixture of ~90% basaLt 
(La/Sc 0.9) and ~ 10% granite (La/Sc ~40), whereas the La/Sc ratios in aerosoLs over 
New York City (20.7), or Miami, FLorida (5.83), and ChaLtaya, BoLivia (3.87), indicate a higher 
granite component [3]; see aLso [4]. Of naturaL origin are Eu and Lu in aerosoLs coLLected 
in 1975 over coastaL regions of the BLack Sea; the average contents in aerosoL coincide 
with those in the Lithosphere [5]. An origin probabLy from crustaL rocks is indicated by 
crustaL enrichment factors (normaLized to AL) near unity for La (3.48) and Sm (1.94) in ambient 
air filter sampLes coLLected for 12 consecutive days in JuLy and August 1976 at the ruraL 
site High Point, northwestern New Jersey. In addition, the most highLy correLated eLements 
are those usuaLLy considered as crustaL or soiL-type materiaL as, e.g., Sm and Ce [6]. Atmo
spheric enrichment factors reLative to crustaL materiaL (normaLized to AL) cLose to unity 
occur aLso for La, Ce, Sm, and Eu (2.0, 1.9, 1.8, and 1.6, respectiveLy) in atmospheric particu
Lates from the Boston area, Massachusetts [7]. 

The association with a source derived LargeLy from crustaL materiaL is assumed for 
La, Ce, Sm, and Eu in atmospheric particLes (coLLected 2800 m above sea LeveL during 
a seven-week period beginning in October 1970) at a Location ~400 m upwind of the Amund
sen-Scott station, South PoLe, Antarctica. The foLLowing air-crust enrichment factors (normaL
ized to AL) are caLcuLated: La 2.2, Ce 4.4, Sm 1.3, and Eu 1.9. A certain deviation from 
the mean crustaL vaLue of the ratio of crustaL source eLements in atmospheric particLes 
may be caused by the weathering rates and reLative abundances of various rock types 
in the vicinity of the sampLing area [8]. Note aLso that, based on the above enrichment 
factors, crustaL weathering is assumed as the main source of La, Sm, and Eu in aerosoL 
(coLLected between October and December 1970) ~400 m upwind of the main South PoLe 
station, Antarctica. The sLight enrichment of Ce over that predicted from an average crustaL 
source may be due to the use of an average crustaL composition for normaLizing rather 
than using a more basaLtic source rock (gene rally richer in Ce) as it occurs in Antarctica 
[9]. An origin predominantLy from the earth's crust is aLso assumed for La, Ce, Sm, and 
Lu in aerosoL sampLes coLLected between December 1974 and February 1975 at a Location 
5 km upwind from the new Amundsen-Scott station, South PoLe, which show aerosoL-crust 
enrichment factors (normaLized to AL) near unity [10]. 

A primariLy crustaL origin is indicated by a high correLation with totaL suspended particu
Late (TSP) and high cross correLations for La and Sm in 41 and 8 aerosoL sampLes, respective
Ly, coLLected between June 1971 and May 1978 from Beer-Sheva in a semiarid zone on 
the Negev desert border, IsraeL (see tabLe). In addition, aerosoL-crust enrichment factors 
(normaLized to Fe) of <7 for La at Low, normaL, and high contents of totaL suspended matter 
confirm its crustaL origin. The contents of La and Sm in aerosoL with different amounts 
of TSP in the atmosphere of Beer-Sheva during normaL meteoroLogicaL conditions are given 
in the tabLe on p. 95; exceptions are indicated [11]. Note aLso that La, Ce, Eu, and Sm 
are background eLements due to dust that covers the area in aerosoL sampLes coLLected 
simuLtaneousLy in the city of Beer-Sheva and 40 km away in a region caLLed Shivta, Negev 
desert [12]. As is to be expected for eLements of crustaL origin, aerosoL enrichment factors 
reLative to crustaL materiaL or to the average LocaL surface soiL (both normaLized to Sc) 
are eLose to unity for LithophiLic eLements such as La, Sm, Eu, and Tb in semiremote back
ground aerosoL coLLected between May and September 1975 (7 m above ground) at three 
sites near CoLstrip (a Large coaL-fired power pLant with a coaL mining operation) in the 
semiarid rangeland area of southeastern Montana [13]. 

CrustaL dispersion is presumed as the main common source of RE in atmospheric aerosoL 
sampLes coLLected ~ 10 m above ground at three sites in the Osaka prefecture, Japan. The 
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TSP content in ng/m3 TSP content in ng/m3 

in jJ.g/m3 La Sm in jJ.g/m3 La Sm 

104 5.6 556 1).2) 19 
196 6.9 124 3 
169 11 541 2) 5.6 
148 8.8 164 1.7 
243 5.9 0.57 90 2.5 
140 8.6 1600 2) 9.3 8 
121 4.7 50 3) 0.5 
160 6.6 0.8 680 2) 22 3.9 
233 3.3 168 3.1 
97 1.0 109 3.8 1.2 

610 2) 5.5 412 4) 13 
581 2) 4.5 5080 4) 143 26 
154 3.5 

1) AdditionaLly, the sampLe contains 3.8 ng/m3 Yb and 2.8 ng/m3 Lu. - 2) SampLing during 
dust storm. - 3) SampLing during rain. - 4) SampLing during Sharav conditions (very dry 
and hot winds). 

spread of the La-normaLized concentrations Lies mostLy between those for sandstone and 
granite (the predominant rocks in the vicinity of Osaka). Assuming that the reLative atmo
spheric RE contents are Linear combinations of their reLative contents in sandstone and 
granite, it is predicted that aerosoL produced at the air/Land interface of the vicinity of 
Osaka metropoLitan area and of an urban residentiaL area is composed of crustaL materiaL 
with a composition simiLar to that of sandstone, whiLe aerosoL originating in the vicinity 
of the ruraL area studied probabLy consists of 49% sandstone-Like and 51 % granite-derived 
component [14]. 

A derivation from soiL is confirmed for the eLements beLonging to the Fe cLuster (caLcuLated 
from Linear correLation coefficients and containing eLements with high intercorreLations 
among the group members), such as Ce and Sm and probabLy aLso La and Eu, for aerosoL 
sampLes coLlected in JuLy 1970 at nine stations from the San Francisco Bay area, CaLifornia, 
because the ratios between the observed concentration in aerosoL and the caLcuLated concen
tration from known eLementaL abundances in soiL (normaLized to the observed Fe content, 
assuming essentiaLly aLl the Fe to be soiL-derived) are satisfactoriLy cLose to unity (see 
beLow). In the foLlowing are given the caLcuLated soiL-derived contents (based on the known 
reLative eLementaL abundances in soiL), the caLcuLated and observed totaL average concentra
tions (from eight stations onLy; station No. 5 is deLeted) as weLL as the ratios of observed 
to caLcuLated concentrations; vaLues in parentheses are based on crustaL rock abun
dances [15]: 

eLement average content in ng/m3 ratio 
caLcuLated totaL totaL observedl 
fram soiL caLcuLated observed caLcuLated content 

La 1.8 1.8 1.4 0.8 
Ce 2.2 2.2 2.5 1.1 
Sm (0.2) (0.2) 0.22 (1.1 ) 
Eu (0.04) (0.04) 0.05 (1.3) 
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A natural origin from soil is shown for La, Sm, Eu, and Tb by their aerosol-average soil 
enrichment factors (normalized to Fe) being close to unity in aerosol samples cOllected 
in July 1973 at one site in, and at three sites downwind of St. Louis, Missouri. The average 
enrichment factors for the four sites are La 1.4, Sm 1.8, Eu 1.3, and Tb 1.3 [16]. Small 
particles from the earth's surface, blown into the atmosphere by wind, are considered to 
be the main source of La, Ce, and Sm in ground-level aerosol (20 m attitude) collected 
during the period May to June 1971 at Heidelberg, Federal Republic of Germany, as follows 
from aerosol-crust enrichment factors (normalized to Na) of <3 (La 2.8, Ce 2.3, and Sm 
2.5) [17], or is suggested by the arithmetic mean for relative contents which agree to within 
a factor of 5 with those in the earth's crust [18]. However, rather low linear correlation 
coefficients within the "earth's crust group" (including La, Ce, Sm, Eu, Mn, and Sc) seem 
to contradict a hypothesis of a common source (unless analytical errors are large). Using 
the data of [17] for some of the "earth's crust" elements (e.g., Ce and Sm) a good correlation 
with some of the "anomalous" elements such as In, Cs, and Cd becomes evident [19]. 
Soil dust is presumed to be the predominant natural source for Ce in air particulate samples 
collected monthly (starting January 1, 1976) at 1.5 m above ground in the savanna at Bagauda 
(11 0 36' N latitude), northern Nigeria, as is inferred from correlations between element pairs 
(Ce-Fe and Ce-Sc show some of the highest correlations) as weil as from the dry deposition 
velocity, indicating a very uniform aerosol with small particle size for all elements. This 
is also consistent with weil-mixed material originating from the Sahara desert [20]. As 
follows from correlation coefficients calculated from a classification of elements into groups 
of common origin, a good correlation occurs for Fe, Al, and Sc (wh ich show high contents 
in the lateritic soils at the investigated areal with Ce and Eu in five series of aerosol 
samples collected ~5 m above ground during the period 1970 to 1971 in the whole Ivory 
Coast [21, pp. 1104/5, 1108/9]. Derived from soil are La, Ce, and Eu in six aerosol samples 
each for northerly and southerly wind directions collected at a remote site of the Sudan 
(~150 km southwest of Khartoum) during October 1973 (when there is a distinct shift in 
direction of prevailing winds in the Gezira province each year). Enrichment factors relative 
to soil (normalized to Fe) for the north and south wind-aerosol, respectively, are: La 1.16 
and <1.6, Ce 1.04 and 1.26, and Eu 0.75 and 0.85 [22]. An origin from soil (or rocks) for 
La and Ce in aerosols over Tashkent, USSR (collected at five sites for different times of 
the day in February 1980), follows from enrichment factors relative to soil (with Sc as refer
ence element) between 1 and 10. In addition, the contents of La, Vb, and Lu change insignifi
cantly (two-to-four times) which presumably is due to their origin in soil [23]. Dust from 
soil or rock weathering (silt particles) is the source of La, Ce, Sm, Nd, Eu, Tb, Vb, and 
Lu in aerosol samples collected at 25 m attitude in April 1980 (partly during a dust storm) 
over Beijing, China, which show air-crust enrichment factors (normalized to Sc) close to 
unity [24]. Note also that Ce is derived mainly from weathered rocks in the atmosphere 
above Moscow, USSR [25]. 

A probably terrestrial origin as soil dust (and no concentration by industrial processes, 
refer to p. 97) is indicated for Ce in air particulates collected continuously during 1974 
(the majority of monthly samples has been bulked for quarterly analysis) at seven sites 
in the United Kingdom representing rural and more industrial, but no urban areas. Using 
the 1972 and 1973 factors for comparison, for the period 1972 to 1974 Ce shows air particu
late-average soil enrichment factors (normalized to Sc) close to unity (0.4 to 1.3, mean 
0.8) [26]. A terrestrial origin of Ce as soil dust also occurred in aerosol at these stations 
during the years 1976 [27, p. 5] and 1977 [28, p. 6] as weil as at five non-urban sites during 
1978 [29, pp. 1, 6]. Ranges and calculated mean values of the air particulate-average soil 
enrichment factors (normalized to Sc) of some RE at seven stations in 1976 [27, p. 13] 
and 1977 [28, p. 13] as weil as at five of these stations in 1978 [29, p. 13] are as folIows: 
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element enriehment faetors 
1976 1977 1978 

La 1.5 to 4.4; 2.6 1.2 to <3; ~1.7 <0.9 to 2.5; ~1.6 
Ce 0.6 to 0.7; ~0.7 0.9 to 1.2; 1.0 0.9 to 1.3; 1.1 
Sm 1.2 to <2; ~1.5 1.3 to 1.8; 1.5 1.1 to 2.0; 1.4 
Eu 2.3 to 2.8; 2.6 2.2 to 2.8; 2.6 1.6 to 3.9; 2.3 

Certain elements (e.g., Ce) have approximately the same eoneentrations relative to Sc in 
ground-level airborne dust « 100 Jlm, eolleeted during 1970 and 1971) at Wraymires, near 
Lake Windermere, Great Britain, as in loeal soil (Grizedale series) and average soil from 
wh ich aerosols are raised by passing winds [30). And some natural eontribution from soil 
is suggested for the lithophilie elements (ineluded Ce and Eu) in some 5000 ground-level 
air filter samples from Chilton, Oxfordshire, eentral southern England (collected du ring the 
period 1957 to 1974 and bulked over three-month intervals) [31); see also p. 126. Enriehment 
faetors relative to the earth's erust (normalized to Al) and elose to unity indieate the presenee 
of La (2.1) and Sm (1.6) in soil-like ratios in aerosol samples (partieulates with an aerodynam
ie diameter > 100 Jlm have been sereened) eolleeted monthly in the period 1973 to 1975 
at the Jungfraujoch, Bernese Alps, Switzerland [32). 

Based on eorrelations between air enriehment faetor EI and dry deposition velocity Vg 

for element pairs, an origin from soil and/or industrial sources is proposed for Ce in ground
level (1.5 m above ground) airborne dust (of < 150 Jlm diameter) eolleeted eontinuously 
during 1972 and 1973 at seven rural to semirural stations throughout Great Britain (from 
51 to 600 N latitude). Whereas Ce-Fe and Ce-Sc pairs, both with low EI and high Vg (>0.5), 
indieate a direet terrestrial origin as soil or mining dust and an assoeiation with the same 
partiele, Ce-Sc pairs, with both dissimilar EI and V g' indieate an industrial and terrestrial 
origin, eaeh element in the pair probably is eolleeted on different partieles (but meteorologi
eal eonditions similarly affeet transport to sampling site, and sampling downwind of an 
industrial souree eould result in an element-pair dissimilarity of this nature) [33); but refer 
to [34) whieh suggests a derivation from soil for Ce in ground-level airborne dust (collected 
monthly during 1972 on filters retaining partieles of diameters up to ~ 150 Jlm) at the same 
seven sites in the United Kingdom. 

It is inferred from ehemieal element balanees that soil is the major souree of La and 
Ce in ten ambient partieulate samples eolleeted on 0.4 Jlm pore filters during summer 1974 
(ineluding a broad range of meteorologieal eonditions) at four sites in Washington, D.C. 
The predieted eontributions from five sources (derived from weighted least-square fitting) 
and the predieted and observed total eontents, in the aerosol samples are as follows [37): 

element 

La 
Ce 

soil 

1.1 
1.4 

eontribution in ng/m3 from 
marine co al oil 

<0.001 
<0.001 

0.44 
0.86 

0.036 
0.030 

refuse 

0.004 
0.016 

*j Uneertainty is standard deviation of a single observation. 

total eontent in ng/m3 

predieted observed *j 

1.6 
2.3 

1.9±1.7 
3.4±3.1 

Solely soil (for La and Ce) and soil together with eoal (for Sm, Eu, Vb, and Lu) as major 
souree is inferred from ehemieal element balanees (with the eomponents soil, sea salt, 
limestone, motor vehiele emissions, and partieulates from eombustion of eoal, oil, and ref
use) for RE in whole-filter samples eolleeted at seven urban and three suburban sites 

GmeLin Handbook 
Rare Earth A 6 b 



98 

in the Washington, D.C., area during about one month in August and September 1976. 
The predicted and observed contents in mg/m3 , respectively, are: 1.0 and 1.5±0.1 tor La, 
1.5 and 2.0±0.2 tor Ce, 0.12 and 0.20±0.02 tor Sm, 0.028 and 0.029±0.003 tor Eu, 0.065 
and 0.034±0.003 tor Yb, and 0.015 and 0.006±0.001 tor Lu [35]. The chemical element 
balance ot airborne particLes coLLected on 18 days during summer 1976 (between August 10 
and September 13) at ten sites in the Washington, D.C., area shows the toLLowing predicted 
contributions trom seven sources. AdditionaLLy given are predicted and observed total con
tents as weLL as the ratio between Larger and smaLLer content (derived trom predicted/ 
observed or observed/predicted content ratios, whichever is larger); number ot sampLes = n 
[36]: 

eLe- n predicted contribution 1) in ng/m3 trom total content in ng/m3 ratio 

ment soil Limestone co al oil retuse pre- observed Larger/ 
dicted smaLLer 

content 

La 130 0.75 0.014 0.31 0.016 0.0016 1.1 1.5±0.1 1.42 

Ce 129 0.98 0.024 0.62 0.014 0.007 1.6 2.0±0.2 1.30 

Sm 130 0.068 0.0027 0.057 0.0012 0.0003 0.13 0.20±0.02 1.59 
Eu 2) 125 0.015 0.0004 0.014 0.0005 0.0002 0.030 0.030 ± 0.003 1.32 

Yb 111 0.037 0.0011 0.030 0.0004 0.0009 0.070 0.034±0.003 2.60 

Lu 129 0.0067 0.0004 0.0080 0.0001 0.0004 0.016 0.0056 ± 0.0006 3.34 

1) Predicted contribution trom marine sources tor aLL elements <0.0001 ng/m3 ; contribution 
trom motor vehicles not given, because contents in particles trom motor vehicLes are not 
known. - 2) Three observed vaLues were eLiminated trom tits. 

A major soiL component with possibLy additionaL contribution trom LocaL sources (as, e.g., 
coal combustion) is assumed tor La and Sm in size-tractionated aerosoL samples (equivaLent 
aerodynamic diameter size ranges between < 1 and > 7 ~m) coLLected during 1973 and 
1974 at six sites (one urban, one expressway, and tour industriaL) in Toronto, Canada. 
Both elements are concentrated on Larger particLes according to their mass median diame
ters (see also pp. 107/8) and have relatively Low atmosphere-crust enrichment tactors (nor
maLized to AL) ot 2.0 tor La and 1.9 tor Sm [38]. ALso a naturaL origin occurs tor La, Eu, 
Tb, and Lu in aerosoL coLLected in JuLy 1974 at two weir sites at the WaLker Brunch watershed, 
Oak Ridge, Tennessee, which show aerosoL-soiL enrichment tactors (normaLized to Ce) 
near unity in aerosol and fly ash emissions (data on fLy ash trom [39]); Ce is chosen as 
reterence eLement because its content varies only sLightly between soil sampLes and it 
is neither enriched nor depLeted in fly ash. Source contributions calculated trom chemicaL 
mass baLance (tor details see original paper) as weLL as observed average contents ot 
La, Ce, and Eu are as toLLows [40]: 

eLement caLcuLated contribution in % observed 
trom soiL trom coal totaL content in % 

La 0.002 0.000092 0.0021 0.0018 
Ce 0.0036 0.00018 0.0038 0.002 
Eu 0.000048 0.0000022 0.00005 0.00003 

A good correspondence occurs between RE concentration ratios (Ce/La, Ce/Eu, Ce/Sm, 
La/Eu, La/Sm, and Eu/Sm) caLculated trom the geometric mean concentration in air particu
lates over 25 sites trom northwestern Indiana (the Hammond-East Chicago-Gary-Whiting 
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metropoLitan complex) and those in (1) the North American shale composite, (2) a glauconite
bearing sandstone, or (3) a Limestone Irom Milwaukee, Wisconsin, wh ich are beLieved to 
be reasonably representative 01 the minerals used in industry and lor the soil contribution 
to the aerosol [41, pp. 140, 147, 164]. 

A widespread dispersion-type source (soil and/or dust generated by human activity) 
is suggested lor elements associated with the larger particles (including La, Ce, Sm, and 
Eu) in aerosols collected during summer 1970 at seven Canadian stations Irom lower Michi
gan into northern Canada (varying in character from semiurban to remote) by their common 
aerosol-soil enrichment lactors (normaLized to Fe) near unity which are calculated Irom 
mean summer values, representative in most cases 01 eight weeks in July and August 
1970, which are roughly equal to the enrichment lactor 01 Fe, an element very likely to 
be mainly soil-derived [41, pp. 20/4, 26, 28/9, 42/7]. 

In Marine Atmospheres 

In atmospheric particulates over marine areas, natural fluxes 01 continental and volcanic 
dust (32 x 108 and 9 x 108 g/yr., respectively) are the main source 01 Sm, since the Sm/Al 
ratio observed in clear air and in urban air particulates (Ior data see [42]) is close to 
the theoretical Sm/Al ratio (calculated by dividing the sum 01 the continental and volcanic 
dust fluxes lor Sm by the sum 01 the dust fluxes lor Al) assuming that continental and 
volcanic particulate fluxes are the most important natural fluxes and that they are well-mixed 
in the atmosphere [43]. A continental origin is assumed for marine aerosol as, e.g., for 
two samples (with a lower size Limit 01 the dry particles 01 ~ 1 Ilm) collected in March 
1974, over the equatorial Pacilic Ocean. They are without significant differences (at the 
95% confidence level) for the contents of La, Ce, Sm, and Eu normaLized to an unpolluted 
"standard" aerosol sample (collected in February 1970 over the northern Atlantic Ocean 
at 27° N, 30° W) wh ich is very similar to the continental dust originating from North Africa; 
for one of the Pacific samples the continental dust originated in, or passed over Mexico 
[44]. Influx of terrigenous matter causes Ce (positively correlated with Fe) in aerosol collect
ed near the water level in middle-latitudinal and tropical open-ocean regions of the southern 
Pacific and Atlantic oceans. La is also of crustal origin [45]. Using enrichment factors relative 
to the crust (normaLized to Al), atmospheric Ce and Eu over the Bermuda Island, western 
Atlantic Ocean, appear to originate mainly from transported continental weathering products 
[46]. A crustal weathering source is assumed for La, with a mean crustal enrichment factor 
(relative to Fe) of 2.8, in atmospheric particulates collected over the northern Atlantic Ocean 
in the northeastern trade winds (or south 01 ~300 N) which olten contain material from 
the African continent [47]. Similar in composition to continental soil or shale (included the 
contents of La, Ce, Sm, and Eu) are aerosol samples from the equatorial Atlantic Ocean 
(14° N, 21 to 34° W) wh ich probably originate from the Sahara desert [48]. Related to the 
same source are RE in seven aerosol samples over the northern tropical Atlantic Ocean 
collected over a distance of ~2400 km during eight days in November and December 1978 
in a large dust pLume. The enrichment factors (relative to Fe) are near unity and are for 
La 1.78, Ce 1.85, Sm 1.68, Eu 1.73, Tb 2.02, Dy 1.06, Yb 0.91, and Lu 1.35 [2]. A uniquely 
terrestrial origin is assumed for certain elements (included Ce, Sm, and Eu) in nine aerosol 
samples collected in 1970 from 5 m above sea level along a north-south profile in the 
Gulf of Guinea (from 5° N to 3° S latitude). Especially indicative are the Ce/Fe ratios, varying 
in the aerosoLs from 2 x 10- 4 to 45 X 10- 4, mean 18.2 x 10- 4, wh ich are very close to that 
for earth crust materials (e.g., granite 44 x 10- 4, Limestone 23 x 10-4, clay 18 x 10- 4, and 
basalt 2 x 10- 4) and very different from that in seawater (3.5 x 10-4) [21, pp. 1113/5]. 
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Aerosol-crust enrichment facto'rs (normalized to Al) at or near crustal values for Ce 
(EFcrust=0.69 to 1.6; see p. 127) occur in six size-separated fractions (between ~0.49 and 
7.2 J.lm) of aerosol particles collected in 1979 at 18 m altitude from the atmosphere over 
the Eniwetok Atoll (11 0 20' N, 1620 20' E) in the Pacific northeastern trade wind regime during 
April and May (dry season, precipitation 4.3 cm) and June to August (wet season, precipita
tion 26.4 cm). The extremely low content of Eu in the size-separated fractions precludes 
detailed analysis of its mass-size distribution but the data available indicate that it resembles 
that of the crustal elements. Also for the bulk samples, the average atmospheric concentra
tion ratios of Ce (1.3) and Eu (0.83) are similar to that in average crustal material [49]. 
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8.1.2.2 AerosoLs 01 Marine Origin 

Based on literature data on the amount of marine water (1 to 109, mean 5 x 109 tlyr.) 
and of terrigenous material entering the atmosphere (0.5 to 0.8 x 109, mean 0.65 x 109 tlyr.) 
and neglecting the possibility of trace-element leaching during migration of terrigenous 
material in the atmosphere, the amount of La originating from the sea surface is calculated 
at 16.1 % in 15 aerosol samples collected between February and April 1976 over middle
latitudinal and tropical open-ocean regions of the southern Pacific and Atlantic oceans. 
The mass flux of La into the atmosphere from the sea-surface as a marine spray (with 
a La content of 1.0 to 6.1, mean 2.9 mg/L) is 1.2 x 104 t/yr. [1]. Assuming that all Ca measured 
in an aerosol originates from the sea, the upper limits for the portions of marine origin 
are 0.01 to 0.02% each for Sm and Eu, and <0.02% for Ce in aerosol samples collected 
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5 m above sea level along a north-south profile in the Gulf of Guinea (from 5° N to 3° S 
latitude) [2]. 

References for 8.1.2.2: 

[1] A. Z. Miklishanskii, Yu. V. Yakovlev, B. V. Savel'ev, V. V. Atrashkevich (Geokhimiya 1981 
927/36; Geochem. Intern. 18 No. 3 [1981]161/9,161,163,166/8). 

[2] G. Crozat, J. L. Domergue, V. Bogui, J. Fontan (Atmos. Environ. 7 [1973]1103/16, 1113/5). 

8.1.2.3 Origin in Rainwater 

A derivation from the earth's surface is assumed for La and Sm in rainwater collected 
20 m above ground during the period April to June 1971 at Heidelberg, Federal Republic 
of Germany, based on the average concentrations relative to Na in rainwater residue and 
on washout factors of ~ 1400 (i.e., concentration in rain/concentration in aerosol) [1]. And 
La and Sm in rainwater collected from April to June 1971 at ground-level in Heidelberg 
are blown by wind from the earth's surface into the atmosphere, since the arithmetic mean 
contents relative to Na are close to those in the earth's crust [2]. Highly calcareous rendzina, 
the local major soil type at Chilton, Berkshire, central southern England, may be responsibLe 
for the correlation between Ca and Ce in total rainwater collected monthly during 1972 
and 1973 [3]; note also that, for samples continuously collected from 1972 through 1975 
at Chilton and Styrrup, Nottinghamshire, the interelement ratios of Ce, Eu, and Sm (Ce/Eu 
40 and 47; Ce/Sm 5.7 and 16; Eu/Sm 0.14 and 0.33, respectively) in the total atmospheric 
deposition (the annual total deposition is derived from rainfall x concentrations measured 
in rainwater, with both soluble and insoluble fractions included) are broadly comparable 
with those for average crustal rock (Ce/Eu 50, Ce/Sm 10, Eu/Sm 0.20) as a probable source 
[4]. For rainwater at Styrrup, a relatively heavy resuspension of local soil or mining waste 
is implied by a significant correlation between La and Ce in dry deposits [3]. Sedimentary 
rocks are the main source of RE in rainwater collected during the period 1972 to 1973 
over the Black Sea and the Moscow region, USSR, as well as over the Atlantic, Pacific, 
and Indian oceans, as is indicated by analogous coefficients of fractionation for the trace 
elements in atmospheric precipitates and rocks [5]. 

A marine origin from sea-spray, driven by wind from the ocean's surface (maritime 
effect), is supposed, e.g., for the excess Ce in rainwater collected 25 m above sea level 
during the period June 1972 to May 1973 at agas platform ~55 km off the co ast of Norfolk, 
Great Britain. The content of < 4 1l9/L is higher by about one order of magnitude than 
the contents for four sites at, or near the coast of Great Britain « 0.1 to 0.53 1l9/L), at 
Arran, western Scotland (0.43 1l9/L), and at Petten, northern Holland (0.55 1l9/L) [6]. 

Compared to seawater, a more than tenfold enrichment of intermediate and heavy RE 
(starting with Eu) in rainwater over the Pacific, Indian, and Atlantic oceans can be caused 
by an absorption of volatile RE compounds which are metabolism products of plankton 
and evaporate at the ocean-atmosphere interface. Experiments with radioactive tracers 
on the physical evaporation of seawater show that it results in a loss of elements, included 
RE, into the atmosphere. However, the values obtained for La, Sm, Dy, Eu, and Lu are 
in the range of (1.2 to 1.9) x 10- 3 and, thus, cannot be used to explain the observed enrich
me nt of intermediate and heavy RE. Possibly, the similar values are caused by a decomposi
tion of organic matter during the storage of water samples [5]. Note also that evaporation 
of high-molecular weight organic compounds concentrated at the ocean-atmosphere inter
face is a probable mechanism for RE migration from the ocean into the atmosphere. A 
possible influence of organic compounds formed by plankton on the RE content in rainwater 
is evident by its enrichment in Eu, Gd, and Tb relative to seawater [7]. 
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An origin from nueLear weapon tests is reported: in rainwater, e.g., for various RE radio
nueLides at FayetteviLLe, Arkansas [8]; for 144Ce at Niee, Franee [9]; and for 144Ce and 144Pr 
at Tokyo, Japan [10]; in fallout (rain and dry deposition) for 141Ce, 144Ce, and 88y at Tokai, 
Ibaraki prefeeture, Japan [11]; and in iee, snow, and meLtwater for 141Ce and 144Ce at four 
stations in Antaretiea [12]. But note that a naturaL origin is aLso assumed for 144Ce in rainwater 
(of Japan?) [13]. Besides the fission produets 144Ce and 144Pr, 155Eu and 88y oeeur in very 
smaLL quantities in dry deposition and atmospherie preeipitation eoLLeeted daiLy from January 
to Deeember 1981 (in Romania ?), and the Latter isotope possibLy originates from a nueLear 
reaetion taking pLaee between eh arge partieLe fLux and fission produets from thermonueLear 
expLosions [14]. 
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[2] J. Bogen (Atmos. Environ. 8 [1974] 835/44, 835/6, 839/40). 
[3] P. A. Cawse (AERE-R-7669 [1974]1/95, 17, 50/1). 
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[5] V. V. Anikeev, G. M. KoLesov, V. S. Savenko (Vzaimodeistvie Vodoi Zhivym Veshehest-
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[10] N. Hasebe, S. Takano, Y. Takeuehi, J. Kikuehi, T. Doke (Rikogaku Kenkyusho Hokoku 
Waseda Daigaku No. 92 [1980] 91/7, 92, 95). 
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[12] E. N. Davydov, K. P. Makhon'ko (Meteorol. Gidrol. 1982 No. 5, pp. 48/55; Meteorol. Hyd

rol. [USSR] 1982 No. 5, pp. 36/42, 36/7). 
[13] K. Hashimoto, Y. Kitani, K. Shirota (Ibaraki-Ken Kogai Gijutsu Senta Nenpo No. 15 
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8.1.2.4 Anthropogenie Origin 

Speeifie RE eLements may be enriehed in atmospherie aerosoL reLeased during anthropo
genie aetivity as, e.g., petroLeum industry, gLass manufaeturing, or eLeetrieaL industry [1]. 
EspeeiaLLy in ehemieal-metaLlurgieal plants involved in the benefieation and separation of 
RE metals, the plant atmospheres eontain aerosols rieh in RE [2]. Also mining and erushing 
of minerals as weLL as land eultivation, earth moving, and building operations ean eause 
a rise in air eoneentration of Ce in regions of intense anthropogenie aetivity [3]. In addition, 
as a result of the eombustion of fossil fueLs, RE and Y ean be introdueed into the atmosphere 
in amounts less than, but eomparable to their rates of fLow through natural waters during 
the weathering eyele, as is shown, e.g., by the 1967 produetion figures in the table on 
p. 104 [4]. 

A reLativeLy high eontent of Ce in aerosoL eoLLeeted at five stations in November and 
Deeember in Paris [5] is assumed to be eaused by the exhaust of automobiLes [6]. PossibLy, 
La is somewhat reLated to fueL in aerosoL eoLLeeted in the eity of Beer-Sheva, IsraeL, sinee 
it eorreLates reLativeLy strongLy with Sand Pb eontents [7]. 
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amount mobiLized into atmosphere in 109 g/yr. 
Y La Ce Pr Nd Sm Eu 

fossil fuel mobiLization 
eoal and Lignite 1.4 1.4 1.6 0.31 0.65 0.22 0.1 
oil 0.0002 0.0008 0.002 

weathering mobiLization 
river flow 25 7.2 2.2 1.1 7.2 1.1 0.25 

amount mobiLized into atmosphere in 109 g/yr. 
Gd Tb Ho Er Tm Yb Lu 

fossil fuel mobiLization 
eoal and Lignite 0.22 0.042 0.042 0.085 0.014 0.07 0.01 
oil 0.0002 

weathering mobiLization 
river flow 1.4 0.29 0.36 1.8 0.32 1.8 0.29 

The anthropogenie input of RE radionueLides into the atmosphere by nuelear weapon 
tests remains undiseussed in this handbook; for examples regarding rainwater, see p. 103. 

Caleulation of an interferenee faetor, IF = (total anthropogenie emission/total natural 
emission) x 100, gives an assessment of the importanee of the anthropogenie flux of any 
meta!. Thus, the portions of anthropogenie fluxes of Sm into the atmosphere by industrial 
partieulate emissions and by burning of fossil fuels are 7 x 108 and 5 x 108 g/yr., respeetively. 
Furthermore, 0.1 x 108 g/yr. is introdueed by the burning of woods and forests; i.e., 0.5% 
of the total (eontinental and voleanie) dust flux [8]. For a diseussion of the intensity and 
extent of industrial pollution by the East Chieago industrial area eausing La and Ce eoneen
trations over northwestern Indiana, see [9 to 11]; or of eoal eombustion and some intense 
industrial sourees eausing eoneentrations of La, Ce, and Sm over Belgium, see [12]. Coal 
eombustion is a major souree of La and Eu in atmospherie partieles eolleeted in Poland 
during the late summer of 1979 and the subsequent winter at Katowiee (loeated eentrally 
in a large eoal-mining and steel-produeing areal, sinee both elements have mean atmos
pherie enriehment faetors relative to eoal (ealeulated by averaging all samples from the 
same season) weil inside the range of elements with eoal as apredominant souree. The 
RE, however, mayas easily be attributed to other eoal-related sourees as, e.g., eoal proeess
ing, eoke produetion, or simply eoal dust or eoal taiLings dust dispersal [13]. From a thorough 
investigation of traee element eoneentrations in partieulate air samples (ground-level) eol
leeted from 1957 to 1974 on a daily basis in a high-volume air sampler at Chilton, Oxford
shire, Great Britain, the following statements eoneerning elements of the LithophiLie group 
(Al, Ce, Eu, Fe, Se, and Th) are given: These elements exhibit enriehment faetors near 
unity. During the period investigated, four elements (Al, Eu, Fe, Se) show signifieant down
ward trends eonsistent with eombustion sourees; the two other (Ce, Th), without signifieant 
trends, suggest a mainly natural origin. But both elements have high initial values and 
may at that time have had a more signifieant anthropogenie origin. In addition, a eorrelation 
between the deeLine in winter levels of blaek smoke (during a "period of graee" allowed 
by the Clear Air Aet of 1956) with observed deereases in traee element eontents (e.g., 
of Eu) indieate that fuel eombustion is a major souree. The residual summer levels may 
also stem from eombustion sourees together with eontribution from natural ground surfaee 
disturbanee [14]. 
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[12] M. Demuynck, R. Dams (Bull. Soc. Chim. Belge 90 [1981] 265/80,266,269/70,272). 
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8.1.3 Mode 01 Occurrence 

In the atmosphere, trace elements occur in aerosol and in the gas-vapor phase (conden
sate) [1, p.62]. Atmospheric aerosol is defined as solid or liquid matter dispersed in the 
air [2], with the stable forms ranging in size from 0.01 to 100 11m in diameter. Particles 
<0.01 11m in diameter rapidly coagulate, those >100 11m are removed quickly by sedimenta
tion (see p. 132) [3, p. 3]. The most used term to describe particles in air (other than water) 
is "total suspended particulates", which is defined as the mass per unit volume of those 
particles that are captured by pulling a large volume of air through a filter. Particulates 
have a large number of forms, chemical compositions, and sources [2]. Unequally distributed 
between the solid and liquid phases of atmospheric precipitation are trace elements (in
cluded La, Ce, and Sm); the distribution depends, e.g., on sampling location, on chemical 
composition of the precipitation, and on the properties and content of the element under 
consideration [1, pp. 61/2]. 

In aerosol the crustal-derived elements (included RE) usually have most of their mass 
associated with large particles [4], e.g., larger than 1 to 311m [5]. Rare earth elements 
belong to the so-called L-type elements (i.e., elements associated mostly with large particles 
of refractory compounds, especially oxides and silicates, in which they often are found 
in soil and minerals) in aerosol particles collected from surface-continental air at various 
stations in North America [3, pp. 1, 37/9, 58/9, 189, 191,202/3]. Based on low aerosol-crust 
enrichment factors (for RE in the range of 0.5 to 3.0), fully one-half the elements in a 
typical aerosol appear to be associated with its mineral component (see, e.g., [6]); and 
a coincidence of the plateau region tor particle size-related element contents with the 
aerosol size range implies that the composition of a mineral aerosol should not change 
markedly during long-range transport; this is borne out by observations tor eleven desert 
soils trom Africa and North America. And elements associated with highly resistive minerals 
such as zircon and rutile can sometimes become unusually enriched in the radius range 
10 to 30 11m [7]. 
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Mainly associated with irreguLar-shaped coarse particles ;::: 1.2 J-lm is Ce in aerosoL sam
pLes coLLected daily in February 1980 at five sites over Tashkent, Usbekistan, USSR [8), 
and the larger size fractions (1.0 to 10 J-l) of aerosoLs coLLected over Tashkent and AlmaLyk 
consist mainly of La and other eLements of geochemicaL (naturaL) origin [9]. Most of La, 
Ce, Eu, Sm, Vb, and Lu occurs in particLes with a radius > 1 J-lm in five aerosol sampLes 
coLLected 3 m above ground between November 1975 and September 1976 around Moscow, 
USSR. Their content and percentage in three filter Layers and the caLcuLated aerosoL-crust 
and aerosol-shaLe enrichment factors (normaLized to Fe) are as foLlows [5]: 

eLe- content and percentage in the enrichment factor 
ment upperLayer middLe Layer lower Layer against 

(r>1 J-lm) (r<0.5J-lm) av. earth's av. shaLe 
ng 0/0 ng % ng % crust 

La 64.8 90 10.9 10 1.2 1.0 0.3 
Ce 1070 60 500 28 210 12 1.0 0.9 
Sm 8.16 90 0.84 10 0.5 0.6 0.5 
Eu 1.44 87 0.23 13 not found 0.6 0.6 
Yb 1.15 92 0.09 8 not found 0.5 0.5 
Lu 4.37 100 not found not found 1.1 0.6 

The coarse fraction (between 1.0 and 10 J-lm) contains the main part of La in the foLLowing 
aerosol sampLes from various environments (coLlected in the USSR?) [9]: 

envi ron mental La content in ng/m3 

area 11.5 J-lm 3.6J-lm 1.8 J-lm 1.03 J-lm ::;0.4 J-lm 

industrial 1.1 6 ::; 0.1 ::; 0.1 4 
municipaL ::; 0.1 0.2 ::; 0.1 ::; 0.1 ::; 0.1 
rural 0.04 0.09 0.04 0.04 0.04 
remote ::; 0.01 ::; 0.01 ::; 0.01 ::; 0.01 ::; 0.01 

OnLy one maximum in the size distribution occurs at ~3 J-l for La, Ce, Sm, Vb, and Lu 
in two aerosoL sampLes coLLected 3 m above ground at the Radiation Center, Osaka prefec
ture, Japan. The contents determined from sampLe A (June 1974) in the various size fractions 
are as foLLows [10]: 

size content in ng/m3 

fraction La Ce Sm Yb Lu 

>11 J-l 0.411 0.497 0.0537 0.0301 0.0050 
7.0to 11 J-l 0.229 0.293 0.0294 0.0165 0.0032 
4.7 to 7.0 J-l 0.245 0.376 0.0415 0.0215 0.0041 
3.3 to 4.7 J-l 0.184 0.284 0.0329 0.0177 0.0029 
2.1 to 3.3 J-l , 0.123 0.169 0.0216 0.0103 0.0019 
1.1 to 2.1 J-l 0.0579 0.0911 0.0084 0.0021 0.0006 
0.65 to 1.1 J-l 0.0472 0.0345 0.0065 
0.43 to 0.65 J-l 0.0560 0.0488 0.0091 
<0.43J-l 0.0682 0.183 0.0091 
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Abimodal particLe size distribution occurs for the nonvoLatiLe LithophiLic eLements (in
cLuded La, Sm, and Eu) in four semiremote background aerosoLs coLLected at three sites 
and 7 m above ground during JuLy 1975 near the town of CoLstrip in the semiarid rangeland 
area of southeastern Montana. The size distribution shows a peak at an estimated cutoff 
diameter of 1 to 3 ~m wh ich is undoubtedLy the resuLt of turbuLent atmospheric processes 
which are capabLe of suspending soiL particuLates. The smaLL particLe size fraction is the 
resuLt of the coLLection of aLL particLes <0.3 ~m by the backup fiLter and of particLes created 
as the resuLt of bounce-off. The La, Sm, and Eu contents (range and caLcuLated mean) 
in the different size fractions of a cascade impactor are as foLLows [11]: 

eLe- content in ng/m3 for the size fractions (D50 vaLues) 
ment 10 ~ 3~ 1 ~ 0.3 ~ <0.3 ~ 

La 0.019 to 0.080; 0.075 to 0.20; 0.050 to 0.12; 0.010 to 0.014; 0.020 to 0.040; 
0.043 0.122 0.08 0.012 0.031 

Sm 0.0023 to 0.014; 0.013 to 0.036; 0.0080 to 0.020; <0.0006 to 0.002; 0.002 to 0.007; 
0.0069 0.018 0.012 0.0012 0.004 

Eu 0.002 to 0.003; 0.0022 to 0.008; 0.0017 to 0.008; 0.0014 to 0.003; 0.0007 to 0.0019; 
0.0023 0.0044 0.0039 0.002 0.0012 

Both smaLL- and Large-particLe components are carriers for Ce as foLLows from size-distribu
tion studies on aerosoL coLLected during February and March 1970 at two in-town and at 
one suburban site of Boston, Massachusetts. This indicates an origin from two or more 
processes of comparabLe magnitude [12]. PreLiminary resuLts on size distribution for La, 
Ce, Sm, and Eu contents in three sampLes of airborne particuLate materiaL (coLLected with 
0.8 ~ pore-size filters) from CoLumbia, Missouri, are as foLLows; no cutoff diameters are 
given for the different impactor stages [13]: 

eLement 

La 
Ce 
Sm 
Eu 

6.04 X 10- 2 

5.58 X 10- 4 

2.74 X 10- 2 

6.08 X 10- 4 

content in ~g for the stage 
4 7 

2.95 X 10- 2 

3.93 X 10- 4 

1.19 X 10- 2 

5.81 X 10- 2 

5.87 X 10- 4 

1.81 x10- 2 

1.74x10- 4 

Most of the radioactivity (incLuding 144Ce) occurs in the size range of 0.02 to 0.15 ~m 
radius in Lower stratospheric aerosoL (30000 to 100000 feet) over MinneapoLis, Minnesota, 
and over Hyderabad, India, as weLL as between 15 and 21 km altitude over MinneapoLis 
[14]. In particLes with a mean maximum diameter of 4~, and with a ratio of the Largest 
to the smaLLest diameter of 1.1, 141Ce, 144Ce, 147Nd, and 140Ba_14oLa occur in air coLLected 
in autumn 1961 over Frankfurt, FederaL RepubLic of Germany [15]. 

Concentrated on Larger particLes are La and Sm in size-separated aerosoL sampLes 
coLLected during 1973 and 1974 at six sites (one urban, one expressway, and four industriaL 
sites) in Toronto, Canada. The approximate mass median diameters (m.m.d., i.e., the diame
ter beLow which 50% of the totaL mass of an eLement occurs) for typicaL summer aerosoL 
(sampLes infLuenced by LocaL sources excLuded) are 4.7 ~m for La and 6.5 ~m for Sm, with 
15 and 21%, respectiveLy, occurring in particLes <1.1 ~m in diameter [38]. A predominance 
of Large particLes, or aLm ost fLat size distribution curves occur (despite anaLyticaL uncertain
ties) for Yb and Lu in ground-LeveL aerosoL (up to 100 m aLtitude) from two in-town and 
one suburban site in the Boston area, Massachusetts, coLLected during February and March 
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1970 [12]. MainLy associated with > 1 Ilm particLes (mass median diameter) are La, Ce, 
and Sm in eight aerosoL sampLes from three sites in the industriaL area north of Ghent, 
BeLgium (coLLected over aperiod of two years, between September 1971 and November 
1973, under varying weather conditions). ALmost the same size distribution is given by 
Literature data for aerosoLs coLLected from various other Locations, as is shown in the foLLow
ing [16]: 

LocaLity m.m.d. in Ilm for particLes containing 
La Ce Sm 

BeLgium 
Ghent (industrial) 2.3 2.8 2.7 
Ghent (residential) 2.1 1.6 2.8 
Liege 5 5 
MecheLen 2.1 2.5 2.7 

Niles, Michigan 2.1 2.8 3.0 
Jungfraujoch, SwitzerLand 2.9 5.9 2.9 
LakseLv, Norway 2.1 1.0 

The occurrence of Ce in particLes with m.m.d. >3 Ilm is given for ground-LeveL airborne 
dust coLLected at ChiLton, Berkshire, and at Trebanos near Swansea, GLamorganshire, both 
Great Britain [17, pp. 15/6]. 

From a pLot of the enrichment factor (normaLized to Sc) vs. dry deposition velocity Vg 

(rate of dry deposition [llg/cm2 sec]/concentration in air [llg/cm3]) of trace eLements in the 
atmosphere at ChiLton during 1972, it foLLows that the soiL-derived eLements, such as Ce, 
are associated with particLes with a m.m.d. > 1 Ilm (since at this station adeposition velocity 
of 0.5 cm/sec corresponds to a m.m.d. of ~ 1 Ilm) [18]. It shouLd aLso be noted that eLements 
with Low enrichment factors (normaLized to Sc) <2, such as Ce, are associated with particLes 
having a Vg > ~0.8 cm/sec at ChiLton and other Locations of Great Britain [17, pp. 15/6,44/5]; 
and, based on its high Vg , Ce associated with Large particLe size is found in airborne dust 
« 100 Ilm) coLLected 1.5 m above ground during 1970 and 1971 at Wraymires, WestmorLand, 
Great Britain [19]; see aLso [20]. Concentrated in Larger particLes are La, Ce, and Eu (with 
m.m.d. of 3.5,4.1, and 4.2 Il, respectiveLy) in atmospheric particuLate matter coLLected monthLy 
from September 1976 to February 1977 in Ankara, Turkey [21]. 

An occurrence with dust, composed mainLy of CaC03, Si02, and other mineraLs derived 
from two components (dust from the Negev desert, from Saudi-Arabia and North Africa 
and a poLLuting component from industriaL and transportation sources) is given for Sm and 
probabLy La in aerosoL coLLected in the city of Beer-Sheva, Israel. Both eLements show 
a reLativeLy high correLation with totaL suspended matter (i.e., the totaL weight of aerosoL 
coLLected on the fiLter). However, according to size distribution, La is not part of, but is 
aLm ost compLeteLy adsorbed by, the dust [22]. ALso, La, Ce, and Eu occur as impurities 
in KCL, and NaCL and in other compounds (Si02, CaC03, AL20 3, etc.) in air sampLes coLLected 
simuLtaneousLy in the city of Beer-Sheva and at Shivta, 40 km away in the Negev desert. 
ELements which are not typicaLLy urban are part of the dust and hence are found everywhere 
in the area. According to the eLement ratios derived from city-to-desert and from day-to
night data, the foLLowing groups of eLements are given that might form certain dust combina
tions: K-L.a-Pa, Ce-Fe-Sc, and Eu-Na-Cr [23]. 

In contrast to the suspensate (aerosoL) over continents, in marine aerosoLs (centraL Pacific 
and AtLantic oceans, Japan Seal eLements are present preferentiaLLy in water-soLubLe (or-
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ganic?) or exchangeabLe and weakLy-bound forms. The ranges and mean vaLues of the 
amount of La in water-soLubLe or organic phases of suspensate, coLLected between February 
and ApriL 1976 in the middLe-LatitudinaL and tropicaL regions of the southern AtLantic and 
Pacific oceans, are 2 to 75%, 31 % and 2 to 25%, 15%, respectiveLy, with enrichment factors 
reLative to seawater (normaLized to Na) of 1.8 x 105 and 7.9 x 106 , respectiveLy [24]. As foLLows 
from R-mode factor anaLysis of data from [25], in 16 sampLes of marine aerosoL from the 
northern AtLantic Ocean (18° to 32° N Latitude, 18° to 29°W Longitude) the RE beLong to 
the aLumino-siLicate detritus phase [26]. 

For most eLements, in particuLar for the hydroLyzing ones (e.g., La, Ce, Sm, Eu, Vb, 
and Lu), the main mode of occurrence in atmospheric water is dusty aerosoL wh ich enters 
rainwater mainLy from soi!. These eLements have enrichment factors reLative to sedimentary 
rocks (normaLized to Fe) in the order of 0.1 to 10 [27]. Ranges and mean concentrations 
of La, Ce, and Sm in the particuLate fraction (Le., the insoLubLe fraction retained on a fiLter 
with 0.4 J.!m pore size) and in the soLubLe fraction (Le., the fraction passing through the 
fiLter) of 37 rainwater sampLes coLLected during May 1980 ac ross Canada are as foLLows [28]: 

eLement 

La 
Ce 
Sm 

particuLate phase 
in J.!g/g 

< 6.9 to 1750; 274 
<19.2 to 105; 21.0 
<0.61 to 14.1; 5.69 

*) Expressed in ng/L. 

content for 
soLubLe phase 
in J.!g/L 

< 0.30 to 3.39; 1.34 
<2.92*) to 0.010; 6.87*) 

The annuaL mean totaL and dissoLved Ce contents in rainwater coLLected between June 
1972 and May 1973 at five sites in Great Britain and one site each in northern Holland 
(petten) and in the North Sea are, respectiveLy: 0.53 and <0.2 mg/L at Leiston, SuffoLk; 
0.53 and < 0.08 mg/L at Gresham, NorfoLk; < 0.1 and < 0.018 mg/L at CoLLafirth, Shetland 
IsLes; <0.47 and <0.10 mg/L at Lerwick, Shetland IsLes; 0.43 and <0.08 mg/L at Arran, 
Bute; 0.55 and 0.078 mg/L at Petten (coLLected from February to May 1973 onLy); and <4 
and <2 mg/L at agas pLatform [29]. 

Associated with Large particLes of sea spray is Ce in rainwater (wet pLus dry deposition) 
coLLected monthLy at Lerwick Observatory, Shetland IsLes, as is inferred from the association 
of a higher washout factor WSOL. (soLubLe concentration in rainwater [J.!g/kg]/concentration 
in air [J.!g/kg]) with a greater dry deposition velocity Vg (for definition, see p. 108) compared 
with other sites studied [17, p. 44]. 

Present in water-solubLe (as ions, moLecuLes, coLLoids, pseudocoUoids, and fineLy-dis
persed suspensions in the 0.1- to 1 J.!-size range) and in water-insoLubLe form (as suspended 
particLes of organic and inorganic origin ranging in size between 1 J.! and 1 mm) are the 
radioisotopes 91Y, 144Ce, 141Ce, and 155Eu in 57 atmospheric precipitation sampLes coLLected 
during the years 1961 to 1972 in the Leningrad area, USSR [30]; note too that 144Ce is 
uniformLy distributed between the Liquid and solid phases of atmospheric precipitation. In 
the Liquid phase, most probabLy 144Ce occurs as hydrocompLexes with a different degree 
of poLymerization as weU as in compLex units with organic and inorganic Ligands [31]. MostLy 
in cationic form (59%) occurs 144Ce in atmospheric precipitation coLLected in the Moscow 
region, USSR, and 41 % occurs in anionic and in neutraL forms. On average, 12% of the 
144Ce is in water-soLubLe form [32]. 
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In the solid phase (>0.7 11m) of snow, trace elements occur in exchangeable, mobile, 
acid-soluble, or difficultly soluble form, their proportions determined by the chemical proper
ties of the elements and by the composition of the solid phase [1, p. 55]. For La in snow 
water collected at Tashkent and Almalyk, both Uzbekistan, USSR, the following modes of 
occurrence are given [9]: 

location 

Tashkent 
Almalyk 

suspended 

230 
380 

La content in ng/L 
neutral and colloidal anionic 

<10 
64 

41 
<10 

cationic 

150 
36 

In contrast to snow from Antarctica, where both La and Ce occur at ~50% with the difficultly 
soluble (insoluble) form, in snow of the Moscow region, USSR, these elements occur mainly 
(73 to 93%) with the insoluble form. There are differences in the percentage of insoluble 
mode of occurrences for La, Ce, and Sm: Snow collected in March 1975 shows, respectively, 
63.7, 91.1, and 92.9%, whereas snow collected in November 1975 shows 40.6% Ce and 
30.8% Sm as insoluble. With increasing dust content (Le., increasing age) of snow, contents 
of trace elements also increase, e.g., the content of Ce from 0.5 g/L in freshly fallen snow 
(November 1975) to 4.2 g/L in "aged" snow (January 1976). The contents of Ce in aerosol 
and snow collected in the Moscow region are in the same order of magnitude as in rocks 
and soils [1, pp. 54/7, 60/1]. 

The geographie location of Antarctica leads to special features in the distribution of 
nuclides between the soluble and insoluble fractions in atmospheric fallout. Except for 141Ce, 
all other radionuclides (including 144Ce) are present nearly completely in soluble or colloidal 
form, as follows from a comparison of concentrations in snow- and in meltwater from 
a puddle on the snow (the water samples did not contain visible suspended matter and 
consisted mainly of true and colloidal solutions of the substances contained in the snow), 
collected in 1969 at 250 m above sea level during the summer (beginning of December) 
from a snow dome of Bellingshausen station. The average concentrations (of samples taken 
in four pits) of 141Ce and 144Ce in snow- and meltwater are as folio ws [33]: 

radio- content in 10-12 Ci/L 
nuclide meltwater upper snow layer, annual snow layer, 

56cm thick 110cm thick 

141Ce 0.15 0.3 0.47 
144Ce 4.6 3.9 5.6 

Bound to different organic compounds, Ce, Sm, and Vb occur partly in the solid and 
liquid phases of freshly fallen snow collected in November 1978 at Moscow, USSR. In the 
solid matter of the snow, 6.0% of Ce, 3.3% of Sm, and 13.2% of Vb are extractable by 
an alcohol-benzene mixture, but the discrepancy between parallel determinations is 20 
to 50%. In the liquid phase, < 12% of Ce occurs in anionic form in freshly fallen snow 
(collected in November 1975 under trees) from outside the city of Moscow, confirming the 
formation of complexes with humic acids, low-molecular weight carbonic and phenol acids, 
and other organic compounds [1, p. 58]. 

Primarily associated with the nonvolatile matrix material are RE in the larger size frac
tions of fly ash collecled from the precipitator of a coal-fired steam plant in the western 
United States, since the contents for RE together with that of Fe show a maximum at 25 11m 
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(whether this maximum is real or results from a sampLing artifact is not entirely clear). 
The contents of V and RE (possibly contained in apatite) in relation to particle size (mass 
median diameter) are as follows; results are from instrumental neutron activation analysis, 
and, in parentheses, from X-ray fluorescence [34]: 

particle size content in ppm 
in ~m V La Ce Nd Sm Eu Tb Dy Vb 

0.5 (48) 70.3 (53) 180 (115) 83 8.68 1.95 1.15 7.3 4.26 
2 (54) 73.7 (74) 170 (115) 80 10.50 2.14 1.28 8.7 4.69 
4 (61) 76.7 (81) 180 (132) 83 10.50 2.29 1.40 9.6 4.79 
5 (55) 72.8 (64) 145 (115) 50 10.1 2.17 1.36 8.8 4.96 
8.5 (49) 69.6 (64) 135 (121) 55 9.4 1.97 1.45 7.8 5.00 

12.5 (37) 53.4 (30) 110 (78) 45 6.92 1.49 0.92 6.6 3.47 
15.5 (35) 55.7 (45) 100 (86) 50 7.23 1.56 1.00 7.1 3.49 
25 (32) 41.9 (36) 80(75) 30 6.00 1.16 0.86 4.7 3.33 
50 (28) - (29) - (43) 76 

Predominantly matrix-associated (apatite?) are the RE in aerodynamically-sized stack fly 
ash from a large coal-fired power plant in the western United States. Except for Sm and 
Nd, no dependence on particle size occurs [35]. Mainly concentrated in the glass phase 
(represented as (Si02)x· (R20 3)y with R =Al or Fe) are RE in the 100 to 200 ~m fraction 
of fly ash from the Bull Run coal-buring power plant, as well as in fly ash from other 
plants of Tennessee. In the magnetic phase of the fly ash, La and Ce probably are incorpo
rated as substituted spinel (ferrite with an approximate composition of Fe2.3Alo.704) [36]. 
As dust deposits of intermediate products or separated chemicals rather than as monazite 
ore, RE occur in 14 air filter samples collected in 1967 and 1970 from a Th- and RE
processing refinery of IlLinois [37]. 
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8.2 Transport, Regional Differences, and Temporal Variations 01 Yttrium 
and/or Rare Earth Element Concentrations in the Atmosphere 

8.2.1 Transport 

SmaUer particLes of terrestriaL aerosoL, raised from the surface of continents and oceans 
by winds (causing suspension of soiL and dust), by the eruption of voLcanoes, or by industriaL 
activities may diffuse verticaUy upwards to higher aLtitudes, against competition from sedi-
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mentation and washout by rain, by updraughts and turbuLence, so that disposaL is more 
widespread. Those particLes capabLe of reaching the stratosphere wouLd eventuaLLy be dis
tributed on a worLd-wide scaLe, whereas particLes that remain in the troposphere will be 
transported in the zonaL circuLation (westerLy airstreams in the middLe and upper tropo
sphere) before returning to the earth's surface [1]; note aLso that probabLy enough atmos
pheric particuLate materiaL beLow ~ 10 11m in size will diffuse verticaLLy upwards and join 
the westerLy airstreams in the middLe and upper troposphere at aLtitudes up to ~ 15 km. 
There wiLL be a continuous exchange by verticaL diffusion throughout the troposphere [2]. 

EvidentLy, transport over more than 1000 km occurs for dust-storm aerosoLs (coLLected 
in ApriL 1980 at 25 m aLtitude) over Beijing, China, wh ich are formed by siLt particLes from 
the area where these strong winds originated (Siberia) and from areas in the path of the 
winds, as is inferred from the Sc-normaLized enrichment factors of some eLements (incLuding 
RE) reLative to the earth's crust in the aerosoLs [3]. Integrating the resuLts of mass size 
distribution and enrichment factors (assuming that the content of AL in the aerosoL particLes 
refLects the dust Loading in the atmosphere), it is shown that the Ce content in aerosoL 
particLes is controLLed virtuaLLy aLways by transport of crustaL weathering products from 
the continents, as occurs for aerosoL particLes from the Lower atmosphere (in the Pacific 
northeast trade wind regime) over the Eniwetok AtoLL, MarshaLL IsLands, coLLected at 18 m 
height from ApriL 15 to May 18, 1979 (dry season, precipitation 4.3 cm) and from June 26 
to August 7, 1979 (wet season, precipitation 26.4 cm). When the dust content changes in 
the atmosphere over Eniwetok, the amount of Ce in the buLk and size-separated aerosoL 
particLes changes correspondingLy [4]. In seven sampLes coLLected during November and 
December 1973 over a distance of ~2400 km (ranging from ~600 to ~1300 km distance 
from the western coast of Africa), and over an eLapsed time of eight days, the majority 
of eLements (incLuding La, Ce, Sm, Eu, and Lu) in the tropicaL northern AtLantic Ocean 
shows variations of the concentration ratio X/Fe for the various eLements X which are just 
about the same as their anaLyticaL uncertainties. This constancy can be expLained by a 
constant amount within the Sahara sand (mean mineraL content 75.6119/m3±30%) and/or 
by extensive mixing of the aerosoL before it moves out over the AtLantic Ocean [5]. ALso, 
after a Long-range transport from the Sahara, the reLative contents of cLay-associated hydroL
ysate eLements (such as Y and La) are onLy sLightLy increased in Caribbean dust [6]. For 
a reLativeLy constant composition of mineraL aerosoL after transport over > 1000 km, see 
p.105. 

The verticaL transport of contamination (e.g., by 144Ce) both within the Lower stratosphere 
and ac ross the troposphere is infLuenced onLy reLativeLy sLightLy by sedimentation, as is 
shown by particLe-size measurements on stratospheric aerosoL coLLected between 30000 
and 100000 feet aLtitude over MinneapoLis, Minnesota (trom June 1960 to June 1961) and 
over Hyderabad, India (from February to ApriL 1961). The fineLy-divided radioactive aerosoL 
(see aLso p. 107) mixes down from higher stratospheric LeveLs and either seeds the formation 
of, or becomes attached to, suLfate aerosoL particLes; the nature and detaiLs of this mech
anism are not known [7]. 141Ce with a Large part of expLosion products from the Chinese 
nucLear test of September 29, 1969 has been transported during three months in the tropo
sphere from middLe Latitudes of the northern hemisphere to the south poLe region. During 
transport in the upper troposphere of the southern hemisphere, the radionucLides react 
with marine saLt particLes, thereby forming marine aerosoLs with the formation of soLubLe 
compounds (primariLy chLorides), which is a Lengthy process, as is indicated by the reLativeLy 
Low vaLue for the meLtwater/snow ratios in both the annuaL and the upper snow Layer at 
BeLLingshausen station for the short-Lived 141Ce (0.32 and 0.5, respectiveLy) compared to 
the Long-Lived 144Ce (0.82 and 1.2, respectiveLy) [8]. Tropospheric transport may account 
for the appreciabLe amount of radioactive fallout (e.g., for 144Ce of 6.2 x 10- 14 Ci/m3) in 
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dust coLLected between November 30 and December 21, 1958 over the southern AtLantic 
Ocean (at 15°S Latitude) [9]. Diffusion of radioactive debris within the troposphere after 
the 26th Chinese nucLear test expLosion brought about one peak of deposition at Tokai, 
Ibaraki prefecture, Japan, during November and December 1980. And the debris injected 
up to the stratosphere remained there temporariLy and was spread down into the troposphere 
by upper-tropospheric turbuLent air movement, Leading to a second, so-caLLed spring maxi
mum between February and JuLy 1981 with maximum faLLout vaLues for aLL radionucLides 
(incLuding 141Ce, 144Ce, and 88y) except 14oBa_14oLa [10]; see aLso pp. 126/8 for seasonaL 
variations in content of RE eLements or radionucLides. 

The weaker the vegetation cover of soiL, the stronger is the removal of dust from soiL 
by winds and, therefore, an influence of vegetation may pLay an important roLe in the increase 
in contents of Eu and Ce in aerosoL coLLected ~5 m above ground in October and December 
1970 from a north-south profiLe over the Ivory Coast [11]. 
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8.2.2 Regional Differences (SpatiaL and/or Environmental) 

In the foLLowing paragraphs are given exampLes comparing especiaLLy differences be
tween aerosoL or rainwater over oceans and continents, over different oceans, and over 
open-ocean regions and inLand seas, as weLL as between different environments (industrial, 
urban or municipaL, ruraL, and remote areas) and between different LocaLities of the same 
environment (wh ich may point to differences in the origin of RE; refer aLso to pp. 93/103). 
OnLy a few exampLes are given for regionaL differences in the RE nucLide distribution. 

GeneraLLy, the contents in the marine atmosphere of terrigenous eLements are Lower 
by a factor of 10 to 20 than in the earth's crust [1]. Contents of RE eLements in air from 
marine regions are nearLy equaL (2.26 x 10-6 g/m3 for the AtLantic Ocean and 2.56 x 10-6 g/m3 

for the Indian Ocean, in the originaL paper erroneousLy given as g/cm3) but are considerabLy 
Lower (13 times) than for the continentaL Moscow region [2, p.253]. RecaLcuLated to the 
mineraL residue content (1.0 to 2.0 x 10-2%), the RE content in air suspensions coLLected 
over the northern Indian Ocean equaLs the concentration in suspended matter of surface 
seawater and in average sedimentary rocks [3]. Compared to ocean regions, higher RE 
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contents occur in air above inland seas (e.g., 4.5 to 6.0 X 10~9 g/m3 for the Slack Sea against 
0.93 to 1.7 x 1 O~ 9 g/m3 for the Arabian Seal and may be explained by a stronger continental 
influence on the air composition above the Slack Sea [4]. Also, mean annual contents 
of Eu and Lu (calculated from monthly contents) are higher in the inorganic fraction of 
aerosol collected during 1975 over coastal regions of the Slack Sea (Eu 1.6 and Lu 0.35 mkgl 
g) than in aerosol collected over oceans [5]. In air over the Atlantic Ocean (collected fram 
March to July 1961) contents of 144Ce are at least twice as high (7.8 x 10~18 Ci/L) as over 
seas surrounded by large land masses (Slack Sea 3.0 x 10~ 18, North and Saltic seas 
3.4 x 10~18 Ci/L) [6]. 

Less than 24 hours after the major eruption of Mount St. Helens, Washington, contents 
of some RE in the highest (17.7 km) and lowest altitude samples (13.1 km) collected on 
May 19, 1980 in the stratosphere over Oregon, Idaho, Montana, and Wyoming are as folIows; 
additionally, the enrichment factors (normalized to Al) of the plume material relative to 
the volcanic ash (ash data are from a composite sample collected at Pullman, Washington, 
after the May 18 eruption) are given [7]: 

element content in I-lg/m 3 enrichment factor 
relative to ash 

17.7 km 13.1 km 17.7 km 13.1 km 

La 0.046 0.040 
Ce 0.11 0.079 0.99 0.87 
Sm 0.012 0.0080 1.32 1.04 
Eu 0.0039 0.0024 0.91 1.17 
Gd 0.014 0.0074 1.73 1.08 
Tb 0.0019 0.0013 1.32 1.57 
Yb 0.0038 0.0033 0.84 0.87 
Lu 0.00087 0.00049 

In aerosol over oceans the relative RE contents depend on their relative contents in 
the terrigenous fraction [8, p. 942]. Possibly due to a more basaltic nature of the Pacific 
dust compared to the shale~like elemental abundances of the Atlantic aerosol, some RE 
are depleted in two equatorial Pacific aerosol samples relative to an unpolluted dust sample 
of Atlantic aerosol (taken as standard). The ratios of the element contents are 0.78 ±0.10 
and 0.68±0.18 for La, 0.71 ±0.4 and 0.61 ±0.14 for Ce, 0.69±0.08 and 0.65±0.20 for Sm, 
and 0.61 ±0.06 and 0.63±0.12 for Eu [9]. The contribution from a marine component to 
the suspensate appreciably affects conte nt and form of certain minor elements in marine 
aerosol. Thus, the least contribution from sea-salt occurs in the tropical open-ocean regions 
of the northern Atlantic Ocean, which show a considerable contribution from terrigenous 
material of central Africa compared to the Pacific Ocean. With increasing portion of sea-salt, 
the RE distribution in aerosol reproduces that in seawater (i.e., the shale-normalized RE 
pattern shows a Ce deficiency and a relative enrichment of heavy RE). The mean calculated 
summary contents of light (La, Ce, Nd to Eu) and heavy RE (Tb to Er, Vb, Lu) for 15 aerosol 
samples collected between February and April 1976 above the open middle-latitudinal and 
tropical Atlantic and Pacific oceans are as follows [10]: 
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location content in ng/m3 

L light RE L heavy RE 

Atlantic Ocean 1.063 0.029*) 
0.112 Pacific Ocean 0.663 

*) Without Ho and Er. 
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The caLcuLated summary contents of Light (La to Eu) and heavy RE (Gd to Lu) in other 
aerosoL sampLes coLLected over the AtLantic and Indian oceans are as foLLows; contents 
of Pr, Dy, and Tm are not anaLyzed but caLcuLated [8, p. 937]: 

Location 

AtLantic Ocean; 48°37' N, 19°00' W 
Indian Ocean; 07°52' S, 65°58' E 

content in 10-6 g/t 
~ Light RE ~ heavy RE 

45.34 
30.18 

8.26 
5.37 

The contents of Ce, Sm, and Eu at various distances from the African continent are as 
foLLows for nine aerosoL sampLes coLLected 5 m above sea LeveL during November 1970 
over the GuLf of Guinea (5° N to 3° S); distance from shore increases from sampLe No. 1 
to 9 [1]: 

content in ng/m3 for sampLe 
No.1 2 3 4 5 6 7 8 9 

Ce 0.55 0.27 0.21 0.42 0.02 0.17 0.16 0.16 0.08 
Eu 0.0096 0.0061 0.0079 0.0051 0.0048 0.0072 0.0036 
Sm 0.0343 0.0151 0.0102 0.0038 0.0088 0.0079 0.0018 0.040 0.0143 

Contents of RE eLements in aerosoLs from the northern AtLantic Ocean are 1.5 times 
those from the Indian Ocean, but are on average 4 times Lower than in aerosoLs from the 
continentaL Moscow region [2, p. 253]. The caLcuLated summary contents of Light (La to 
Eu) and heavy RE (Gd to Lu) in marine aerosoL (average for the AtLantic and Indian oceans) 
and in continentaL aerosoL from the Moscow region, USSR, are as foLLows: 

Location 

marine 1) 

continentaL 

content in 10-6 g/t 
~ Light RE ~ heavy RE 

37.71 
495.5 

6.82 
20.8 2) 

Ref. 

[8, p. 937] 
[11] 

1) Contents of Pr, Dy, and Tm are caLcuLated. - 2) Without 
Tb, Tm, and Lu. 

EquaL to the concentration in suspended matter of surface seawater and in average 
sedimentary rocks is the RE content, recaLcuLated to the mineraL residue (1.0 to 2.0 x 10-2%) 
in air suspension coLLected over the northern Indian Ocean [3]. ReLative contents of Light 
RE (La to Gd) are identicaL in aerosoLs coLLected over the AtLantic and Indian oceans and 
in pLatform-type cLays (wh ich are used for comparison since terrigenous dust over oceans 
contains ~80% cLay mineraLs), aLthough the absoLute contents in cLay are conslderabLy 
higher than in aerosoL. Such a discrepancy is quite possibLe because cLay mineraLs in 
aerosoL can diLute sea saLts almost tenfoLd. Compared with RE in cLays, eLements in the 
range Gd to Ho have a smaLL variance in distribution in aerosoL coLLected over both the 
AtLantic and Indian oceans. ApparentLy, during the formation of marine aerosoL a fractionation 
of RE takes pLace, as can be seen from Fig. 1 b [8, pp. 939/40]. Compared with seawater, 
an enrichment of Ce and intermediate RE (Eu to Ho) occurs in aerosoLs coLLected during 
1972 and 1973 over the AtLantic and Indian oceans [12]. Compared to aerosoL from the 
continentaL Moscow region and to sedimentary rocks, aerosoL coLLected over the AtLantic 
and Indian oceans is enriched in heavy RE (see Fig. 1 a) which can be due either to a 
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different mineraLogicaL composition or to a fractionation of RE during the process of transfer 
from seawater into the atmosphere [2, pp. 255, 257]. 

Comparing RE contents in aerosoLs from various environments, a stronger pollution 
in industriaL or urban than in ruraL or remote areas is obvious; see, e.g., [13] and [14] 
for differences between HeideLberg, FederaL RepubLic of Germany, and the ruraL site Niles, 
Michigan, and the industriaL region of East Chicago, Indiana; or [15, pp. 11,25] for differences 
between the ruraL sites Wraymires, Windermere, Great Britain, and Canadian stations and 
the industriaL sites of Osaka, Japan, and Chicago; or [16] for differences between the city 
of Beer-Sheva and a nearby desert area (Shivta), Israel. For quantitative data refer aLso 
to TabLe 3 (pp. 120/1). 

For a 12-months period (June 1972 to May 1973), Lower average Ce contents are found 
in air over the cLean and ruraL sites Lerwick and CoLlafirth, both Shetland IsLes (0.054 and 
0.077 ng/kg, respectiveLy) than in air over five more industriaL, aLthough non-urban, sites 
(0.30 ng/kg at Leiston, SuffoLk; 0.29 ng/kg at Gresham, NorfoLk; 0.175 ng/kg at Petten, north
ern Holland; 0.195 ng/kg at Arran, Bute, western ScotLand; and 0.20 ng/kg at agas pLatform, 
North Seal [17]. Compared to industriaL and municipaL regions, for La in ruraL and remote 
(background) regions a reLative increase in the coarse fraction of aerosoL occurs, probabLy 
due to the Large contribution of Lithogenous aerosoL; for the contents in different size frac
tions, see p. 106, [18]. 

An overall resembLance in the eLementaL composition of aerosoL sampLes coLlected at 
the Jungfraujoch, Bernese ALps, SwitzerLand, with Literature data for aerosoLs coLlected 
at other remote sites (LakseLv, North Cape, Norway, from [21]; Amundsen-Scott station, 
South PoLe, Antarctica, from [23]) or at 14 urban, industriaL, and ruraL Locations in BeLgium 
(from [45]) and, especiaLly, with those from Twin Gorges, Northwestern Territories, Canada 
(from [19]) becomes evident by normaLizing the aerosoL-rock enrichment factors to those 
of the mean Jungfraujoch aerosoL. With aerosoL-rock enrichment factors (normaLized to 
AL) of 2.1 for La and 1.6 for Sm both eLements at the Jungfraujoch are not significantLy 
more enriched than at the other Locations [26]. A constancy of atmospheric trace eLement 
contents in atmospheric particuLate sampLes coLlected during two austraL summers (1970/71 
and 1974/75) near the new Amundsen-Scott station, Antarctica (see p. 125), is not surprising 
since the south poLe is far from potentiaL aerosoL sources so that an aged, weLl-mixed 
aerosoL of nearLy constant composition is sampLed. In addition, meteoroLogicaL conditions 
over the poLar pLateau do not change significantLy [25]. Note aLso that for ruraL sites at 
some distance from specific sources, as, e.g., at Chilton, Oxfordshire, Great Britain, mixing 
due to diffusion and deposition and resuspension wouLd tend to provide a chemicaLly uniform 
aerosoL [46]. No substantiaL differences occur between the contents of La and Sm in aerosoL 
sampLes (coLLected ~1 m above ground during 1973 and 1974) at one urban (No. 1), express
way (No. 4), and four industriaL sites (Nos. 2, 5 to 7) in Toronto, Canada. The mean and 
range of contents are as foLlows; average of 20 to 40 sampLes for La at each site, number 
of determinations >5 for Sm [47]: 

eLement 

La 
Sm 

No. 1 

2.9; 0.6 to 6.5 
0.38; 0.16 to 1.0 

content in ng/m3 at site 
No.4 No.2 

2.3; 0.5 to 5.6 
0.32; 0.06 to 0.81 

2.3; 0.6 to 4.1 
0.35; 0.08 to 0.88 

Nos. 5 to 7 

1.9; 0.3 to 4.0 
0.27; 0.05 to 0.52 

For a spatiaL variation in 144Ce peaks reLated to meteoroLogicaL conditions, see p. 130. 
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When comparing trace eLement contents in ralnwater it is necessary to mention that 
meteoroLogicaL and LocaL conditions may infLuence their concentrations much more than 
in aerosoL. Therefore, not too much account shouLd be taken of the reLative contents in 
rainwater at different pLaces [14]; note too that there is no reason for an agreement in 
trace eLement contents of rainwater because of different air pollution and meteoroLogicaL 
conditions [48, pp. 837, 839]. Different absoLute RE contents in atmospheric precipitations 
can Lead to a change of their reLative distribution. The fractionation of RE in atmospheric 
precipitations depends on the different mobiLity of individuaL eLements during processes 
of entrance into the atmosphere and during their transfer over considerabLe distances from 
their source area [2, pp. 253/4]. 

Since the RE are strictLy Lithophile eLements, an identicaL reLative distribution in rainwater 
and in sedimentary rocks is expected. However, onLy Light RE show such an identity in 
rainwater sampLes from the Moscow area, the BLack Sea, and the AtLantic Ocean. For rain
water coLLected over the Indian and Pacific oceans, a Ce minimum (as in seawater) is 
typicaL which is not observed in aerosoL [2, pp. 254/5]. Furthermore, the Ce minimum is 
the main difference between the RE distribution in rainwater and that in aerosoL and cLays 
[8, p. 940]. 

ObviousLy due to a decrease in dust content in the atmosphere, the RE content in rain
water over oceans is 100 to 1000 times Lower than in rainwater over continentaL or inLand-sea 
regions, which both have contents of the same order of magnitude [12] as can be seen 
from the caLcuLated summary contents of Light (La to Eu) and heavy RE (Gd to Lu) in rainwater 
coLLected over marine and continentaL areas in 1972 (marked with an asterisk) and 1973: 

Location content in 10-6 g/t Ref. 
~ Light RE ~ heavy RE 

AtLantic Ocean; 48°37' N, 19°00' W 6.79 1) 3.64 1) 

Pacific Ocean; 19°32' N, 138°16' E 10.251) 4.19 1) 

Indian Ocean; 07°52' S, 65°58' E 8.07 1) 4.13 1) 

BLack Sea; 42°16.5' N, 40°26' E 1269 1) 437.5 1) 

BLack Sea; SevastopoL *) 1452 456 

[8, p. 937] 
[2, p. 254] 

BLack Sea; Batumi*) 1106 420 [4] 
Moscow region, USSR 1751 1) 519 1),2) [2, p. 254] 

1) Contents of Pr, Dy, and Tm are caLcuLated. - 2) Refer to 529 x 10-6 g/t for a sampLe taken 
September 1972 in [4]. 

In contrast to rainwater coLLected from the Moscow area, a maximum for the reLative contents 
of heavy RE (Tb to Lu) occurs in rainwater over the three oceans (possibLy due to sorption 
of voLatiLe RE compounds on solid aerosoL particLes near the ocean surface [12]; refer 

Fußnote to TabLe 3 on pp. 120/1 : 
1) Given in pg/m3. - 2) Average contents of La <0.5 and Ce 0.30 ng/m3 are given for the 
period January to December 1971 in [43]. - 3) AdditionaLLy, Pr 0.0060, Nd 0.017, Dy 0.0026, 
Gd 0.0028, Tb 0.00027, Ho 0.00032, Er 0.00087, Tm 0.00011, Yb 0.00069, and Lu 0.00017 
are given. - 4) AdditionaLLy, for the period December 16, 1974 to February 1, 1975 is given 
Yb < 0.05 pg/m3 (average of 5 sampLing periods) in [44]. - 5) Given in ng/kg. - 6) n = 12. -
7) n =2. - 8) n =3. - 9) AdditionaLLy, Y 3.2 ng/m3 is given. - 10) AdditionaLLy, Lu 0.009 to 0.035, 
0.021 ng/m3 is given. - 11) AdditionaLLy, Yb 0.084 ng/m3 (one sampLe) and Lu 0.Q18 to 0.051, 
0.030 ng/m3 are given. - 12) Given in ng/L; additionaLLy Pr 32 to 328 and Nd 25 to 76 ng/L 
are given. - 13) AdditionaLLy, Lu 0.037 and 0.033 ng/m3 are given. 
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TabLe 3. Range and/or Mean Content of Some Rare Earth ELements in AerosoL from Various 
Environments. Number of anaLyses = n. Footnotes see p. 119. 

Type of environment; 
Location and sampLing date 

remote 
Twin Gorges 
Mackinac IsLand, Michigan 
LakseLv, Norway 
Lerwick, Shetland IsLes, Great Britain; 1972 
Lerwick, Shetland IsLes, Great Britain; 1973 
PLynLimon, Montgomerys, Great Britain; 1972 
PLynLimon, Montgomerys, Great Britain; 1973 
South PoLe, Antarctica; austraL summer 1970; n = 10 1) 

South PoLe, Antarctica; austraL summer 1974/75 1).4) 

Jungfraujoch, Bernese ALps, SwitzerLand; August 1973 to 
August 1975; n = 20 

semiremote 
CoLstrip, southeastern Montana; May to September 1975 

ruraL 
High Point, New Jersey; JuLy 21 to August 1, 1976; n = 12 
Canada; summer 1970; n = 7 
Niles, Michigan; June 11,1969; n=4 
Wraymires, WestmorLand, Great Britain; January 1971 to 
April 1972; n = 142).5) 

Osaka prefecture, Japan 3) 

semiruraL 
Northwestern Indiana; n = 12 

urban 
San Francisco, CaLifornia; JuLy 23, 1970 
East Chicago; June 11,1969; n=4 
Chicago; ApriL 4, 1968; n=22 
Boston, Massachusetts 
Boston, Massachusetts; March 25 to April 27, 1970; n = 5 

Paris, France; November and December 1970; n = 36 
HeideLberg, FederaL RepubLic of Germany; 
April to June 1971; n = 14 
Ankara, Turkey; n=49) 

Ankara, Turkey; September 1976 to February 1977; n=6 
Osaka, Japan; August to September 1971; n = 30 10) 

Osaka, Japan; February to JuLy 1972; n = 6 11 ) 

industriaL 
Northwestern Indiana; n=10 
Northwestern Indiana; June 11 to 12,1969; n=24 
ILLinois (RE-processing refinery); 1967 and 1970; n=14 12) 

Marietta region, Ohio; n=4 
Osaka, Japan; February to JuLy 1972; n=2 13) 

content in ng/m3 

La 

0.091 
0.23±0.04 
0.042 

<0.3 
<0.06 
<0.2 
<0.2 

0.21 to 1.4; 0.51 ± 0.37 

0.45±0.15 

< 0.005 to 0.200; 0.040 

0.50 ± 0.46 

0.325 
0.091 to 0.76; 0.25 
1.0 to 1.7; 1.3 

0.02 to 0.71; ~0.446) 
0.027 

1.9 

1.2±0.13 
5.6 to 6.5; 5.9 
0.9 to 4.8; 2.1 
1.75 
0.56 to 2.4; 1.45 ± 1.26 

o to 10.4; 3.42 

0.35 to 0.92; 0.62 
2.0 
2.08 to 3.95; 2.86 
0.40 to 3.76; 1.57 
1.3 to 4.7; 3.1 

3.4 
0.9 to 5.9; 2.8 
44 to 340 
0.66 to 2.2; 1.57 
9.1 and 8.9 
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content in ng/m3 Ref. 
Ce Sm Eu 

0.013 [19] 
0.36±0.10 0.013±0.004 0.006 ± 0.004 [20] 

0.0057 [21] 
0.07 
0.03 
0.14 
0.15 [22, pp. 1516, 66] 
0.8 to 4.9; 2.3± 1.6 0.028 to 0.089; 0.004 to 0.024; 0.017 ± 0.004 [23,24] 

0.055±0.023 
<4.1 0.088 ± 0.040 0.020 ± 0.007 [25] 

< 0.002 to 0.025; 0.006 [26] 

0.17±0.13 0.073 ± 0.064 0.016 ± 0.012 [27] 

0.036 [28] 
0.24 to 1.6; 0.55 0.013 to 0.11 ; 0.039 0.0017 to 0.019; 0.0076 [29, p. 65] 
0.77 to 0.86; 0.82 0.20 to 0.30; 0.24 0.045 to 0.065; 0.055 [30] 

0.13 to 0.54; 0.29 [15, pp. 17/9] 
0.043 0.0025 0.0051 [31] 

2.5 0.33 0.085 [29, p. 163] 

1.5±0.2 0.16±0.05 0.015 ± 0.005 [32] 
8.6 to 15.2; 13.08) 0.35 to 0.53; 0.41 0.10 to 0.17; 0.135 [30] 
2t020;7 0.02 to 0.23; 0.12 [33] 
3.0 0.24 0.046 [34] 
0.91 to 3.4; 2.2 ± 1.8 0.080 to 0.33; 0.0133 to 0.059; 0.035±0.030 [35] 

0.20±0.17 
o to 49.5; 14 o to 1.04; 0.416 [36] 

0.41 to 6.1 ; 1.01 0.07 to 1.9; 0.27 [13] 
9 0.1 0.1 [37] 
3.36 to 53.17; 18.34 0.038 to 0.186; 0.083 [38] 
0.8 to 7.7; 3.1 0.09 to 0.84; 0.33 [39] 
3.3 to 8.7; 5.7 0.25 to 0.66; 0.43 0.049 to 0.12; 0.078 [40] 

6.1 0.34 0.10 [29, p. 163] 
1.4 to 13; 4.7 0.17 to 0.65; 0.36 0.06 to 0.17; 0.096 [41] 
25 to 680 [42] 
1.3 to 14; 5.95 0.12 to 0.71; 0.37 0.022 to 0.17; 0.081 [20] 
16 and 18 0.73 and 1.4 0.093 and 0.10 [40] 
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also to p. 102); rainwater collected over the Black Sea takes an intermediate position [2, 
pp. 255/8]. 

A possible influence of organic compounds in plankton on the RE content in rainwater 
is indicated by the relative enrichment of Eu, Gd, and Tb in diagrams for the relative contents 
in rainwater compared to contents in plankton or in seawater (see original paper). The 
contents of RE in organic compounds in rainwater over the Pacific Ocean correspond to 
the RE distribution in plankton, while over the Atlantic and Indian oceans rainwater is de
pleted in La, Ce, and Pr [8, pp. 941/2]. The RE distribution between plankton and seawater 
is given in Fig. 2. 

Contents of RE in rainwater collected during 1972 and 1973 over the northern Atlantic, 
northwestern Indian, and southwestern Pacific oceans are approximately equal to those 
in seawater (on average 12 x 10-6 g/t) [2, pp. 252/3]. Compared to aerosol contents, rain
water over the Atlantic Ocean is impoverished by a factor of 15 in Ce, 6 in Gd, and 3 
in Ho; in rainwater over the Indian Ocean a depletion occurs only for Ce. Such a divergence 
can be explained by a higher marine influence on RE composition in the atmosphere over 
the Atlantic than over the Indian Ocean [8, p. 940]. 

Some examples of La and Ce contents in rainwater in relation to the annual rainfall 
for various locations of Great Britain are given in the table on p. 123. In ten rainwater 
samples collected by airplane between March 18 and July 1, 1971 over Heidelberg, Federal 
Republic of Germany, the La concentration (soluble and insoluble fraction) varies between 
0.13 and 1.9, mean 0.65 g/cm 3 ; and 11 rainwater samples contain Sm between 0.04 and 
0.41, mean 0.16 g/cm 3 [48, p.838]. A comparison of cloud and rainwater concentrations 
in samples taken June 28, 1971 for the Heidelberg area shows that between 3.5 and 2.5 km 
altitude the relative concentrations of most elements are constant, except for Ce and Sm, 
which could not yet be explained. Between the lowest cloud level (1.5 km) and earth's 
surface, constant or increasing concentrations occur for all elements not originating in the 
ocean. With respect to Na, it is possible to estimate the distance between cloud and ground 
level for a doubling in the cloud-base concentration, by approaching the earth's surface. 
For elements related to the earth surface or anthropogenie production as their main source, 
these distances are, e.g., 500 m for La, 430 m for Sm, 250 m for Sc, and 100 m for Fe 
[48, pp. 835, 840/3]. 

<D 
I 

5 
~ 
... 
GI 2 0 
~ 
Cl 
GI 
111 

c: 
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0.5 
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c: 
Cl 

0.2 a: 
0.1 

Gd Dy Er Vb 
Tb Ho Tm Lu 

Fig.2. Distribution pattern for RE in plankton in relation to seawater of the Atlantic (1), 
Indian (2), and Pacific oceans (3) from [8, p.941]. Given on the ordinate is the ratio of 

the corresponding absolute contents in gIg. 
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Loeation and date of sampLing eontent in J..Lg/L rainfaLL Ref. 
La Ce in mm/yr. 

Wraymires, WestmorLand 1971 <0.3 0.42 [43] 
1971/72 1) -0.27 2) -0.39 2) 1866 [15, p. 20] 
1972 <0.2 0.13 1797 
1973 <0.2 0.10 1482 

ChiLton, Berkshire 1972 <0.7 0.85 626 
1973 <0.4 0.49 574 

Leiston, SuffoLk 1972 <0.3 0.64 404 
1973 <0.2 0.4 478 

Lerwiek, Shetland IsLes 1972 <1 0.79 1065 
1973 <2 <0.3 1437 

PLynLimon, Montgomerys 1972 <0.4 <0.2 2151 
1973 <0.1 <0.05 2754 

Styrrup, Nottingshire 1972 <5 2.7 545 
1973 <1 1.1 586 

Trebanos, GLamorganshire 1972 <0.4 <0.4 1538 
1973 <0.4 <0.6 1012 [22, p. 69] 

1) February 1971 to Mareh 1972. 2) Mean for 13 sampLes with a varianee of <0.25 to 
0.52 for La and < 0.05 to 1.8 J..L/L for Ce. 
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8.2.3 Temporal Variations (SeasonaL and/or Meteorologieal) 

During a 24-hour period very Large variations (up to a factor of ten) occur within a 
few hours in the contents of severaL eLements (e.g., Sm, Eu, La) in aerosoL sampLes coLLected 
on August 21 and 22, 1969 at a ruraL site 5 km off Niles, Michigan (~45 km east of Lake 
Michigan and ~ 100 km northeast of the heaviLy industriaLized northwest Indiana areal. ELe
ments showing those Large variations share two characteristics, nameLy reLativeLy deep 
morning minima and masses concentrated on Larger particLes. The ranges of contents in 
aerosoL during a 48-hour period are as foLLows: La 0.3 ± 0.3 to 3.8 ± 0.4 ng/m3 ; Sm 
0.055±0.025 to 0.39±0.4 ng/m3 ; and Eu <0.02 to 0.09±0.02 ng/m3 [1, pp. 189, 191, 193, 
195, 198/202]. 

An increase in the content of La and a <20% decrease or no change of Ce and Eu 
contents occur during 1976 in air at five or more sites out of seven in Great Britain [2, 
p. 6]. No seasonaL infLuence is apparent on trends for the contents of La, Ce, Eu, and Sm 
in air particuLate sampLes coLLected in 1978 at five non-urban sites in Great Britain; onLy 
smaLL differences between winter and summer contents occur for Ce wh ich are attributed 
to more Limited resuspension of soiL dust into the atmosphere by agricuLturaL cuLtivation 
and civiL engineering in winter [3, pp. 1,6/7]. SimiLar particLe concentration and composition 
in austraL summer seasons of different years (as weLL as fairLy constant atmospheric trace 
eLement contents within a singLe austraL summer) are indicated for the new Amundsen-Scott 
station, Antarctica, by comparing the average contents of trace eLements (incLuding La, 
Ce, Sm, Eu, and Lu) in atmospheric particuLate sampLes coLLected between December 1974 
and February 1975 (during six sampLing periods) and the contents (data from [4]) in sampLes 
coLLected from the 1970/71 austraL summer. The arithmetic mean contents of so me RE are 
as foLLows [5] ; see aLso [6] : 

austraL 
summer 

1970/71 
1974/75*) 

La Ce 

0.51 ±0.37 2.3±1.6 
0.45±0.15 <4.1 

mean content in pg/m3 

Sm Eu 

0.055±0.023 
0.088 ± 0.040 

0.017±0.004 
0.020 ± 0.007 

*) AdditionaLLy, a content of <0.05 pg/m3 for Vb is given in [6]. 

Lu 

0.0067±0.0018 

With time, three distinct types of variation in the atmospheric concentration of eLements 
and ions occur: (1) Long-term trends over the period of a survey (see p. 126); (2) medium
term fLuctuations (often covering severaL years) which may be enhancements or reductions 
about the generaL LeveL; and (3) a reguLar seasonaL variation between summer and winter 
months (see pp. 126/8) [7, p. 178]. Medium-term fLuctuations of trace eLements in so me 
5000 air filter sampLes coLLected during the period 1957 to 1974 at ChiLton, Oxfordshire, 
Great Britain, have no obvious cause and show obscure generaL trends in trace eLement 
behavior. Major fLuctuations, as, e.g., troughs in 1961 and 1967, are common to most compo
nents (incLuding Ce and Eu) and are thought to be dependent on meteoroLogicaL conditions 
[7, pp. 165/6, 172/3, 179]; refer aLso to pp. 128/31. 
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Overall (long-term) trends in element content may be expected to demonstrate possible 
changes in anthropogenie emissions and in climatic patterns. The overall fluctuations in 
the major lithophilic group of elements (including Ce and Eu) are greater than those observed 
for other constituents occurring in smaLL forms in some 5000 samples of air-particulate 
material coLLected between 1957 and 1974 at Chilton, Oxfordshire, Great Britain, which possi
bly is due to differences of the chemical behavior at the source, to differing diffusion rates 
of large compared to smaLL particles, or simply to the occurrence of wind-blown soil at 
times of high winds [7, p. 193]. A decreasing long-term trend of Ce (examined by fitting 
simple regression lines to quarterly results) with a slope of 25%/yr. occurs in samples 
of total deposition coLLected continuously from 1971 to 1975 at Wraymires and from 1972 
to 1975 at six other sites, aLL Great Britain. The annual total deposition is derived from 
contents in rainwater x rainfaLL ; both soluble and insoluble fractions of rainwater are in
cluded [8]. 

Time-dependent variations in the 141Ce/144Ce ratio, which give information on the transfer 
of radioactivity in the atmosphere, are observed in ground-level air samples coLLected be
tween December 1973 and July 1980 at Nagoya, Japan. The ratio decreases with an expected 
half-time of 36.7 days and is attributable to individual Chinese nuclear test explosions. 
After a world-wide circulation, the ratio increased again and thus yields mean tropospheric 
residence times of 20 days for the debris from the 22nd, and of 7 days each for the 23rd 
and 24th nuclear explosions [9]. 

Regular seasonal variations between summer and winter months occur, e.g., for contents 
of large-particle elements (including RE) in aerosol particles from surface continental air 
coLLected at Twin Gorges, at Algonquin, and at Mackinac Island, aLL Canada. Both the number 
and content of large-particle elements tend to decrease in winter compared to summer 
(possibly due to the presence of a local snow cover). At Mackinac Island, nearly aLL soil
derived elements are more abundant in summer (in keeping with the effect of exposed 
soil vs. snow cover) with summer/winter concentration ratios (S/W) usuaLLy between 1 and 
2 (see table below); for the two other sites, data are more dispersed and do not show 
easily interpretable trends. The contents of some RE are as follows for the three locations 
[1, pp. 28/9, 53/4, 71]: 

Twin Gorges Algonquin Mackinac Island 
content in ng/m3 ratio content in ng/m3 ratio content in ng/m3 ratio 
summer winter S/W summer winter S/W summer winter S/W 

La 0.20 0.10 2.0 0.33 0.065 5.1 0.29 0.17 1.7 
Ce 0.45 0.11 4.1 0.58 0.16 3.6 0.35 0.38 0.92 
Sm 0.024 0.020 1.2 0.050 0.012 4.2 0.035 0.021 1.7 
Eu 0.0039 0.0064 0.61 0.0086 0.0040 2.1 0.0058 0.0047 1.2 

Lowest average ratios of winter-to-summer contents (e.g., for Ce 1.21 and for Eu 1.14) 
appear to be associated with elements occurring with particles of large size in some 5000 
air filter samples coLLected during the period 1957 to 1974 at Chilton, Oxfordshire, Great 
Britain [7, pp. 162/3, 166, 178, 187/8]. A 25%-difference in slope between winter (October 
to March) and summer (April to September) occurs in samples of total deposition coLLected 
continuously from air between 1971 and 1975 at Wraymires, Lancashire, and between 1972 
and 1975 at six other sites, aLL Great Britain; Le., the deposition of Ce in winter declines 
more than in summer. A winter-to-summer comparison of enrichment factors relative to 
average soil (normalized to Sc) for the total deposition shows a ratio of 0.7 for Ce. The 
ratio of total deposition of Ce in winter compared with summer months based on the five-
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years results at Wraymires is in the range of 0.9 to 1.1 [8]. Average summer and winter 
contents of some RE for aerosol samples collected in 1979 at Katowice, POland, are as 
folio ws ; number of samples is given in parentheses [10]: 

sampling 
season La 

summer 
winter 

3.3 ± 1.4 (27) 
6±3(34) 

Ce 

11 ±9(36) 
14± 10(34) 

average content in ng/m3 

Sm Eu 

0.6 ± 0.2 (30) 
1.4 ± 0.6 (21) 

0.18±0.11 (18) 
0.53 ± 0.32 (7) 

Lu 

0.05 ± 0.03 (21) 
0.10±0.04(20) 

Changes in contents and/or enrichment factors of RE occur during the transition from 
dry to wet season in 55 samples of aerosol particles from the lower atmosphere (18 m 
attitude) above Eniwetok Atoll, Marshall Islands, tropical northern Pacific Ocean. The con
tents of Ce and Eu in bulk samples are 89±1.6 and 1.0±1.6 pg/m3, respectively, during 
the dry season (April 15 to May 18, 1979; precipitation 4.3 cm; dust concentration in the 
atmosphere ~2.3 1l9/m3 at the beginning of the dry season) and 4.8 ±2.4 and 0.09±2.0 pg/m3, 
respectively, during the wet season (June 26 to August 7,1979; precipitation 26.4 cm; dust 
concentration in the atmosphere ~0.02 1l9/m3 at the end of the wet season). The correspond
ing crustal enrichment factors EF crust (normalized to Al) in the bulk samples are 1.6 and 
0.95 (dry season) and 1.0 and 0.54 (wet season). Enrichment factors EF sea relative to seawater 
(normalized to Na) for all crustal elements decrease by >80% from the dry (Ce 33000, 
Eu 26000) to the wet season (Ce 3000, Eu 3100), since contents of crustal elements decrease 
faster than that of Na, the representative sea-satt element. The size-separated aerosol 
samples have the following enrichment factors for Ce (extremely low contents preclude 
the detailed analysis of the mass-size distribution of Eu) [11]: 

sampling enrichment factors for Ce in different size fractions of aerosol 
season 7.2 11m 3.0 11m 1.5 11m 

EFcrust EFsea EFcrust EFsea EF crust EFsea 

dry 0.97 3000 1.6 2000 1.4 72000 
wet 0.92 260 0.99 4500 1.6 20000 

sampling enrichment factors for Ce in different size fractions of aerosol 
season 0.95 11m 0.49 11m ~0.49Ilm 

EF crust EFsea EFcrust EFsea EFcrust EFsea 

dry 1.4 110000 1.4 170000 1.4 53000 
wet 0.99 27000 1.5 65000 0.69 71000 

Over the Ivory Coast, contents of terrigenous elements (including Eu) are two to four times 
higher in two series of ground-level aerosol (20 samples collected from a north-south pro
file) during the dry season (October to December 1970) than their contents in aerosol samples 
(three series taken at five sites with distances between 5 and 400 km from shore) collected 
in the rainy season (May to June 1971). In the dry season, the winds of the northeast 
sector carry large quantities of dust from the Sahara and washing-out by precipitation 
is very weak. The average Eu contents at 100 and 400 km distance from shore, respectively, 
are 0.66 x 10-4 and 1.20 x 10- 4 (dry season) and 0.20 x 10-4 and 0.33 x 10-41lg/m3 (wet sea
son) [12]. Lowest contents of La occur in the rainy season (in April) in airborne particulate 
matter collected between March and August 1978 at three sites each in the Taipei and 
Kaoshiung regions, Formosa (except one site in the latter region), whereas La content 
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graduaLly increases to highest vaLues in June or JuLy [13]. In accordance with the mechanism 
of radioactive transfer from the atmosphere, seasonaL variations are observed for 141Ce 
and 144Ce in the atmosphere over BratisLava-KoLiba, CzechosLovakia, with highest LeveLs 
occurring in August and September 1977 of 141Ce and in June 1977 of 144Ce [14]. Compara
tiveLy high LeveLs during Late winter and earLy spring of each year occur for 144Ce in ground
LeveL air coLlected at Bombay, India, between November 1961 and June 1965, which are 
attributed to seasonaL effects in the mixing between the stratosphere and the tropo
sphere [15]. 

A seasonaL variation of 144Ce ascribed to the infLux of stratospheric air into the tropo
sphere during spring occurs in surface air coLlected between January 1960 and September 
1961 at Sutton, Surrey, Great Britain [16]. Caused by stratospheric exchange during the 
spring, a maximum 144Ce/141Ce ratio occurs in 1974 in ground-LeveL air at Brunswick, FederaL 
RepubLic of Germany, and at Tromsö, northern Norway [17], and in ground-LeveL aerosoL 
coLlected between 1963 and 1970 at Brunswick; most of the fission products (e.g., 141Ce, 
144Ce) have been injected into the stratosphere and reach the surface air du ring the spring 
peak [18]. A spring peak is aLso observed for RE radionucLides in rainwater; e.g., for 141Ce 
and 144Ce in sampLes coLlected in 1960 and 1961 at FayetteviLLe, Arkansas [19]. Spring
summer maxima occur aLso for 141Ce, 144Ce, and 155Eu in fallout sampLes coLlected monthLy 
during the period 1977 to 1980 at Parma, ItaLy [20]; for 141Ce and 144Ce in deposition and 
precipitation sampLes during 1979 and 1980 in CLuj-Napoca, lasi, Craiova, Pitesti, and Con
stanta, aLL Romania [21]; and for 141Ce and 144Ce in fallout coLlected during 1980 and 1981 
at five stations covering the whoLe territory of Romania. The maximum of the 144Ce activity 
is shifted towards summer months compared with 141Ce [22]. 

Apart from initiaL source strength, meleorological faclors such as speed and direction 
of wind, temperature, and rainfaLl are expected to influence air contents of eLements [23, 
p. 5]. According to wind direction, AL-normaLized crustaL enrichment factors for Sm in ambi
ent air sampLes coLlected between JuLy 21 and August 1, 1976 at High Point, northwestern 
New Jersey, vary as foLlows: 1.77 for southwesterLy, 1.35 for westerLy, 2.33 for northwesterLy, 
1.60 for northerLy, 2.1 for easterLy, and 1.8 for southerLy winds [24]. Direction and velocity 
of wind (besides Location of sampLing site) may cause a high variabiLity of some RE in 
semiremote background aerosoLs coLLected 60 m above ground in 1975 at three sites in 
the semiarid rangeland area of southeastern Montana near the town of CoLstrip. The contents 
(variance and mean) are as foLlows and given in ng/m3 : 0.10 to 2.6, 0.50±0.46 for La; 
0.024 to 0.60, 0.17±0.13 for Ce; 0.003 to 0.34, 0.073±0.064 for Sm; 0.0019 to 0.070, 
0.016±0.012 for Eu; and 0.0010 to 0.19, 0.02±0.04 for Tb [25]. The contents of some RE 
before (sampLe Nos. 1 to 8, coLlected on ApriL 16 and 17, 1980) and during a dust storm 
(sampLe Nos. 9 to 12, coLlected on April 18, 1980) over Beijing, China, vary as foLlows; the 
aerosoL concentration is usuaLly between 4 x 10-5 and ~2.5 x 10-4 g/m3, the highest vaLue 
during the dust storm is 6.13 x 10-3 g/m3 [26]: 

content in ng/m3 in sampLe 
No. 1 2 3 4 5 6 7 8 9 

La 
Ce 
Nd 
Sm 
Eu 

6.1 9.0 
11 16 

0.84 1.3 

4.2 4.2 3.8 
8.0 7.2 8.5 

0.59 0.61 0.52 

Th ~~ 

Yb 
Lu 0.058 0.094 0.044 0.069 0.11 

10 
18 

1.6 

0.48 

0.11 

7.9 5.4 87 
17 13 180 

120 
1.2 0.81 14 

3.1 
0.26 0.18 2.6 
0.45 0.56 5.3 
0.13 0.10 1.0 

10 11 12 

150 26 5.6 
410 57 9.4 
210 27 

33 4.4 0.87 
8.2 
6.5 0.87 

11 1.8 0.60 
2.4 0.35 0.14 
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Reflecting the dustiness of winds from the Sahara, higher contents occur on October 12, 
1973 for La, Ce, and Eu in aerosol collected ~ 15 km west of Wad Medani, Gezira province, 
Sudan, during dry north to northeasterly trade winds than in aerosol collected from humid 
southerly winds on October 14 and 15, 1973. The content (range and mean) besides enrich
ment factors relative to average local soil (normalized to Fe) for three aerosol samples 
each and for both wind directions are as follows [27]: 

La 
Ce 
Eu 

content in ng/m3 for aerosol from 
northerly wind southerly wind 

1.5 to 2.6; 2.23 
2.5 to 2.7; 2.57 
0.031 to 0.090; 0.065 

<1 
0.79 to 1.38; 1.01 
0.025 to 0.036; 0.031 

enrichment factor 
northerly wind southerly wind 

1.16 
1.04 
0.75 

<1.6 
1.26 
0.85 

The annual average contents of some RE in airborne dust for various rural to semirural 
sites of Great Britain are as follows: 

location and date content in airborne dust in ng/kg Ref. 
of sampling La Ce Sm Eu 

Wraymires, Lancashire 1971/72 1) <0.3 0.25 [28] 
1972 <0.7 0.15 
1973 <0.2 0.19 [29] 
1974 <0.2 0.24 [23, p. 9] 
1976 0.69 0.30 0.024 0.008 [2, p. 11] 
1977 0.28 0.30 0.017 0.006 [30] 
1978 0.16 0.21 0.008 0.003 [3, p. 11] 

Chilton, Berkshire 19723) <0.3 0.40 [28] 
1972 <0.3 0.36 
1973 <0.3 0.29 [29] 
1974 <0.2 0.31 [23, p. 9] 
1976 0.63 0.41 0.026 0.012 [2, p. 11] 
1977 0.25 0.36 0.020 0.007 [30] 
1978 <0.4 0.43 0.026 0.010 [3, p. 11] 

Leiston, Suffolk 19725) <0.3 0.39 [28] 
1972 2) <0.1 0.32 
1973 <0.3 0.28 [29] 
1974 <0.2 0.31 [23, p. 9] 
1976 0.70 0.36 0.028 0.010 [2, p. 11] 
1977 0.29 0.42 0.024 0.007 [30] 
1978 <0.2 0.36 0.021 0.005 [3, p. 11] 

Lerwick, Shetland Isles 19723) <0.3 0.11 [28] 
1972 <0.3 0.07 
1973 <0.06 0.03 [29] 

Collafirth, Shetland Isles 1974 <0.2 0.11 [23, p. 9] 
1976 0.20 0.046 0.005 0.001 [2, p. 11] 
1977 <0.14 0.079 0.003 0.001 [30] 
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Table [continued) 

location and date content in airborne dust in ng/kg Ret. 
of sampling La Ce Sm Eu 

Plynlimon, Montgomerys 19723) <0.3 0.16 [28) 
1972 <0.2 0.14 
1973 <0.2 0.15 [29) 
1974 <0.3 0.39 [23, p.9) 
1976 0.30 0.23 0.016 0.006 [2, p. 11) 
1977 0.34 0.39 0.024 0.008 [30) 

5tyrrup, Nottinghamshire 19724) <0.3 0.54 [28) 
1972 <0.6 0.70 
1973 <0.6 0.49 [29) 
1974 <0.4 0.69 [23, p. 9) 
1976 0.89 0.54 0.039 0.017 [2, p. 11) 
1977 0.57 0.70 0.040 0.018 [30) 
1978 0.47 0.50 0.023 0.009 [3, p. 11) 

Trebanos, Glamorganshire 19724) <1 0.31 [28) 
1972 <0.7 0.50 
1973 <0.3 0.39 [29) 
1974 <0.3 <0.5 [23, p. 9) 
1976 0.94 <0.3 <0.03 0.009 [2, p. 11) 
1977 0.53 0.45 0.025 0.007 [30) 
1978 0.50 0.37 0.017 0.004 [3, p. 11) 

1) January 1971 to April 1972. - 2) February to December 1972. - 3) January to March 
1972. - 4) January and February 1972. - 5) February and March 1972. 

Two concentration peaks of 144Ce (at 30° N along the southern periphery of the Azores 
atmospheric-pressure peak and at 15° 5 along the northern periphery of the southern Atlantic 
atmospheric-pressure peak) separated by an equatorial trough occur in samples of radioac
tive dust collected at eight sampling points between November 30 and December 21, 1958 
over the Atlantic Ocean (between 46° N to 34° 5 and 18"W to 61° E). Apparently, the equatorial 
concentration minimum can be accounted for by a rise in heated air masses offsetting 
the fallout activity from the stratosphere. Assuming equal yields of 144Ce and l06Ru in all 
1958 nuclear weapon tests, comparatively fresher activity would be observed at latitudes 
north of 40° N, whereas at latitudes south of 34° 5 relatively older fragments would occur. 
Between 33° N and 34° 5, the 144Ce/106Ru ratio remains constant within limits of precision 
[31). Concentration maxima of 144Ce are also observed between March 8 and July 2, 1961 
at about 20 to 30° N and 25 to 30° 5 latitude over the Atlantic Ocean; a minimum 
(0.8 x 10-18 Ci/L) occurs in the region of the equator. For equatorial discharges the period 
of existence of 144Ce in the atmosphere is ~ 1 yr. Moving toward the Azores anticyclone 
(high atmospheric pressure) at about the same latitudes and under similar meteorological 
conditions, a monotonie increase in contamination level occurs wh ich is five times higher 
near Gibraltar than in the Black 5ea. Concentrations of 144Ce in air are 3.0 x 10-18 Ci/L 
over the Black 5ea; 3.4x10- 18 Ci/L over the North and Baltic seas; and 8.4x10- 18 Ci/L 
(moving south) and 6.8 x 10- 18 Ci/L (moving north) over the Atlantic Ocean [32). 
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8.3 Removal of Yttrium and/or Rare Earth Elements from the Atmosphere 

Removal of particles and their associated trace elements from the atmosphere to the 
earth's surface occurs by dry deposition and (predominantly) by rain [1, p. 23] or wet removal 
(see below); furthermore, the removal of stable and radioactive isotopes from the atmos
phere occurs by sedimentation of aerosol and washing-out from very high layers of air 
by atmospheric precipitation [2, p. 252]. 

Dry fallout (or sedimentation) is determined by particle size, shape, and density. For 
radii> 10 11m sedimentation may be the dominant removal mechanism in quiet near-surface 
air [3]. Material raised from the earth's surface either by wind or by industrial processes 
will probably lose by gravitation particles of > 10 11m size [4] which return to the surface 
by sedimentation [5, p. 41], [1, p. 23]. For smaller particles, dry deposition rapidly becomes 
insignificant with decreasing particle size, and for radii < 10 11m dry impaction may be 
an effective removal mechanism [3]. The dry deposition of elements can be described by 
the dry deposition velocity Vg in [em/see] (= rate of dry deposition in [llg/em2 see]/coneentra
tion in ground-level air in [llg/em3]) [6, p. 44], [7, p. 7]. 

The average annual dry deposition of some RE from the atmosphere over Great Britain 
for the years 1971 to 1978 is given in the table on p. 133. For the annual dry deposition 
of light and heavy RE over the Atlantie and Indian oceans and over total world oeean, 
see p. 134. 

Wet removal of partieles from the atmosphere may proceed by cloud droplet nueleation 
(rainout) or by washout beneath the eloud. Rainout is particularly effective for soluble parti
cles and those with diameters greater than a few tenths of a mieron, while washout is 
a purely physical proeess effective for particles with diameters> 1 11m [3]. Rainout relates 
to removal meehanisms that oceur within the cloud by partieulate matter acting as condensa
tion nucleus or being eaptured by cloud particles. Washout (or below-cloud-scavenging) 
is the removal of air particulates by raindrops, but the inertial eapture of particles by impac
tion with rain is important only for particles with diameters >5 11m [1, p. 23]. The effective
ness of wet removal of traee elements from the atmosphere is determined by their mode 
of oecurrenee in the atmosphere [12] and can be quantified by the ratio of their contents 
in equal masses of rain and air (washout factor). In principal, this factor relates to the 
efficiency of removal of partieulate material by rain. In practice, the colleetion of dry deposi
tion in rain will enhanee the apparent washout of the larger soil-derived partieles [5, p. 47]. 
It should also be borne in mind that the calculation of washout factors from the soluble 
rather than from the total content in rainwater would provide a more realistic parameter 
beeause the collection of insoluble deposit gives values (e.g., for Ce) that are frequently 
an order of magnitude greater than those calculated from soluble contents, especially at 
dusty locations [6, p.44]. It is suggested (by their washout factors) that traee elements 
in the atmosphere of natural origin (as, e.g., La and Sm), on a whole, are washed out 
more effieiently by rain than most of the traee elements of anthropogenie origin [13]. 

The deposition profiles of many relatively non-volatile metals (including La and Ce) 
follow the profile of pH in rain eolleeted downwind from the industrial zone of Charleroi, 
Belgium, Le., their deposition shows a maximum at a short distance from the industrial 
center and decreases rapidly to attain (after ~20 km) the deposition rates observed in 
purely rural, remote areas (Ardennes) which are ~20% of the maximum deposition [14]. 

A different effectiveness of removal of RE from the atmosphere by aerosol and by rain 
can lead to a different RE composition in aerosol and atmospheric precipitation. The relative 
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location and year of sampling dry deposition in 119/cm yr. Ref. 
La Ce Sm Eu 

Wraymires, Lancashire 1971/72 1) ~0.552) 0.44 [7, p.23] 
1972 <0.02 0.004 
1973 <0.003 0.002 [6, p.71] 
1974 <0.005 0.003 [8] 
1976 0.004 0.006 0.002 0.0002 [9] 
1977 0.008 0.007 0.00045 0.00015 [10] 
1978 <0.003 0.005 0.0006 0.0001 [11] 

Chilton, Berkshire 1972 0.018 0.014 
1973 0.014 0.011 [6, p. 71] 
1974 <0.01 0.012 [8] 
1976 0.021 0.024 0.003 0.0007 [9] 
1978 0.025 0.026 0.002 <0.0005 [11] 

Leiston, Suffolk 1972 <0.005 0.002 
1973 <0.005 0.003 [6, p. 71] 
1974 <0.002 0.006 [8] 
1976 0.014 0.014 0.001 0.0004 [9] 
1978 0.006 0.012 0.0009 0.0002 [11] 

Lerwick, Shetland Isles 1972 <0.02 0.003 
1973 <0.006 0.004 [6, p. 71] 

Collafirth, Shetland Isles 1974 <0.01 <0.003 [8] 
1976 0.028 <0.002 <0.0009 <0.0001 [9] 

Plynlimon, Montgomerys 1972 <0.007 <0.005 
1973 <0.004 <0.003 [6, p. 71] 
1974 <0.007 0.012 [8] 
1976 0.009 0.008 0.0008 0.0002 [9] 

Styrrup, Nottinghamshire 1972 <0.02 0.029 
1973 0.029 0.028 [6, p. 71] 
1974 0.015 0.030 [8] 
1976 0.04 0.038 0.003 0.001 [9] 
1978 0.003 0.030 0.039 0.005 [11] 

Trebanos, Glamorganshire 1972 <0.01 0.015 
1973 0.016 <0.02 [6, p. 71] 
1974 0.015 <0.03 [8] 
1976 0.082 0.028 0.002 0.0006 [9] 

1) February 1971 to March 1972. - 2) April 1971 to March 1972. 

distribution of RE in atmospheric depositions is controUed by (1) the relation of terrigenous 
and marine sources in the atmosphere (see p. 115) and (2) by the entrance of gaseous 
RE compounds from the oceans into the atmosphere and their subsequent association with 
solid aerosol (see p. 102) [2, pp. 254, 259]. The input of terrigenous material from the atmos-
phere into the oceans is caused by sedimentation of aeolian dust and material washed 
out by rainwater from the bottom-layer of air. Washing-out of RE is determined not only 
by the latitudinal distribution of aerosol (with two maxima between 10 and 150 N and between 
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10 and 15° S, i.e., within the zone of trade winds, and one maximum on the northern hemi
sphere at 50° N originating from anthropogenic activities), but also by the amount of rainfaLL, 
the height of the bottom-layer of air, and other factors. A different degree of migration 
of RE and a different amount of aerosol in the atmosphere over the oceans possibly are 
indicated by higher washout factors for total RE and individual elements (La, Ce, Nd, Sm, 
Eu, Gd, Tb, Dy, and Ho) in samples from the Indian compared to those from the Atlantic 
Ocean. Washed-out RE are sinking to a higher degree over the Indian than the Atlantic 
Ocean (see below). Washing-out of aerosol by rainwater leads to an enrichment of atmos
pheric depositions in Ce and intermediate RE (Eu to Tb) relative to seawater. In the foLLowing 
are given the calculated annual summary densities of dry deposition (by sedimentation 
of the inorganic fraction of aerosol) and the annual deposition by rain for light (La to Eu) 
and heavy RE (Gd to Lu) for the oceans; contents of Pr, Dy, and Tm are only calculated [15]: 

element density of dry deposition annual deposition by rain 

~ light RE 
~ heavy RE 

in 10- 9 g/m2 yr. 1) 

Atlantic Indian world 
Ocean Ocean ocean 

965.7 730.3 1025.7 
176.0 130.4 185.5 

in 10- 6 g/m2 2) 

Atlantic Indian Pacific world 
Ocean Ocean Ocean ocean 

6.12 7.19 9.2 7.5 
3.28 3.72 3.78 3.56 

1) The density of aerosol deposition is 21.3 mg/m2 yr. for the Atlantic, 24.2 mg/m2 yr. for 
the Indian, and 27.2 mg/m2 yr. for the world ocean. - 2) Average amount of precipitation 
over oceans is assumed as 90 cm/yr. 

The average annual total deposition (dry plus wet) of some RE from the atmosphere 
over Great Britain reported for the years 1972 to 1978 is given as foLLows: 

location and year of sampling total deposition (dry and wet) Ref. 
in 1l9/cm2 yr. 

La Ce Sm Eu 

Chilton, Berkshire 1972 <0.04 0.053 
1973 <0.03 0.028 [6, p. 73] 
1974 <0.04 <0.03 [8] 
1976 0.045 0.037 0.004 0.001 [9] 
1978 <0.03 0.041 0.003 0.0007 [11] 

Leiston, Suffolk 1972 <0.01 0.026 
1973 <0.01 <0.02 [6, p. 73] 
1974 <0.02 <0.03 [8] 
1976 0.023 <0.02 <0.001 <0.0005 [9] 
1978 <0.02 0.045 0.003 0.0009 [11] 

Lerwick, Shetland Isles 1972 <0.02 0.084 
1973 <0.03 0.048 [6, p. 73] 

CoLLafirth, Shetland Isles 1974 <0.01 0.024 [8] 
1976 0.14 <0.02 <0.008 0.0008 [9] 

Plynlimon, Montgomerys 1972 <0.08 <0.03 
1973 <0.04 <0.01 [6, p. 73] 
1974 <0.07 <0.05 [8] 
1976 <0.05 <0.02 <0.005 <0.0008 [9] 
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TabLe [eontinued] 

Loeation and year of sampLing totaL deposition (dry and wet) Ref. 
in J.lg/em2 yr. 

La Ce Sm Eu 

Styrrup, Nottinghamshire 1972 <0.3 <0.1 
1973 0.15 0.07 [6, p. 73] 
1974 <0.06 0.079 [8] 
1976 0.053 0.057 0.004 0.002 [9] 
1978 0.043 0.080 0.005 0.001 [11] 

Trebanos, GLamorganshire 1972 <0.06 <0.04 
1973 <0.07 <0.06 [6, p. 73] 
1974 <0.09 <0.1 [8] 
1976 0.072 <0.06 0.003 <0.002 [9] 

Wraymires, Laneashire 1972 <0.04 <0.03 
1973 0.024 0.015 [6, p. 73] 
1974 <0.06 <0.03 [8] 
1976 0.12 <0.03 <0.004 0.0008 [9] 
1977 <0.07 <0.03 <0.005 <0.0006 [10] 
1978 <0.03 0.023 <0.003 <0.0004 [11] 

The average annuaL totaL deposition (wet and dry) of the same eLements and summarized 
for the period 1972 to 1975 at seven sites in Great Britain is as foLLows; for eomparison 
insoLubLe deposition and annuaL rainfall are given [1, pp. 28/9]: 

Loeation totaL deposition in g/ha . yr. *) insoLubLe annuaL 
La Ce Sm Eu deposition rainfaLL 

in kg/ha . yr. in mm 

ChiLton, Oxfordshire <4 4.0 0.7 0.1 62 643 
Leiston, SuffoLk <2 <2 <0.3 <0.03 21 534 
CoLLafirth, Shetland IsLes <10 <2 <1 <0.07 39 1520 
PLynLimon, Montgomerys <6 <3 <0.4 0.09 38 2521 
Styrrup, Nottinghamshire <10 9.3 0.6 0.2 180 532 
Trebanos, GLamorganshire <7 <10 <0.8 <0.2 93 1269 
Wraymires, Laneashire <5 <2 <0.3 0.09 30 1717 

*) Sm and Eu anaLyzed onLy in 1975. 

Capture of traee eLements by faLLing snow fLakes may possibLy aeeount for a vaLue of 
1.7 for the ratio of enriehment faetors for Ce in freshLy faLLen snow and in aerosoL eoLLeeted 
in the Moseow region, USSR [16, pp. 54, 60/1]. Comparing the ehemieaL eomposition of 
freshLy fallen snow with that of the eondensate of atmospherie moisture, it is shown that 
the eontents of RE differ by faetors of 2 to 4 from those in the eondensate [12]. With time 
(as snow beeomes dusty) eontents of traee eLements inerease in snow eoLLeeted in Moseow 
andits suburb during November 1975 and January 1976, indieating that snow eover is 
a naturaL aeeumuLator of ehemieaL impurities preeipitated from the atmosphere. About one
and-a haLf month after snowfaLL, the eontent of traee eLements in the snow inereased by 
faetors from 2 to 92, e.g., the eontent inereased from 0.5 g/L in freshLy fallen snow (dust 
eontent 30 mg/L) to 4.2 g/L (dust eontent 87 mg/L) [16, pp. 55/6]. Aeeording to the ease of 
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extraction of eLements from the solid phase (sum of exchangeabLe and mobiLe forms) eLe
ments can be arranged in the order Cu>Hg>Cr>Sc>Au>Ba>La>Ce>Co>Sb>Fe in 
the Moscow snow sampLe [16, p. 58). Note further that Ce, connected with terrigenous matter 
(cLay mineraLs), in deposited with snow at the centraL region of East Antarctica [19). 

A speciaL kind of removal of Y and/or RE from the atmosphere is their direct uptake 
through vegetation or animaLs, as is shown in the foLLowing. Even if trace eLements are 
deposited on the earth's surface as water-insoLubLe compounds, they can migrate in the 
soiL-pLant systems [16, p. 58). Root or Leaf uptake of Ce from the atmosphere is indicated 
by increased Ce/Sc ratios reLative to soiL or totaL deposition in grass coLLected at Chilton, 
Oxfordshire, and in aLga from the bark of Larch at Rogate, Surrey, both Great Britain (Sc 
is used for eLement ratio comparisons rather than AL or Fe because pLants show virtuaLLy 
no uptake and transLocation of Sc). It seems most probabLe that totaL deposition from the 
atmosphere exerts a major infLuence on composition of the pLants studied. However, La/Sc 
and Ce/Sc ratios show LittLe variation between media (totaL deposition, soiL, grass, aLga, 
coaL, and fLy ash) and cannot be concentrated preferentiaLLy by any mechanism associated 
with pLant uptake [1, pp. 38/40). Experiments with rye grass indicate that practicaLLy aLL 
of the 144Ce present in two sampLes of rainwater is taken up directLy on the aeriaL parts 
of the pLants by ad- or absorption. Compared with the other fission products studied, the 
uptake is in the order 144Ce>95Zr >90Sr > 137CS [17). An exampLe for uptake ot 144Ce and 
141Ce trom nucLear weapon tests through animaLs (jack rabbits) is given by [18). 

References for 8.3: 

[1) P. A. Cawse (Ref. Book Minist. Agric. Fish. Food [G.B.) No. 326 [1980) 22/46). 
[2) G. M. KoLesov, V. V. Anikeev (Fiz. Atmos. No. 2 [1976) 252/60). 
[3) K. A. Rahn, J. W. Winchester (ORA-P-089030 [1971)1/309, 5/6). 
[4) D. H. Peirson, P. A. Cawse, R. S. Cambray (Nature 251 [1974) 675/9). 
[5) D. H. Peirson, P. A. Cawse (Phil. Trans. Roy. Soc. [London) B 288 [1979) 41/9). 
[6) P. A. Cawse (AERE-R-7669 [1974)1/95). 
[7) P. A. Cawse, D. H. Peirson (AERE-R-7134 [1972)1/34). 
[8) P. A. Cawse (AERE-R-8038 [1975)1/15,11,13). 
[9) P. A. Cawse (AERE-R-8869 [1977)1/22, 14, 16). 

[10) P. A. Cawse (AERE-R-9164 [1978)1/20, 14/5). 

[11) P. A. Cawse (AERE-R-9484 [1980)1/22,14/5). 
[12) A. Z. MikLishanskii, Yu. V. YakovLev, B. V. SaveL'ev (Geokhimiya 1978 3/10; Geochem. 

Intern. 15 No. 1 [1978)1/7,3). 
[13) J. Bogen (Comp. Studies Food Environ. Contam. Proc. Symp., Otaniemi, FinLand, 1973 

[1974], pp. 75/90, 85). 
[14) C. Ronneau, J. P. Hallet (EUR-8307 [1983)149/54; CA 99 [1983) No. 145338). 
[15) G. M. KoLesov, V. V. Anikeev, V. S. Savenko (Geokhimiya 1976 934/43,934,937/8,942). 
[16) A. Z. MikLishanskii, F. I. PavLotskaya, B. V. SaveL'ev, Yu. V. YakovLev (Geokhimiya 1977 

1673/82; Geochem. Intern. 14 No. 6 [1977)54/62). 
[17) A. Morgan (AERE-R-3181 [1959)1/9,4/5). 
[18) W. C. Hanson (Northwest Sci. 34 [1960)89/98 from N.S.A. 15 [1961) No. 50). 
[19) A. Z. MikLishanskii, Yu. V. YakovLev, B. V. SavaL'ev, A. P. Zuev (Geokhimiya 1980 286/93; 

Geochem. Intern. 17 No. 1 [1980) 152/8). 
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9 Cosmo- and GeochemicaL CycLes and BaLance 
For the Contents of Yttrium and/or Rare Earth ELements 

Complete cosmo- and geochemical cycles for the behavior of RE and/or Y alone cannot 
be given without regard to their relation to other elements, or even to the behavior of 
major rock-forming elements. Some statements in the literature for RE and/or Y may have 
been obtained merely from analogy in view of its crystalchemical (diadochic) behavior and 
without direct investigation. To avoid a vast amount of information relevant only peripheri
cally to these elements, the sections and paragraphs of this chapter will contain only data 
clearly derived for, or belonging to, the RE elements and/or Y. Especially the principal 
processes influencing their behavior in the natural cycles will be outlined. Further, there 
will be given preference to a discussion of information regarding the lithosphere (or mantle 
and crust) of the earth, for it is the main medium producing geochemical variation. 

Values for mean contents of RE and/or Y in individual geospheres, or in parts of it, 
are given in the last paragraph dealing with the balance; see pp. 194/205. 

9.1 Source, Distribution, and Behavior 01 YHrium and/or Rare Earth Elements 
in Extraterrestrial Environments. Balance 

There are no special papers in the literature dealing with the cosmochemical cycles 
or balances of the contents for Y and/or RE. To derive such a topic, as a first approximation 
the statements and data given in "Seltenerdelemente"A3, 1980, and described briefly in 
the following can be used. Note that the page numbers given in parentheses for the present 
chapter only relate to the above volume of the handbook! Additionally, some more recent 
papers will be given. 

Origin of Y and RE elements in the cosmos by nuclear processes, and their quantitative 
distribution in individual stellar spectra, including the sun (see pp. 1/2 and 2/24, respectively). 

Distribution and fractionation of Y and RE between minerals of individual meteorite types 
(see pp. 26/32 and 47/54). A preliminary study of RE element distribution in the Kirin meteor
ite, China, and its chondrules is given in [1]. Fractionation of Y and RE (including normalized 
RE distribution patterns) in individual meteorite types and its components (see pp. 57/68). 
Inspect also the following papers for Sm-Nd isotopic evolution of chondrites [2]; for Lu-Hf 
total-rock isochron of eucritic meteorites [3, 4] ; and for Al-Sm-Eu-Sr systematics of eucrites 
[5]. Genetical discussions based on data for Y and/or RE for the different meteorite classes 
and groups (see pp. 68/74) and for tectites and impact glasses (see pp. 81/2). For RE abun
dances in chondritic phosphates and their implications for early stage chronologies, see 
[6]. Distribution of RE elements in the Melrose-b howardite and an indication for a pre
terrestrial negative Ce anomaly are given in [7]. 

Distribution and fractionation of Y and/or RE in minerals of moon rocks (see pp. 83/91) 
and genetical discussions based on RE distribution patterns and abundances in relation 
to the individual landing sites of the moon (see pp. 133/68). Implications for petrogenesis 
of aluminous mare basalts as derived from isotope and RE element studies of the lunar 
basalt No. 12038, see [8]. Behavior of Y and/or RE during the accretion from solar nebula 
and formation of moon crust by a fractional crystallization process (see pp. 169/77). For 
a thorough, general compilation of the stages of growth of the moon, and for an interpretative 
summary of lunar rock formation, see [9]. Time and duration of lunar highlands' crust forma
tion as derived from Sm-Nd systematics is given in [10], and implications for the processes 
involved in lunar crustal formation as follows from Sm-Nd age of lherzolite No. 67667, 
see [11]. 
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To derive baLances for speciaL cosmochemicaL sections, the foLLowing data may be used: 
Mean contents (reLated to 106 atoms of Si) of Y and the individuaL RE eLements in the 
cosmos, in carbonaceous chondrites, and in the soLar system (see pp. 24/6). TotaL abun
dances of Y and individuaL RE eLements in iron meteorites (Lu onLy). chondrites, achondrites, 
and tektites (see pp. 32/3, 33/41, 41/7, and 75/81, respectiveLy). ImpLications for pLanetary 
buLk compositions may be derived from AL-Sm-Eu-Sr systematics of eucrites and moon 
rocks [5]. Average contents of Y and/or RE eLements in crystaLLine rocks, breccias, and 
soiLs of the moon (see pp. 120/7), and for the whoLe moon (see p. 125, as is derived from 
a modeL composition, and p. 170, as is derived from anaLyticaL data). Hints to papers contain
ing data for contents of Y and/or RE eLements (see pp. 91/120). 

Relerences for 9.1 : 

[1] P. Zhong (Kexue Tongbao 25 [1980]588/93 from Mineral. Abstr. 32 [1981]81-0687). 
[2] S. B. Jacobsen, G. J. Wasserburg (Earth PLanet. Sei. Letters 50 [1980]139/55). 
[3] P. J. Patchett, M. Tatsumoto (Nature 288 [1980] 571/4). 
[4] P. J. Patchett (Geochim. Cosmochim. Acta 47 [1983] 81/91). 
[5] P. H. Warren (Geochim. Cosmochim. Acta 47 [1983]1559/71). 
[6] M. Ebihara, M. Honda (Earth PLanet. Sei. Letters 63 [1983] 433/45). 
[7] A. Masuda, T. Tanaka (Earth PLanet. Sei. Letters 49 [1980] 109/16). 
[8] L. E. Nyquist, J. L. Wooden, C.-Y. Shih, H. Weismann, B. M. BansaL (Earth PLanet. Sei. 

Letters 55 [1981]335/55). 
[9] J. V. Smith (J. GeoL. 90 [1981]1/48, 28/37). 

[10] R. W. CarLson, G. W. Lugmair (Earth PLanet. Sei. Letters 52 [1981] 227/38). 

[11] R. W. CarLson, G. W. Lugmair (Earth PLanet. Sei. Letters 56 [1981]1/8). 

9.2 Source, Distribution, and Behavior 01 Yttrium and/or Rare Earth Elements 
in Terrestrial Environments. General 

The geochemical cycLe of RE ± Y is intimateLy connected with the questions of earth 
formation and its subsequent differentiation into geospheres (especiaLLy the mantLe and 
crust), but aLso with probLems of magma generation or aLteration and of geoLogicaL evoLution 
(e.g., of rock series and compLexes, of regionaL parts of the Lithosphere, etc.). Therefore, 
from the numerous, detaiLed discussions given in the Literature, in the foLLowing sections 
and paragraphs onLy the generaL trends made evident by the RE data wiLL be mentioned; 
for a detaiLed discussion (often in reLation to the behavior of other eLements) refer to the 
cited references which, in most cases, contain extensive bibLiographies. Arrangement of 
topics wiLL foLLow predominantLy the ideas deveLoped by the pLate tectonic (or new gLobaL 
tectonic) model. Besides the RE distribution patterns, especiaLLy the Sm-Nd (eNd' 143Nd/144Nd, 
etc.) and both the Sr-Nd or Sm isotopic systems (systematics) have been used in discussing 
pLate tectonics. ALso wideLy used are characteristic eLement ratios as, e.g., La/Nb, CelY, 
YlTb, or Lu/Hf. 

For an overview of the behavior of RE ± Y during the geochemicaL cycLe refer to the 
reLevant chapters of textbooks on geochemistry, or the foLLowing exampLes of papers deaLing 
especiaLLy with the topics mentioned in their titLes: 

C. J. ALLegre, S. R. Hart, J.-F. Minster, ChemicaL Structure and EvoLution of the MantLe and 
Continents Determined by Inversion of Neodymium and Strontium Isotopic Data, 
I. TheoreticaL Methods and 11. NumericaL Experiments and Discussion (Earth PLanet. 
Sei. Letters 66 [1983]177/90 and 191/213). 

C. J. ALLegre, D. Ben Othman, M. PoLve, P. Richard, The Nd-Sr Isotope CorreLation in MantLe 
MateriaLs and Geodynamic Consequences (Phys. Earth PLanet. Interiors 19 [1979] 
293/306). 
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C. J. ALLegre, O. Brevart, B. Dupre, J.-F. Minster, Isotopic and Chemical Effects Produced 
in a ContinuousLy Differentiating Convecting Earth MantLe (Phil. Trans. Roy. Soc. 
[London] A 297 [1980] 447/77). 

C. J. ALLegre, B. Dupre, B. Lambret, P. Richard, The SubcontinentaL Versus Suboceanic 
Debate, I. Pb-Nd-Sr Isotopes in Primary ALkali BasaLts from a ShieLd Area: The 
Ahaggar VoLcanic Suite (Earth PLanet. Sci. Letters 52 [1981] 85/92). 

C. J. ALLegre, B. Dupre, P. Richard, D. Roussean, C. Brooks, SubcontinentaL Versus Suboce
anic MantLe, 11. Nd-Sr-Pb Isotopic Comparison of ContinentaL ThoLeiites with Mid
Ocean Ridge ThoLeiites, and the Structure of the ContinentaL Lithosphere (Earth 
PLanet. Sci. Letters 57 [1982] 25/34). 

D. L. Anderson, A GLobaL GeochemicaL ModeL for the EvoLution of the MantLe (NASA-CR-
162602 [1979]1/44; CA 93 [1980] No. 11062). 

D. L. Anderson, Isotopic EvoLution of the MantLe: The RoLe of Magma Mixing (Earth PLanet. 
Sci. Letters 57 [1982]1/12). 

D. L. Anderson, Isotopic EvoLution of the MantLe: A ModeL (Earth PLanet. Sci. Letters 57 
[1982] 13/24). 

D. L. Anderson, ChemicaL Composition of the MantLe (J. Geophys. Res. B 88 [1983] 41/52). 
R. L. Armstrong, Radiogenic Isotopes: The Case for CrustaL Recycling on a Near-Steady

State No-ContinentaL Growth Earth (Phil. Trans. Roy. Soc. [London] A 301 [1981] 
443/72). 

Yu. A. BaLashov, EvoLution of Isotopic Nonhomogeneity of the Earth's Upper MantLe (Geokhi
miya 19791767/83; Geochem. Intern. 16 No. 16 [1979]95/109). 

A. R. Basu, M. Tatsumoto, Nd-Isotopes in SeLected MantLe-Derived Rocks and Minerals 
and Their ImpLications for MantLe EvoLution (Contrib. Mineral. Petrol. [Berlin] 75 
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mid-ocean ridge basaLt 
ocean-isLand basaLt 
continentaL fLood basaLt 

[La/Sm)N chondrite-normaLized eLement ratio 

9.2.1 Accretion 01 the Earth, Core-Mantle-Crust DiHerentiatlon, and Geochemlcal 
Variation in the Geospheres Related to Geodynamical Processes 

9.2.1.1 Accretion 01 the Earth 

A strong enrichment of RE together with Ca and AL occurs in outer parts of the earth 
during accretion of planetesimals and during the deveLopment of the protocrust, where 
the enrichment is about 2 to 3 times that of the source materiaL due to a partiaL meLting 
of 40 to 50% [1). Both Sm and Nd probabLy condensed from the soLar nebuLa at the same 
time, and neither wouLd have entered the core, so there was no fractionation of Sm from 
Nd at those times. However, substantiaL fractionation does occur essentiaLLy onLy in magmatic 
processes. Thus the Sm-Nd system provides an exceLLent means at studying the magmatic 
differentiation of the pLanet [2); refer aLso to pp. 147/60. No interaction between core and 
Lower mantLe, wh ich wouLd destroy the Nd-Sr correLation, is observed [3). 

Isotope data for Nd (143Nd/144Nd) and Sr indicate that the earth is made of thorougLy 
mixed achondrites and chondrites. The present-day isotopic heterogeneity of the earth's 
mantLe (see pp. 165/6) is unreLated to an accretionaL heterogeneity [4], or may have been 
produced by previous singLe- or multi-stage fractionation events earLier in the earth's history 
(see aLso pp. 166/7) [5). On a graph ENd vs. time, the vaLues of initiaL 143Nd/144Nd ratios 
for Precambrian igneous rocks cLuster tightLy near the ENd(T)=O Line, suggesting that the 
earth was reLativeLy undifferentiated 2.7 Gyr ago and that the Sm/Nd ratio of the earth is 
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cLose to the average chondrite vaLue [6]. But it might be more correct to consider the 
achondrite isotope ratios for Sr and Nd as the primordiaL vaLues for the earth [7]. TerrestriaL 
Sm-Nd data suggest that during the first two aeons (109 yrs.), the earth did not undergo 
an earLy differentiation which greatLy fractionated the RE, or if it did, a mixing process 
operated during the subsequent aeons to erase the Sm-Nd variations produced in this 
event [8]. 

The systematics of isotopic evoLution in a differentiation pLanet show that correLated 
isotopic variations of Nd and Sr resuLt onLy under restricted circumstances. The functionaL 
relationship between eNd and eSr is an indication of the differentiation process invoLved 
[9]. 

References for 9.2.1.1 : 

[1] V. R. Murthy (in: B. F. WindLey, The EarLy History of the Earth, London-New York 1976, 
pp. 21/31, 25, 28). 

[2] D. J. DePaoLo (EOS Trans. Am. Geophys. Union 62 [1981]137/40,138). 
[3] B. Dupre, C. J. ALLegre (Nature 286 [1980]17/22). 
[4] D. J. DePaoLo (Diss. CaLifornia Inst. Techno!. 1978, pp. 1/373 from Diss. Abstr. Intern. 

B 39 [1978]606; CA 89 [1978] No. 182639). 
[5] D. A. Wood (Geochim. Cosmochim. Acta 43 [1979] 1031/46, 1031/2). 
[6] D. J. DePaoLo, G. J. Wasserburg (Geochim. Cosmochim. Acta 43 [1979] 999/1008, 1004). 
[7] Yu. A. ShukoLyukov (Geokhimiya 1983 333/47; Geochem. Intern. 20 NO.2 [1983] 1/15, 

9/10). 
[8] D. J. DePaoLo, G. J. Wasserburg (Geophys. Res. Letters 3 [1976] 743/6). 
[9] D. J. DePaoLo (Earth PLanet. Sci. Letters 43 [1979]201/11, 210). 

9.2.1.2 Core-Manlle-Crust Differentiation 

As is justified by the observation that the refractory eLements (RE incLuded) occur in 
roughLy constant proportions in the various meteorite cLasses, it is commonLy assumed 
that the earth shouLd have an unfractionated chondritic pattern of these eLements. Once 
they are in a pLanet, the refractories become fractionated by a variety of processes. The 
refractory siderophiLes enter the core, the compatibLe refractories are retained in mantLe 
silicates, and the incompatibLe refractories (as, e.g., Rb, U, Th, and RE [1]) preferentiaUy 
enter meLts and the crust. But the crust, of course, is just one repository of the incompatibLe 
eLements and is Less than 0.6% of the mass of the mantLe [2] which has the key position 
in the geochemicaL cycLe of RE; refer to pp. 161/74. A seLf-consistent earth modeL can 
be constructed from the primordiaL abundances of non-voLatiLe (or incompatibLe) trace eLe
ments (e.g., RE) requiring a strong enrichment of these eLements in the upper mantLe and 
the crust. And aLL, or most of the mantLe had been subjected to partiaL or compLete meLting 
at some stage. PartiaL meLting commences at the core-mantLe boundary, the Liquid thus 
formed moves upwards, solid phases dissoLve at the top and precipitate at the bottom 
whiLe incompatibLe eLements are strongLy concentrated in the Liquid. Thus, two expLanations 
appear possibLe for the strong fractionation of incompatibLe trace eLements (whiLe major 
eLements have negLigibLe degrees of fractionation): CompLete mantLe meLting with a smaU 
quantity of residuaL Liquid squeezed upward, and zone meLting causing extreme fractionation 
[3]. Note too that a compLex picture of eLement distribution beneath the oceanic and continen
taL segments of the earth is obtained from trace eLement distribution (incLuding RE) in various 
basalts and peridotites of rift zones. Whereas in the Lower parts a primary concentration 
as in chondrites occurs, a zone of enrichment in lithophiLe eLements is LocaLized in the 
upper parts; both zones are separated by a zone of depLetion. For the continentaL segment, 
the trace eLement distribution may be connected with zone meLting of the mantLe wh ich 
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preceded sialic crust formation. In the upper mantLe zone (represented by undifferentiated 
pyrolite) beneath the oceanic segment, the meLting process becomes more difficult and 
in the highest part it is quite impossible. The high concentration of lithophilic elements 
in the upper zone of the mantLe may be explained in two ways: (1) The process of transporta
tion of trace elements was similar for both segments, and preceded the formation of the 
earth's crust. Later, after the formation of the continents, the lithophilic trace elements 
concentrated in the sialic layer and after the formation of oceanic crust they were preserved 
in peridotite (wh ich represents the less differentiated upper mantLe of oceanic type). (2) 
The enrichment in ultrabasic rocks beneath ocean ridges is possible owing to the hydrother
mal process wh ich may be realized by the mantLe degassing. This process may be supported 
by the high permeability of zones characterized by tectonic activity, and which commonly 
are used by hydrothermal solutions. Both the above processes may occur jointLy, and are 
useful for hypotheses about independent development of the oceanic and continental parts 
of the earth [31]. 

For a general sketch (partLy based on Sm/Nd systematics) illustrating the relationship 
between the geodynamic cycles and chemical fractionation of the mantLe-crust system, 
refer to [28, pp. 121/9] and [29]; inspect also pp. 154/63. 

Successive solidification of moLten chondrite-like material resulted in the formation of 
the earth's mantLe and crust. However, it is not always necessary to assume that the earth 
melted all at once, but the earth's primordial oxide phases fused completely after several 
events of different epochs. It is assumed that most of this melting occurs during a short 
time compared with the whole geological age. Accordingly, the protocrust formed as the 
result of freezing or solidification of the last-stage liquid [4]. The mantLe crystallized progres
sively upwards during the pre-Archean era by convective and radiative cooling, concentrat
ing lithophile elements such as U, Th, K, Rb, and RE into a near-surface layer of basaltic 
composition [5, pp. 35, 50]. The composition of the primary crust (e.g., for La, Ce, Eu, Vb) 
can be derived according to two different hypotheses : The crust had a composition of the 
present continental crust (model R), or had most probably a fractionation model composition 
(model S). Model R is more strongly supported by data of other elements and radioactivity. 
Since formation, two thirds of the continental crust must have been recycled during geologi
cal time (see also pp. 177/8) [5, pp. 42/4, 50]. The existence of an early basaltic crust seems 
to be necessary for the Archean silicic volcanics and granitoids of the Pilbara Block, Western 
Australia. As follows from RE geochemistry and isotope data, the silicic rocks are not direct 
partial melts of the upper mantLe; rather they are derived from basaltic layers which were 
transformed to amphibolites or eclogites. Possibly, most of the Pilbara rocks had a muLti
stage history, best explained by a partial meLting of amphibolitic sources followed by some 
fractional crystallization. The fractionated phases should have had a combined bulk distribu
tion coefficient of ~ 1 for heavy RE and < 1 for light RE, caused by a combination of clinopy
roxene, orthopyroxene, and biotite [6]. The source region of the early crust, and by inference 
the earth as a whole, had a Sm/Nd ratio indistinguishable from the cosmic abundance 
ratio. The separation of the continental crust leaves the residual mantLe with a higher-than
whole-earth Sm/Nd ratio; hence the average initial 143Nd/144Nd ratio of the present mantLe 
(in a plot of this ratio vs. time) cannot lie on the extrapolated portion of the correlation 
line but must lie above it [7, pp. 128/9]. In contrast to relatively uniform ENd values for 
Precambrian igneous rocks, a large range of ENd for younger basaltic rocks « 2.7 Gyr) 
indicates the existence of distinct reservoirs at present. Most of young oceanic basalts 
have positive ENd values representative of mantLe reservoirs which may be complementary 
to continental crustal reservoirs with negative ENd values today [8]. 

The mantle and the crust are considered to be a closed system, and "bulk earth" 
refers only to it excluding the core. But identification of a third mantle component (subducted 
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oceanic crust) no longer allows one to consider continental crust as the sole complement 
to depleted mantle [9]. Mantle differentiation and crustal growth can be described simply 
by a two-reservoir model with time-varying transport of materials between the reservoirs. 
The abundances of Sm and Nd in the continental crust and the estimated Nd isotopic composi
tion of crust and mantle are reproduced by involving transport between the crust and only 
one half of the mantle [10]. The Nd isotopic data can be discussed in terms of two reservoirs, 
mantle and continental crust. The movement of certain elements from the mantle to the 
crust has influenced the subsequent isotopic evolution of the mantle. Thus, the 143Nd/144Nd 
ratios of recent MORB seem to be entirely consistent with the hypothesis that components 
with an Sm/Nd ratio lower than that of the bulk earth have been removed and now reside 
in the continents. It is not possible to specify unequivocally, however, whether the depletion 
of the mantle has been a continuous or an episodic process. Nevertheless, it is clear that 
the ocean floor created at mid-oceanic ridges is derived from a previously L1LE-depleted 
mantle which comprises no more than half, and possibly as little as a third of the total 
mantle [7, pp. 130/1, 133]. Neodymium isotope data (for rocks of the Sierra Nevada and 
Peninsular Range batholiths) would be consistent with a model that a limited volume of 
the mantle (- 20 to 30%) has been repeatedly tapped throughout the earth history to produce 
new continental crust. And the extraction of crustal material has caused this part of the 
mantle to become substantially depleted in those elements (Nd and Sm included) that show 
marked enrichment in the crust. This suggests that the average chemical composition of 
new crustal additions today may differ from the composition of average Archean crust, 
which would have been derived from a mantle which at that time was much less depleted 
than the present-day upper mantle. The model of a depleting mantle source appears to 
apply both for silicic rocks of the continental crust and the oceanic and continental basalts 
[11]. There is also good fit of Lu-Hf and Nd isotopic data indicating that only 25 to 50% 
of the mantle volume has been depleted during formation of continental crust. The present
day depleted mantle with a long history of raised Lu/Hf and Sm/Nd ratios is widely accepted 
to be the residue from the extraction of continental crust over geological time. The continental 
crust has low Lu/Hf and Sm/Nd ratios and is compositionally complementary to the depleted 
mantle [12]. Derived from Nd and Sr isotopic data for anhydrous and hydrous ultramafic 
nodules from the Dreiser Weiher area, Eifel, Federal Republic of Germany, a model for 
the evolution of this lithospheric mantle comprises the following episodes: (1) A first deple
tion event ~2 x 109 yrs. aga starting from chondritic mantle and indicating involvement in 
the formation of old crust; (2) a second partial melting event -560 m.yrs. aga resulting 
in the depletion of basaltic components in the spinel lherzolites found today; and (3) a 
partial metasomatism by a fluid or liquid resulting in incompatible-element-enrichment 
and hydration of originally anhydrous spinel peridotites [13], see also [14]. 

For crust formation, two simple transport models are given for trace elements: (1) melts 
are derived over the age of the earth by equilibrium partial melting from undepleted mantle; 
and (2) melts are derived from a mantle reservoir that is continuously depleted through 
time. Model 1 indicates a larger degree of melting (1.7%) than model 2 (0.5%), and both 
models require the depleted mantle complementary to the continental crust to make up 
about 1/3 of the mantle (- upper 650 km of the mantle). The major difference in the results 
for the two models is in the composition (ENd and ESr) of new additions to continental crust. 
Model 1 best describes the mantle-crust evolution [15, pp. 7411/2, 7455]. As follows from 
Sm-Nd and Rb-Sr data combined with the mean age of mantle and crustal reservoirs 
in the above two models of continent formation, early crust was destroyed by rapid fluxing 
into the mantle from 4.5 to 3.6 x 109 yrs. ago, or very little early crust ever formed. Both 
models show that the continents were only formed from -30% of the total mantle [16]. 
As follows from Sm-Nd isotope studies of Archean metasediments and metavolcanics, west-
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ern Greenland, there is no evidence for the former existence of oLder pre-3.8 Gyr continentaL 
crust. One possibiLity therefore is that the mantLe sources (with Sm/Nd ratio >CHUR) for 
these and other Archean crustaL segments might have been a reLativeLy minor proportion 
of the mantLe and considerabLy Less than that suppLying mid-ocean ridge basaLts at the 
present day [30]. The mean age of the crust is 1.8x109 yrs. for modeL 1 and 1.5x109 yrs. 
for modeL 2, so a young mean age of the crust is confirmed by both modeLs. Since both 
modeLs indicate that the growth rate over the Last 0.5 x 109 yrs. is much Less than the average 
growth rate, most of the crust probabLy formed in the time interval from ~0.5 to 3 x 109 yrs. 
aga [15, p. 425]. 

VoLcanic arc magmatism is the main mechanism for the creation of continentaL crust, 
as can be shown by a muLticomponent meLting-mixing system, and accounting for chemicaL 
differences in aLkali, aLkali ne earth, and RE content between arc basaLts and a wide range 
of oceanic and intrapLate basaLt types [17]. But the fact that Lower as weLL as upper crust 
appears to have fractionated RE distribution patterns casts doubt on the vaLidity of the 
andesite modeL of crustaL generation (see [18]), at Least in the Precambrian [19, pp. 165]. 
Based on Nd-Sr isotope correLations, Archean crust, represented by both Lewisian granu
Lites (~Lower crustaL LeveL) and amphiboLite-facies gneisses (~intermediate crustaL LeveL) 
of northwest ScotLand, may to a first approximation compLement the lithophiLe eLement depLe
ti on observed in modern MORB mantLe sources. CrustaL compositions based on the andesite 
modeL for crustaL growth may be Less compatibLe with the isotopic constraints for the present 
upper mantLe reservoir. The Precambrian crust, particuLarLy its Lower part, must have signifi
cantLy higher Nd/Sm ratios (and hence higher [Ce/Yb]N' see [19, p. 158]) than is suggested 
by the andesite model. This requirement is not compatibLe with a Lower crust dominated 
by the residues of partiaL meLting, or the cumuLates trom fractionaL crystaLLization. The higher 
[Ce/Yb]N ratios impLied for (and heavy RE depLetion observed in) many Archean crustaL 
rocks suggest a roLe for ecLogite in Archean crustaL generation processes. Because the 
residues of crustaL extraction need to be recycLed into the mantLe to generate the Sr-Nd 
isotope correLation, so me form of subduction in the Archean is suggested [20]. During sub
duction of oceanic crust, caLc-aLkaLine magmas (comparabLe to modern CordiLLerian types) 
are generated by partiaL meLting, but obviousLy the more differentiated fraction of oceanic 
crust (with a negative Eu anomaLy) wouLd meLt preferentiaLLy and contribute to crustaL growth; 
the refractory cumuLates (with a positive Eu anomaLy) are carried into the deep mantLe 
[19, pp. 158, 165/8]. Archean granulites cannot necessariLy represent the modern Lower conti
nentaL crust, since there is a fundamentaL difference between the Archean and post-Archean 
in the upper crust composition which is reLated to an essentiaLLy episodic intrusive event 
at the end of the Archean (see [21]). A major crustaL event is aLso supported by the Sm-Nd 
systematics (see [22]). It is uncLear whether this event is reLated to aperiod of crustaL 
growth (as appears from Sm-Nd evidence) or simpLy to a chemicaL redistribution within 
the crust. In any case, it must have had a profound infLuence on the crust composition, 
incLuding the Lower crust. The heavy RE-depLeted patterns of Archean granulites (see above) 
are secondary features (due to hydrothermal compLexing) [23]. Note too that heavy RE 
depLetion in Archean granulites is not due to hydrothermal compLexing, but these rocks 
have been generated in equiLibrium with ecLogite (residuaL garnet retains the heavy RE) 
[24]. 

Isotopic data for Nd show that growth of Precambrian continentaL crust by irreversibLe 
differentiation of upper mantLe predominates over recycling and reworking of oLder siaLic 
crust. If extraction of continentaL crust occurred very earLy in the earth's history, Nd isotopic 
evoLution in Light RE-depLeted mantLe shouLd have acceLerated and diverged from the chon
dritic growth Line from the earLy Archean onwards. ALmost aLL (143Nd/144Nd); ratios (i = initiaL) 
so far (1981) obtained from Sm-Nd isochrons or modeL caLcuLations (see [25, 26]) on Archean 
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rocks lie on the chondritic growth curve for the bulk-earth mantle reservoir (Sm/Nd ratio 
of 0.308, equivalent to a 147Sm/144Nd ratio of 0.1936), and indicate that departures of mantle 
source regions from chondritic Nd evolution are very small until at least back to Proterozoic 
times. Extraction of a light RE-enriched continental crust from a bulk earth with a chondritic 
RE pattern necessarily leaves a light RE-depleted mantle residuum. Progressive develop
ment of continental crust must have increased the Sm/Nd ratio of the residual mantle, 
so that the latter should have a 143Nd/144Nd ratio greater than the bulk earth value (~O.51262, 
see [26]; refer also to "Seltenerdelemente" A5, 1981, p, 9). The actual range of measured 
143Nd/144Nd ratios (0.5125 to 0.5133) indicates that different segments of the mantle have 
at different times suffered varying degrees of RE fractionation as a result of magma genera
tion [27]. 

For an overview, based on Sr-Nd isotope geochemistry, discussing the growth curve 
for the continental mantle and the initial isotopic ratios of continental crust and the recycling 
process, see [28]. 
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9.2.1.3 Geochemical Variations for Yttrium and/or Rare Earth Elements 
in the Geospheres. General 

The following paragraphs deal only with the more general statements related to: (1) 
the geochemical behavior of RE and/or Y in the geospheres (for examples relevant to 
special geospheres or locations, see pp. 161/74 for the mantle, pp.174/82 for the crust, 
pp. 182/94 for the Lithosphere, and pp. 1/89 and 90/136 for the hydrosphere and atmosphere, 
respectively); (2) the models and/or RE data-based constraints for melt formation processes 
in the Lithosphere (see pp. 147/54; refer also to an influence of crystallizing rock-forming 
and accessory minerals on the RE composition of residual melts in .. Seltenerdelemente " 
A5, 1981, pp. 39/44 and 44/69, respectively); and (3) the correlation of rock formation with 
geodynamic or plate-tectonic position (see pp. 154/60). In all cases, only more recent, com
prehensive papers (some containing extensive references) will be used. 

For an overview of the geochemical variations of RE and/or Y in the geospheres refer 
to the papers given on pp. 138/41. 

9.2.1.3.1 Use of Rare Earth Element Oata for Oeciphering of CrystaLLine 
Rock Formation 

For the definitions of characteristic values of Nd isotope composition, see" Seltenerdele
mente " A5, 1981, pp. 170/2. GeneraLized diagrams with discussion of the relation between 
ENd-ESr or ßNd-ßSr are given in .. Seltenerdelemente " A5, 1981, pp. 381/6. Using the trace 
element concentrations (RE, Th, and Ba) measured in aseries of cogenetic lavas, the 
method of inversion of trace element data for batch melting models allows one to find 
the degree of melting and the mineralogical composition for each lava, which, in turn, 
gives the chemical composition of the source (for the details, see original paper). There 
is no indication that the present theory could not be used for major elements as well [68]. 

Trace elements are generally more difficult to handle than isotopic ratios because their 
concentrations are modified by magmatic processes (partial melting +fractional crystalliza
ti on + other processes such as seawater interaction). Some elements are strongly enriched 
in the liquid during magmatic processes (see bulk mantle/basaltic distribution coefficients 
D:-S:0.01, e.g., for La [1]) and are unmodified by interaction with seawater. Therefore, their 
ratios can be considered to be representative of their mantle source (see also [2], [3, p. 127]). 
Such elements, called H (hydromagmatophiLe) elements by [4], are Hf, Ta, Th, La, Zr, Nb 
[5]; see also hygromagmatophiLe or incompatible [6] and hygromagmaphile or incompatible 
elements [7]. Although the fractionation processes associated with basalt generation may 
have contributed to the range of hydromagmatophile abundances, they clearly have not 
significantly modified the ratios of the more hydromagmatophile elements, which must there
fore be characteristic of the mantle source [8, p. 189]. If incompatible element ratios reflect 
these ratios in the mantle source, it is not simply a mixing of a uniformly depleted and 
a uniformly enriched source which is controlling the chemistry of intermediate basalt 
members. Rather, each segment of mantle seems to have its own characteristic ratios. 
Thus, regional heterogeneity in the mantle source of North Atlantic basalts is confirmed 
(see also p. 164). The reasons for the varying incompatible element ratios are only specula-
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tive: (1) At greater depths, mineraL phases such as garnet, or other high-pressure mantLe 
phases, can fractionate these eLements more effectiveLy; and (2) processes of crustaL extrac
tion, operating since the earLy Archean, can Lead to significant rem ovaL of seLected trace 
eLements from the mantLe, and ratios such as Ce/Zr, CelY, Ce/Ti, Ce/P, etc. are much 
higher in the continentaL crust than in oceanic basaLts [9]. 

As shown previousLy (see [10, 11]), the RE aLong with Ti and P are partitioned in favor 
of the basic Liquid in experimentaL immiscibLe systems (a trend opposite to that observed 
in crystaL-Liquid fractionation) and, thus, these eLements can be used to test immiscibiLity 
as a possibLe origin of coexisting acidic and basic meLts [12]. 

RegardLess of the actuaL mechanism of crust-magma interaction, radiogenic Sr, Nd, 
and Pb isotopes act as tracers for this process. The mechanism probabLy invoLves mixing 
of mantLe-derived magmas with a fluid phase containing incompatibLe eLements derived 
from hydrous mineraLs of the country rock in cLose proximity to magma chambers and 
conduits, and (providing sufficient heat is avaiLabLe) can Lead to a partiaL meLting of the 
country rock. Thus, the geochemistry of the radiogenic isotopes (e.g., 143Nd) is diagnostic 
and gives important constraints for deciding whether a given igneous rock suite or ortho
gneiss compLex has been produced by meLting of upper mantLe materiaL and/or basic Litho
sphere, or by meLting of an oLder continentaL crust [13, pp. 491, 494/5]. The avaiLabLe Nd 
and Sr isotopic resuLts on recent oceanic and continentaL voLcanics may be convenientLy 
considered on a graph of 143Nd/144Nd vs. 87Sr/86Sr in two groups: Group 1 incLudes most 
of the oceanic data and forms a steep, negative correLation; most of the isotopic compositions 
indicate derivation from source regions which have been depLeted in LlLE reLative to buLk 
earth for a considerabLe time. Recent LlLE enrichments are recognized in both oceanic 
and continentaL areas, and the eLements have migrated from source regions which aLso 
have Nd or Sr isotopes on the trend of group-1 sampLes. Group 2, voLumetricaLLy cLearLy 
much Less significant, has shaLLower sLopes and pLots to the right of the main correLation; 
the isotope data point to a significant influence of a different component to those in group 1. 
This component, most unLikeLy to be introduced by contamination during magma extraction, 
must be present in the upper mantLe, and might reflect subducted crustaL materiaL wh ich 
has retained its identity, or might resuLt from mantLe metasomatism [14]. CorreLations be
tween Pb-Sr-Nd isotopic data indicate that, on a worLdwide scaLe, there are two reservoirs 
(wh ich had been connected at some time in the past) for basaLts: the MORS reservoir 
in the upper mantLe and the OIS reservoir in the Lower mantLe. The OIS reservoir is probabLy 
partLy contaminated by the MORS reservoir during ascent [5]; see aLso [67]. 

Since mantLe and crust evoLve with reLativeLy high and Low Sm/Nd ratios, respectiveLy, 
it foLLows that initiaL 143Nd/144Nd rati-os can provide usefuL criteria of characterization for 
the source region of any given igneous rock (see aLso exampLes on pp. 182/8). The rate 
of growth for the initiaL Nd ratio in siaLic crust is retarded reLative to the mantLe. Further, 
Nd is enriched reLative to Sm during magmatic processes Leading to production of siaLic 
crust from the upper mantLe [13, p. 512]. The variations in initiaL 143Nd/144Nd compositions 
indicate, e.g., that Long-Lived (::::0.5 Gyr) Light RE-depLeted mantLe reservoirs existed at 
Least as earLy as 4 Gyr aga [15]. Large variations in Sm/Nd ratio have not survived from 
the earth's earLy history, compatibLe with the faiLure of differentiation products to survive 
at the surface untiL ~3.8 Gyr aga [16]. There are gLobaL and regionaL trends in isotope 
ratios wh ich reflect the secuLar addition of radiogenic isotopes, such as of Nd from the 
decay of 147Sm [17]. 

The perfectLy flat (for middLe to heavy RE) chondrite-normaLized RE distribution patterns 
observed in Archean peridotitic komatiites, high-Mg basalts, and many MORSs suggest 
that mantLe processes (such as magma generation and migration of metasomatic fluids) 
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do not significantLy modify the relative RE abundances (this also applies to V). ConsequentLy, 
the mantLe sources of the above rock types do not have Ce, Eu, or Yb anomalies (:~2%) 
whiLe such anomalies occur in so me chondrites. Available data (see, e.g., [18, 19]) also 
suggest that chondritic ratios also exist among other refractory lithophile elements (such 
as Y and RE) in the earth's primitive mantLe. Literature data for RE in the least-depleted 
mantLe nodules and Alpine-type peridotites suggest that primitive mantle abundances are 
within the range of 2.0 to 2.5 times the ordinary chondrites (Archean peridotitic komatiite 
data give ~2.0 times ordinary chondritic abundances for RE [18]) [20]. 

Since chondrite-normalized RE distribution patterns are widely used in genetic discus
sions, the correspondence for Nd between isotopic growth and pattern should be noted. 
Qualitatively, two models can be considered, closed system and two-stage evolution. For 
the former, in a rock with a pattern depleted in light RE, the 143Nd/146Nd ratio grows faster, 
because of the higher Sm/Nd ratio than in a rock enriched in light RE; the isotopic growth 
in a system with flat patterns (chondritic Sm/Nd ratio) is in between these two cases. For 
the two-stage evolution it is supposed that: (1) the earth 4.55 b.yrs. ago had an initial 
143Nd/146Nd ratio of 0.69973 (like that of eucrite Juvinas); and (2) the mantle had a chondritic 
Sm/Nd ratio (note that this assumption concerns only the ratio, not the absolute abundances) 
and had been closed with respect to these elements to time t, when chemical differentiation 
occurred resulting in various parts of the mantLe with different Sm/Nd ratios (Le., different 
RE patterns); and (3) basaltic magmas are formed today by partial melting of these different 
parts of the mantLe, which differentiated t years ago. Therefore, a magma derived from 
an area with higher Sm/Nd ratio (the area is depleted in light relative to heavy RE) has 
a higher 143Nd/146Nd ratio than a magma derived from apart of the mantLe with lower 
Sm/Nd ratio; and a magma derived from apart with chondritic Sm/Nd ratio has an intermedi
ate 143Nd/146Nd ratio. A present 143Nd/146Nd ratio of 0.7080 is calculated for a system which 
has been closed for 4.55 b.yrs. and has chondritic Sm/Nd [21, pp. 269/70, 277]. For a compiLa
tory diagram of 143Nd/144Nd variation in continental volcanic rocks believed to be of mantLe 
origin, see [22]. Calculations for equilibrium melting of a modal mantLe mineralogy which 
underwent no change in Sm/Nd until a present-day melting event show that 0Nd for the 
residual mantLe is constrained to be within the +ONd and -oSr quadrant. Natural samples 
which plot in this quadrant thus are most simply explained by a depletion event (wh ich 
placed their residual source region in the +ONd and -oSr quadrant) and a subsequent 
melting event (which displaced the generated liquids into the -ONd and -oSr quadrant). 
The ovalues can of course be further modified by a subsequent crystallization differentiation 
[23]. This simple model is essentially that proposed by [24]. Besides the 143Nd/144Nd ratio, 
143Nd/146Nd is also used to clarify the genesis of oceanic basalts. In a closed system, the 
growth of this ratio can be written as (143Nd/146Nd)p= (143Nd/146Nd); + (147Sm/146Sm)p . (e1..1-1), 
where p denotes present, i the initial (Le., t years aga) and A the decay constant of 147Sm 
(=0.6539 x 10- 11yr. -1) [21, p. 269]. Isotopic evidence (from Sr, Pb, Nd) indicates that there 
are at least (due to density) two source regions of basaltic magma in the mantLe which 
have remained separate for the order of 1 to 2 Gyr. Compared to the deeper source region 
for MORB, the subcontinental and hot-spot source region is enriched in incompatible ele
ments. Eclogite and garnet peridotite xenoliths in kimberlites seem to have the appropriate 
characteristics to provide MORB and continental basalts, respectively. Melting in both layers 
may result from the thermal insulation provided by the thick continentallithosphere [25]. 

Due to ENd values, the LlLE-depleted source of MORB is likely to have formed as a 
residue after previous partial melting events in the mantle that formed part of, or all of 
the continental crust. Modelling of Sm-Nd fractionation patterns in the source of MORB 
strongly suggests that the data array cannot be explained by a single differentiation event 
to form the depleted mantle but instead most likely requires mixing of depleted and undep-
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Leted mantLe sources [26, pp. 7439, 7443). Comparing initiaL ENd vaLues for PaLeozoic ophioL
ites and young oceanic and continentaL basalts, it is obvious that the PaLeozoic rocks (from 
the Bay of IsLands compLex, NewfoundLand) have sLightLy Lower ENd (+6.5 to +8.1) than 
present-day normaL MORB (+8 to + 12) and are cLearLy distinct from CFB (seLected sampLes 
with ENd near zero and negative vaLues resuLting from crustaL contamination). The PaLeozoic 
ENd vaLues are shifted down aLong the correLation Line by ~2 to 3 E-units from typicaL 
present-day MORB. This impLies a reLativeLy rapid mixing in the source of MORB for at 
Least the Last 1 x 109 yrs. [26, pp. 7437/8, 7443). See aLso, a consistent isotopic contrast be
tween MORB and CFB (the Latter cLustering near ENd=O) [27). Voung voLcanics with Low 
143Nd/144Nd ratios, being interpreted in terms of enriched-mantLe source, may possibLy be 
expLained aLso by processes invoLving the contamination of mantLe-derived meLts by crustaL 
components [33). As foLLows from Pb, Nd, and Sr isotope data for MORB glasses, either 
the process of basaLt magma generation and evoLution of mid-ocean ridges can affect the 
fractionation of Sm/Nd much more than is often appreciated, or so me mantLe process affects 
Large, but transient fractionation before the meLting event [34). 

An initiaLLy homogeneous mantLe which suffered an incipient equiLibrium meLting event(s) 
at an earLy stage of the earth's history is consistent with the constant La/Ta, but variabLe 
Th/La ratios in the mantLe. This incipient meLting may have invoLved migration of an aLkali 
and hygromagmatophiLe eLement-rich Liquid, Leaving residuaL secondary sources still fertiLe 
enough to produce significant voLumes of basaLt. The steeper oceanic geotherm in the 
Precambrian might have induced such an incipient meLting event on a gLobaL scaLe. The 
residues of this earLy solid-Liquid process wouLd have the same La/Ta, sLightLy different 
Th/La, and wideLy different Ce/Vb ratios. Over aperiod of ~2000 m.yrs., these residuaL 
sources wouLd deveLop significantLy different isotopic ratios and wouLd then act as secondary 
sources from which the basaLts erupted at the mid-ocean ridge of the northern AtLantic 
Ocean couLd be derived by subsequent partiaL meLting events [28). 

IncompatibLe eLements can be used to determine reLative degrees of partiaL meLting 
(e.g., RE in basanitoids and aLkali olivine basaLts [29]), or to derive crystaL fractionation 
constraints (e.g., the Ba/Ce ratio will not be altered, even by Large amounts of crystaLLization 
of mineraLs such as pLagiocLase, cLinopyroxene, or olivine). The concentration LeveLs wiLL 
of course be affected, with concentrations in the meLt phase increasing as crystaLLization 
of these mineraLs proceeds (90% crystaLLization wiLL increase meLt concentrations of incom
patibLe eLements by ~ 10 times, and so on). The presence of garnet in a meLting residue 
will tend to buffer the concentration of heavy RE (compatibLe eLements with crystaL/meLt 
partition coefficients > 1) in the meLt, somewhat indepentLy of the degree of meLting. Thus, 
due to garnet as a residuaL phase in the source region, aLkali basaLts tend to have RE 
patterns showing a wide variation of Light RE abundances but are reLativeLy constant for 
heavy RE (or they converge toward the heavy RE end). ConverseLy, due to missing garnet, 
MORB shows RE patterns which are paralleL to each other, but show variabLe totaL RE 
abundances [3, pp. 129, 131). Contents and compositions of RE in voLcanic rocks have been 
wideLy used to evaLuate such processes as partiaL meLting and crystaL fractionation, and 
to infer compositionaL features of mantLe source regions (refer to, e.g., [24, 30, 31]). Where 
it can be demonstrated that crystaLLization has not been extensive, or eLse the buLk cumuLate 
phases do not significantLy fractionate the RE, reLative abundances of RE in basaLtic Lavas 
may be considered representative of those in the parentaL magmas. To a first approximation, 
the vaLues of mineraL/liquid distribution coefficients (0) govern the trace eLement distribution 
in a magma. In the case of partiaL meLting, caLcuLated RE contents of Liquids are somewhat 
modeL-dependent, and the resulting partiaL meLts show increasingLy different RE patterns 
with increasing degree of meLting. The foLLowing main cLasses of partiaL meLting modeLs 
can be discerned: (1) batch equiLibrium meLting (Liquid remains in equiLibrium with buLk 
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residuaL solid untiL its extraction); (2) fractionaL equiLibrium meLting (Liquid is separated 
continuousLy from residuaL Liquid with or without coLLection of Liquid in a common magma 
chamber); and (3) zone meLting (Liquid reacts continuousLy with waLL rocks during its ascent). 
CrystaL fractionation affects the eLement contents in magma during apre-eruptive process. 
Its effectiveness in modifying trace eLement contents in a residuaL Liquid depends upon 
the nature and amounts of precipitating phases, the reLevant D coefficients, and the type 
of equiLibrium (or Lack thereof) maintained between crystaLs and Liquids. EquiLibrium may 
be of buLk or Nernst type (Liquid remains in equiLibrium with buLk cumuLate crystaLs, which 
are homogeneous) and surface or RayLeigh type (Liquid remains in equiLibrium onLy with 
surfaces of cumuLate crystaLs, which dispLay compositionaL zoning) (refer for that aLso to 
[24)). Under conditions of moderate-to Low-pressure crystaLLization, the RE are not signifi
cantLy incorporated into near-Liquidus phases that typicaLLy precipitate from basaLtic mag
mas. A notabLe exception is Eu which may be concentrated into pLagiocLase reLative to 
basaLtic Liquid [32]. Note aLso the data for partition coefficients of RE and/or Y between 
mineraL and meLt, and the discussion of the physico-chemicaL factors affecting this distribu
tion given in "SeLtenerdeLemente " A5, 1981, pp. 33/44. 

For an introduction to, or for discussion of modeLs and/or RE data-based constraints 
of meLt formation processes in the Lithosphere refer to the foLLowing papers; onLy their 
main topics are briefLy mentioned here (for details, see the originaL papers): 

CLosed-system [8] and open-system fractionaL crystaLLization modeLs [8, 35, 36]. 

ZonaL and fractionaL meLting modeLs [37, 38]; partiaL meLting modeLs for aLkaLi-rich basaLt 
[39] and granite [40]. 

Satch partiaL meLting modeLs for voLcanic suites [41] and (containing data for N- and E-type 
MORS) [42]. 

ModeL for singLe-stage meLting of LherzoLitic upper mantLe materiaL [43]. 

Continuous convecting-magmatic fractionation modeL operating for a Large part of the mantLe 
[44]. 

Dynamic meLting modeL invoLving continuous and simuLtaneous meLting processes in an 
upweLLing upper mantLe [45]. 

CaLcuLations for the equiLibrium meLting of a modaL mantLe mineraLogy wh ich underwent 
no change in Sm/Nd ratio untiL a present-day meLting event [23]. 

ModeLs for the evoLution of the source of MORS (derived fram ENd and Esr data) by a discrete 
differentiation event and modeLing of fractionation patterns in the MORS source and the 
timing of fractionation events [26, pp. 7438/42]. EvoLution of ENd during mixing of mantLe 
and crustaL components [46, 47]. 

ModeLs invoLving recycling of oceanic crust [48]. ModeL of muLti-stage mantLe meLting with 
poLybaric fractionaL crystaLLization [49]. 

Formation of the major magma types by mixture, or by hybridism of depLeted and enriched 
magma [50]. 

Mixing modeL of a mantLe component and recycLed crust [51]. 

Dynamic binary mixing asthenosphere-pLume or bLob modeL for basalt genesis [52]. 

ModeL of concurrent assimiLation and fractionaL crystaLLization (AFC modeL) [53]. 

MeLting-mixing modeL for eLement recycling in the crust-upper mantLe system [54]. 
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Models derived from Nd and Sr isotope abundances for formation of tholeiitic flood basalts 
and MORB and continental basalts [55]. 

Partitioning of RE between minerals and coexisting melts during partial melting of a garnet 
lherzolite [56]. 

Influence of accessory minerals (particularly amphibole, phlogopite, and apatite) on distribu
tion and composition of RE during melt formation [57]. 

Influence of apatite stability on the behavior of P and RE during crust-derived felsic magma 
production and evolution [58], see also [59 to 61]; and influence of fractionation of small 
portions of apatite on the La/Sm ratio of the residual liquid [62]. 

Influence of mesostasis and abundance of clinopyroxene and plagioclase on RE distribution 
for layered gabbro cumulates (especially of the Samail ophiolite, Ibra, Oman) [63]. 

Trace element fractionation (e.g., of La and Vb) during the origin of tholeiitic and alkaline 
magma types [24] (see also [21]). 

Abundance patterns of RE as a function of the degree of melting of some hypothetical 
mantle assemblages [64]. 

Experimental determination of RE fractionation patterns in partial melts from peridotite in 
the upper mantle [65]. 

Type of RE distribution patterns for Tahitian rocks depending on pressure in the mantle 
source region [66]. 
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9.2.1.3.2 Relationship Between Geodynamic Position and Type of Magmatism 

For the reLationships between geodynamic or pLate-tectonic position and the type of 
magmatic rocks (recent and oLd) refer aLso to [1], and for a thorough, generaL compiLation 
of convection systems, thermaL boundary zones, and magma production in the present 
earth, and for an ideaLized sketch of the pLate-tectonic reLations in the upper part (down 
to 600 km) of the earth, see [41]. Refer aLso to the data for characterization and discrimination 
of magma and rock types by their chondrite-normaLized RE distribution patterns given in 
"SeLtenerdeLemente " A5, 1981, pp. 313/63. AdditionaLLy, in more recent papers, the foLLowing 
statements are given. 

Based on Nd isotopic and Sm-Nd geochemicaL data, it seems reasonabLe that upper
mantLe depLetion and creation of (enriched) continentaL, siaLic crust are compLementary 
processes. One very effective process of crust formation is correLated with pLate tectonic 
processes in isLand-arc and continentaL margin environments. The initiaL radiogenic isotope 
ratios of a mantLe-derived, crustaLLy uncontaminated magmatic rock suite then will represent 
LocaLLy homogenized, regionaLLy variabLe mixtures of isotopes derived from subducted ocean
ic Lithosphere and from the overLying upper-mantLe wedge. This is adequate to account 
for sm aLL initiaL ratio variations between different regions. Larger variations can be superim
posed by crustaL contamination processes of a different kind [2]. 

Subduction of materiaL into the Lower mantLe (across the 650 km discontinuity) is pre
vented by physio-chemicaL constraints [3]. The distinctive isotopic signature (e.g., Sm/Nd 
and 143Nd/144Nd ratios) is preserved through the Phanerozoic, and meLts derived from sub
ducted oceanic crust must refLect these characteristics, which are very different from the 
isotopic signature of subducted sediments or oLd continentaL crust. IsLand-arc magmas ap
pear to be dominated by meLting of upper oceanic crust (see aLso p. 157). Magmas derived 
by meLting of subducted oceanic pLates (~upper mantLe +crust) and forming magmatic arcs 
aLong continentaL margins are empLaced through oLder continentaL crust and subducted 
sediments. Thus, it is to be expected that these magmas wouLd be bLends of the different 
source materiaLs [4]. LargeLy unaffected by the subduction process may be the Nd isotopic 
composition of destructive margin magmatic rocks and its relationship to their Sm/Nd ratios. 
In this ca se they wiLL refLect the pre-subduction evoLution of the overriding Lithosphere. 
But in most of the cases, the combined Nd and Sr isotopic data provide strong evidence 
that magmas of destructive pLate margins contain a contribution from the subducted ocean 
crust mixed with materiaL from the overriding Lithosphere. This contribution may be reLeased 
du ring dehydration rather than meLting of the downgoing sLab [5], and aqueous fluids formed 
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during dehydration will mobiLize the RE less efficiently than Sr [6]. High field strength ele
ments (HFS; including Y and heavy RE) remain within the subducting oceanic crust (now 
occurring as eclogite) as it sinks into the lower asthenosphere. The LlL elements (including 
Light RE) will be transported from the slab by hydrous fluids (of the dehydration process) 
and re-equiLibrate with, and thus introduce LlL elements into the overlying mantle wedge 
[7, pp. 354/5]. 

The occurrence of veined mantle (due to metasomatic processes) beneath the Antarctic 
Peninsula (and other continental margin areas) has important impLications for calc-alkaLine 
magma genesis. Appropriate minerals capable of retaining HFS elements are present in 
the subcontinental mantle (e.g., ilmenite, rutile, zircon, titanite, apatite). The presence of 
enriched mantle component removes the problem of accounting for the high LlL element 
abundances in calc-aLkaLine magmas by fusion of depleted basalt in the subducted slab, 
or of depLeted lherzoLitic mantle above the slab. At Low PH,o, such as during formation 
of intracontinentaL aLkaLic magmas, the vein component makes a significant contribution 
towards magma production which has both high LlL and HFS element LeveLs. In the mantle 
wedge above the subduction zone, however, partial metting occurs under higher PH,o with 
production of high LlLlHFS ratios in the mett [7, p.357]. Directly or indirectly reLated to 
dehydration and/or partiaL melting of subducted oceanic crust beneath a magmatic arc 
is the change in the condition of magma production, superimposed with a change in the 
composition of mantle magma sources (as is the case, e.g., for Quarternary tholeiitic, caLc
alkaline, and high-K calc-aLkaLine basalt Lavas from Java and BaLi). If the Lithosphere be
neath an island arc previously Lost a small basaLtic mett fraction during a MORB or OIB 
magma generation event, it will be depLeted in incompatible elements (such as Light RE) 
with respect to the primitive mantle. And if this mantle later gains only water from dehydra
ti on of underlying oceanic crust, it (and its partial melts) wiLL retain the .. depleted" incompati
ble element signature. But, if the hydrous fluids derived from the subducted crust selectively 
transport incompatible eLements, a selective re-enrichment of the sub-arc Lithosphere may 
occur. SmaLL amounts of acid-intermediate Liquids rich in light RE reLative to the lherzoLitic 
mantle (and reLeased into the overlying mantle wedge during metting of subducted oceanic 
crust in depths > 100 to 150 km) react with the mantle, strongLy infLuencing its geochemistry. 
Subsequent meLting of this modified mantle produces the caLc-alkaline and high-K caLc
aLkaLine basattic magmas [8]. Note also that partiaL melting of subducted oceanic crust 
is a probable mechanism to give rise to the distribution of several minor and trace elements 
(especiaLLy RE, Na, P, Ti, Zr, Hf, etc.) in the Namosi andesite formation of Viti Levu, Fiji 
Islands. The best fit would give a three-stage model involving reaction of slab-derived 
acidic magma with overlying peridotite to give wet garnet pyroxenite wh ich subsequently 
can yield calc-alkaLine magmas upon diapiric uprise and partial fusion [9]. For a re-evaLua
tion of the hypothesis of deriving orogenic andesites as partial metts of subducted basattic 
eclogite by use of RE fractionation calculations, see [10]. 

It appears that oceanic Lithosphere globaLLy is underlaid by an upper mantle zone uni
formLy depleted in Light RE. Except for areas characterized by mantle plumes piercing 
the asthenosphere from below as weLL as perhaps the upper mantle beneath continental 
areas, it also appears that the source of the Low-velocity layer has remained depLeted 
for at least some 70 to 100 m.yrs., since no secular variations are apparent over this time 
span. This fact, despite the fact that a large quantity of magmatic material has been drawn 
out at mid-ocean ridges to produce new Lithosphere by spreading, has at least some impor
tant impLications: Only mantle material as a whoLe has been drawn out of the asthenosphere 
during spreading and not simply the low-melting basaltic fraction. But mass continuity re
quires that new material must enter the asthenosphere at some locations, such as regions 
below or near the trenches. Since the material replenishing the asthenosphere is Likely 
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to have different RE distribution patterns, it requires that the thickness of the asthenosphere 
reservoir feeding mid-ocean ridges be large in comparison with that of the lithosphere 
being generated by sea-Hoor spreading. In variance with the foregoing, it can be assumed 
that the material replenishing the asthenosphere is of the same RE composition as the 
asthenosphere itself. Another distinct possibility is to hypothesize a steady state for the 
recycling, whereby only the low-melting basaltic fraction is removed at the ridge axis and 
similar material replenishes the asthenosphere from either below or near the trenches 
[11, pp. 1471/2]. 

There is much evidence that source materials of oceanic basalts derived from progres
sively deeper levels in the mantle approach bulk earth (or undepleted chondritic) elemental 
and associated isotopic ratios (as, e.g., 143Nd/144Nd) [2]. Some relationship seems to occur 
between the geodynamic position of a basaltic rock and its ENd values, as MORB significantly 
shows positive values, whereas OIB and continental basalts have less positive ENd [12]. 
Note too that basalts (or andesites) of a given tectonic setting have a characteristic value 
of ENd with a finite variability of about ±2 to 3 units. Almost all oceanic basalts have ENd 
between +4 and +12; continental flood basalts cluster at ENd~O. The tight clustering of 
ENd for each group (representing worldwide sampling) indicates that the mantle reservoir 
from which MORB stems is relatively well mixed on a global sc ale and on a time scale 
which is short compared to the age of the crust. This apparently holds true also for island-arc 
and intraplate oceanic island basalts [13]. The Nd isotopic systematics in granitoids younger 
than ~350 Myr, and representing various geodynamic environments (island arcs, continental 
subduction zones, complex subduction areas, and continental collision zones), show that 
these granitoids contain some crustal recycled component (remelted old continental crust); 
mantle-type material is subordinate. Subduction-type orogeny involves more mantle materi
al than collision-type orogeny, but with mass ratios of 0.5 to 2 for crust and mantle material. 
In contrast to Sr and Pb indicating selective contamination, for Nd a volume-to-volume 
mixture has to be considered [14]. The enrichment of La in active margin basalts of the 
Pacific Ocean (from drill cores obtained along a transect from the West Philippine Basin 
to the Marianas Trench) is consistent with a petrogenetic model involving metasomatism 
of the mantle wedge above a subducted zone (with hydrous fluids derived from the subducted 
crust) prior to, or at the time of partial melting in the mantle wedge [15]. 

As is partly derived from RE data, mid-ocean ridges should be subdivided into segments 
of three different genetic kinds, e.g., normal ridge segments, plume ridge segments, and 
transitional ridge segments. Along normal segments, diapirs made of crystal mush rise 
passively from the asthenosphere (~depleted low-velocity layer) in response to spreading, 
and so does the tholeiitic melt produced by further partial melting and segregation during 
the rise and decompression of the diapirs. The tholeiitic sea-floor basalts (MORB) derived 
from such segments are relatively depleted in L1L elements and are low in radiogenic 
isotopes (with [La/Sm]N < 1) [11, pp. 1459/60]. Thus, the spatial and temporal variations of 
RE abundance observed in basalts ac ross three normal segments (Reykjanes Ridge, mid
Atlantic Ridge, and East Pacific Rise) are within the permissible range theoretically expected 
and caused by variation in the degree of partial melting (mostly between 10 and 30%), 
by so me extent of fractional crystallization (up to 50% removal of plagioclase and olivine 
for the rare ferrolava occurrences), or, quantitatively not easily controllable, by posterup
tional weathering or mild hydrothermalleaching effects [11, p. 1471]. Note also, trace element 
correlations (including RE) for MgO-rich basalts of the mid-Atlantic Ridge may reflect the 
combined effects of source heterogeneity and fractional crystallization, and probably also 
variations in the extent of partial melting. And as a general effect, may indicate rift-melting 
environment, but more lengthy transport and/or storage (hence fractionation) histories for 
enriched magmas from fracture zone melting, prior to hybridization [16]. Plume ridge seg-

Gmelin Handbook 
Rare Earth A6b 



157 

ments lie direetly over large plateaus whieh are assumed to be underlain by rising plumes 
or blobs (for definition, see [17]). Tholeiitie basalts from such areas are rieher in L1L elements 
and in radiogenie Sr and Pb than the basalts derived from normal ridge segments, and 
have light RE-fraetionated distribution patterns ([La/Sm]N>1) [11, p. 1459]. Related to the 
presenee of a major upweLLing blob of tower mantle material beneath several parts of 
the oeeanie mantle is the mixing of material from two mantle sources distinet in L1L elements 
(namely, primordial hot mantle and the low-veloeity layer) whieh leads to formation of 
tholeiitie basalts with a [La/Sm]N ratio of ~ 1 in the Afar region, northeastern Afriea [18]; 
or to formation of basalts with progressively changing RE distribution patterns (from slightly 
light RE-enriehed near leeland to strongly depleted ones southward along the Reykjanes 
Ridge), although heavy RE remain eonstant. The mixing meehanism for the two melt eompo
nents is believed to be a horizontal propagation over Leng distanees (>100 km) and paraLLel 
to the Reykjanes Ridge Crest voleanie edifiee [19]. Whereas the blob model explains only 
the seeular variations, a eomposite dynamie model (involving rift propagation and its related 
thermal processes) may explain the spatial variations of the leeland hot spot [20]. A progres
sive seeular deeline in light RE-enriehment from the Tertiary to present for leelandie basalts 
suggests a pulsating mantle-plume aetivity with time beneath this region [43]. In an analo
gous way as for Afar and leeland, the progressive change from light RE-enriehed to light 
RE-depleted patterns is explained for reeently erupted basalts along the mid-oeean ridge 
ae ross the Azores platform [21]; note also that group-II voleanies (aeeording to their Nd-Sr 
isotopie properties) of Sao Miguel iSland, Azores, is indieative for a two-eomponent souree 
(one of whieh may be subducted erustal material or metasomatized mantle) [22]. Traee 
elements and radiogenie isotope data (ineluding RE) indieate that mantle sources of basalt 
whieh erupted at oeeanie hot spots have had a eomplex, mUlti-stage evolution from the 
primordial mantle, and eonsist of more than one eomponent. A mixing proeess involving 
the veining of parts of the mantle on a em-seale by an undersaturated mafie magma (partial 
melts removed from the Arehean mantle) is 'preferred against a simple mantle-plume mixing. 
Quantitative mixing models show that the traee-element ehemistry of hot-spot mantle 
sources ean be generated by introdueing ~5% of an undersaturated mafie magma into 
a mantle souree for normal-type MORB [23]. For a model relating hot-spot voleanism (mantle 
plumes) with subducted aneient erust, see [24, pp. 424/5]. 

Referring to eoneentrations of ineompatible elements (such as light RE, U, Th, K, Rb), 
the souree of OIB (Le., plume material) is geoehemieaLLy .. enriehed" to MORB whieh is 
more .. depleted", but is neither primitive nor merely Lass depleted mantle peridotite. The 
evidenee for a non-primitive souree of OIB is twofold: Its observed ineompatible element 
enriehments (for both alkali basalt and tholeiite) are so high that eonventional melting mod
els, based on primitive sourees, indieate extraordinarily smaLL degrees of melting whieh 
eonfliet with most of today's eonventional petrologieal views. And Nd isotopie eomposition 
usuaLLy indieates lower-than-primitive Nd/Sm ratios. Therefore, one explanation for the 
.. enriehed" eomposition of OIB sources is that some metasomatie enriehment prior to the 
eruption of OIB has oeeurred, but subducted oeeanie erust (garnet- and elinopyroxene
eontaining material with a typieal MORB-type RE distribution pattern) suffering ~30% melt
ing will fit better the requirements [24, pp. 421/2, 429]. OIBs and those island-are basalts 
without an obvious erustal eontamination are very simiLar in their Sr-Nd relationships, and 
therefore it is proposed that both eome from the same souree as ean be explained by 
a plum-pudding model where OIB and MORB sources are intermixed on a relatively small 
seale « 102 km2) with the OIB souree embedded in a depleted MORB matrix (or viee versal. 
MetasomatieaLLy veined mantle models would be ineluded here. The type of magma produeed 
is a funetion of the degree of melting; tower degrees will favor melting of the Lass refraetory 
OIB source. The Nd evidenee for at least two different kinds of OIB suggests two different 
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sources : (1) plums and plumes from the lower mantle; and (2) nuggets of recycled previously 
subducted oceanic lithosphere [25]. Note also, the geochemical properties (e.g., the RE 
composition) of MORS, alkali basalts, and nephelinites suggest that the mantle sources 
for MORS have undergone more extensive melting than for the other two rock types. Also 
differing are the source locations, which must have a geometry that isolates them, for 
alkali basalt (the center of a mantle convection cell) and for MORS (the low-velocity zone 
above upriding parts of neighboring convection cells) [40]. As Nd-Sr isotope data suggest, 
island-arc lavas (in general showing higher values for Sr/Nd ratio than other basalt types) 
are derived from a mixture of suboceanic mantle and hydrothermally alte red oceanic crust 
(MORS). However, these data for New Sritain rocks deviate only slightly from the ENd-ESr 

mantle array, and the involvement of oceanic crust in magma generation must have been 
relatively less affected by element exchange with seawater than would appear to be the 
case for some other island arcs (e.g., the Marianas and Scotia Seal. There is no isotopic 
evidence for an involvement of ocean-floor sediments in the formation of island-arc magmas 
[26]. Note also, isotopic and trace element data (for recent lavas in the northern Marianas) 
imply a mantle source for island-arc basalts with negligible input from the crustal portions 
of a subducted slab. Depletion in RE (and other elements) and more chondritic values 
for incompatible element ratios (as, e.g., K/La) most likely indicate real differences between 
the mantle sources for island-arc basalt and ocean-ridge tholeiite [27]. The differences 
in ENd between oceanic island-arc rocks and MORS (143Nd/144Nd ratio is lower by about 
1 to 2 E-units than for typical MORS) are significant, and a plausible explanation is that 
the island-arc volcanics result from a melting of subducted slabs of oceanic crust and 
sediments with the proportions of the contributions being somewhat variable (by a factor 
of 2 to 3) in different stages of melting [28, pp. 273/4]. Island-arc lavas may result from 
melting in the subducted crustal slab at depths of 100 to 150 km as results from anomalous 
isotopic composition (143Nd/144Nd ratios down to 0.5124) of recent lavas from the Sanda 
volcanic arc, eastern Indonesia [29]; or the relatively low 143Nd/144Nd ratios (0.5124 to 0.5128) 
for calc-alkaline lavas (basalt to dacite, with predominating basaltic andesite) from the 
Sanda arc and the Sunda arc, Java, suggest that at least some of the lavas reflect mixing 
of mantle-derived and sialic components. The most likely source of sialic material is terrig
enous material subducted beneath the arc, but sialic contamination in an initial clastic 
wedge cannot be ruled out [30]. The amount of sedimentary rock which can be included 
in the source of island-arc magmas is reasonably constrained by the Eu anomaly that 
such mixing would impart on the source compositions (for a calculation of the maximum 
amounts of sediments that can be added without producing a signature of Eu depletion, 
see original paper) [31]. A common "arc-type" magma source is shown by the Nd isotopic 
data for an andesite sample from the Hakone volcano and samples from the Izu arc, Japan 
[28, pp. 269, 273]. For magmas of the Aleutian arc, an admixture of partially alte red oceanic 
crust with up to ~8% entrapped sediments is derived from the combined Nd, Sr, and 
Pb isotopic systematics and the trace element ratios [32]. 

Single-stage melting (anatexis) of an upper mantle source al ready enriched in LlL ele
ments and located above a descending oceanic crust slab is a suitable mechanism forming 
the Mesozoic to Recent volcanic rocks from a transect of the Central Andes between latitudes 
26° and 28° south in northern Chile and Argentina. The spatial chemical variations across 
the volcanic belt (e.g., for the RE distribution pattern) probably reflect primary systematic 
changes in the composition of the magmas due to decreasing degree of partial melting 
with increasing depth, and possibly also due to the heterogeneity of the source materials. 
During ascent, magmas were affected by varying degrees of fractional crystallization and, 
possibly, by limited crustal contamination [33]. Also, the RE may not be mobilized significant
ly during the dehydration 01 subducted lithosphere giving rise to calc-alkaline andesites 
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and plateau lavas of northern Chile and Ecuador. The 143Nd/144Nd ratios of these destructive
margin volcanites are believed to reflect long-established heterogeneities in the lithosphere 
beneath the Andean chain [34]. A mUlti-stage model for andesites of the North Chilean 
Andes involves subducted oceanic crust wh ich undergoes subsolidus transformation fol
lowed by partial melting and reaction with overlying mantle during diapiric uprise of 
melt [35]. 

In the Nd-Sr isotopic diagram, silica-undersaturated volcanic rocks from continental 
rift systems (as, e.g., Rio Grande Rift, Mexico; Oslo Rift, Norway; Ataq diatreme, south 
Yemen; Leucite Hills, Wyoming) plot in a diagram 143Nd/144Nd vs. 87Sr/86Sr to the left of 
the diagonal mantle array defining a near-vertical sector (which is comparable to that 
observed for apatite-rich pyroxenites of the Southern Highland Province, New South Wales, 
Australia) and perhaps signifies that several rift volcanic suites represent melts extracted 
from mantle locally modified (metasomatized) due to influx of large volumes of CO2 exhala
tions (fluids) from the mantle released during uplift and rifting [37]. 

Probably formed above a subduction zone, for the Oman ophiolite complex two types 
of source variation must be considered: one existing prior to subduction (wh ich can be 
ascribed to a pre-Cretaceous history of mantle enrichment and depletion events), and one 
directly caused by subduction (which can be ascribed to transfer of material from subducted 
oceanic crust into the overlying mantle wedge). Pre-subduction processes are only likely 
to affect elements that can be transmitted in CO2-rich fluids or interstitial melts causing 
mantle heterogeneities in subduction-unrelated settings, Le., those elements incompatible 
with garnet lherzolite. Thus, the most incompatible elements (as La) show the greatest 
variations, moderately incompatible elements (as Sm) show moderate variations, and com
patible elements (as Y, Vb) show little or no variations. Although Tb is not significantly 
affected by processes causing mantle heterogeneity, it behaves as an incompatible element 
during partial melting and fractional crystallization. On the contrary, subduction-related 
processes mainly affect elements that are transmitted in aqueous fluids, e.g., light RE can 
be enriched especially in the source region for calc-alkali basaltic rocks, and are possibly 
derived from subducted sediments [37]. Only partly related to late Cenozoic subduction 
processes is the delayed partial melting of the source region for a few individual rocks 
of three volcanic provinces in Papua-New Guinea. The reason may be a modification of 
mantle lithosphere in the early Cenozoic or late Mesozoic by slab-derived fluids (rich in 
water and L1L elements), together with changes in the direction of subduction movement 
during the geological history [38]. 

Sufficient data are not yet available (1977) to show conclusively that differences between 
oceanic and continental tholeiites are generally inherent to the respective source regions, 
and other processes, such as crustal contamination, may account in part for so me of the 
observed differences [42, p. 149]. For a thorough discussion on systematic differences in 
RE abundance patterns and Nd isotopic ratios between the above tholeiite types, see [42, 
pp. 159/61]. 

For indications, partly based on RE data, of different plate-tectonic processes operating 
in the Precambrian earth (1.2 to 2.6 Gyr ago), see [39]; and for hints of Precambrian granit
oids derived partly from the mantle by complex magmatic fractionation processes (calc
alkali ne differentiation), see [15]. 

References for 9.2.1.3.2: 

[1] J. Pilot, M. Schlichting (Z. Geol. Wiss. 10 [1982] 473/90). 
[2] S. Moorbath, P. N. Taylor (Develop. Precambrian Geol. 4 [1981]491/525, 515/6). 

Gmelin Handbook 
Rare Earth A 6 b 



160 

[3] D. L. Anderson (J. Geophys. Res. B 88 [1983] 41/52, 49). 
[4] S. B. Jacobsen, G. J. Wasserburg (Geol. Soc. Am. Abstr. Progr. 11 [1979] 450). 
[5] C. J. Hawkesworth (Origin Granite Batholiths Geochem. Evidence Meeting, Liverpool 

1979, pp. 76/89, 134/48, 85, 88/9). 
[6] C. J. Hawkesworth, R. K. O'Nions, R. J. Arculus (Earth Planet. Sci. Letters 45 [1979] 

237/48, 244/5). 
[7] A. D. Saunders, J. Tarney, S. D. Weaver (Earth Planet. Sci. Letters 46 [1980] 344/60). 
[8] I. A. Nicholls, D. J. Whitford, K. L. Harris, S. R. Taylor (Chem. Geol. 30 [1980] 177/99, 

194/5). 
[9] J. B. Gill (Contrib. Mineral. Petrol. [Berlin] 43 [1974] 29/45, 41/2). 

[10] M. J. Apted (Earth Planet. Sci. Letters 52 [1981]172/82). 

[11] J.-G. Schilling (J. Geophys. Res. 80 [1975] 1459/73). 
[12] P. Richard, C. J. AUegre (Earth Planet. Sci. Letters 47 [1980] 65/74, 66, 68). 
[13] D. J. DePaolo (EOS Trans. Am. Geophys. Union 62 [1981]137/40). 
[14] C. J. Allegre, D. Ben Othman (Nature 286 [1980] 335/42). 
[15] D. A. Wood, D. P. Mattey, J. L. Joron, N. G. Marsh, J. Tarney, M. Treuil (Initial Rept. 

Deep Sea Drill. Proj. 59 [1981] 743/52, 743, 751). 
[16] M. F. J. Flower (Nature 292 [1981] 45/7). 
[17] K. L. Verosub (Nature 304 [1983] 664). 
[18] J.-G. Schilling (Nature Phys. Sci. 242 [1973] 2/5). 
[19] J.-G. Schilling (Nature 242 [1973]565/71). 
[20] J.-G. Schilling, P. S. Meyer, R. H. Kingsley (Nature 296 [1982] 313/20). 

[21] J.-G. Schilling (Earth Planet. Sci. Letters 25 [1975]103/15). 
[22] C. J. Hawkesworth, M. J. Norry, J. C. Roddick, R. VoUmer (Nature 280 [1979] 28/31). 
[23] D. A. Wood (Geology [Boulder] 7 [1979] 499/503). 
[24] A. W. Hofmann, W. M. White (Earth Planet. Sci. Letters 57 [1982] 421/36). 
[25] J. D. Morris, S. R. Hart (Geochim. Cosmochim. Acta 47 [1983] 2015/30, 2024/6). 
[26] D. J. DePaolo, R. W. Johnson (Contrib. Mineral. Petrol. [Berlin] 70 [1979] 367/79, 372/3, 

376/7). 
[27] T. H. Dixon, R. Batiza (Contrib. Mineral. Petrol. [Berlin]70 [1979]167/81,176/8). 
[28] S. Nohda, G. J. Wasserburg (Earth Planet. Sci. Letters 52 [1981] 264/76). 
[29] D. J. Whitford, P. A. Jezek (Geol. Soc. Am. Abstr. Progr. 11 [1979] 540). 
[30] D. J. Whitford, W. M. White, P. A. Jezek (Geochim. Cosmochim. Acta 45 [1981] 989/95). 

[31] S. M. McLennan, S. R. Taylor (Earth Planet. Sci. Letters 54 [1981]423/30). 
[32] M. T. McCulloch, M. R. Perfit (Earth Planet. Sci. Letters 56 [1981]167/79). 
[33] J. Dostal, M. Zentilli, J. C. CaeUes, A. H. Clark (Contrib. Mineral. Petrol. [Berlin] 63 

[1977]113/28, 125/6). 
[34] C. J. Hawkesworth, M. J. Norry, J. C. Roddick, P. E. Baker, P. W. Francis, R. S. Thorpe 

(Earth Planet. Sci. Letters 42 [1979] 45/57, 56). 
[35] R. S. Thorpe, P. J. Potts, P. W. Francis (Contrib. Mineral. Petrol. [Berlin]54 [1976]65/78, 76). 
[36] M. A. Menzies, S. Y. Wass (Earth Planet. Sci. Letters 65 [1983] 287/302, 297, 300/1). 
[37] T. Alabaster, J. A. Pearce, J. Malpas (Contrib. Mineral. Petrol. [Berlin] 81 [1982]166/83, 

176/8). 
[38] R. W. Johnson, D. E. Mackenzie, I. E. M. Smith (Tectonophysics 46 [1978]197/216). 
[39] A. Y. Glikson (Develop. Precambrian Geol. 4 [1981] 91/104). 
[40] S. S. Sun, G. N. Hanson (Geology 3 [1975] 297/302, 300/1). 

[41] J. V. Smith (J. Geol. 90 [1981]1/48, 20/8). 
[42] W. P. Leeman (BuU. Oregon Dept. Geol. Mineral. Ind. No. 96 [1977]149/68). 
[43] J. G. Schilling, P. S. Meyer, R. H. Kingsley (NATO Conf. Sero IV 8 [1983] 319/42). 

Gmelin Handbook 
Rare Earth A6b 



9.2.1.4 GeochemicaL Variations for Yttrium and/or Rare Earth ELements 
in SpeciaL Geospheres 

9.2.1.4.1 MantLe 

161 

The upper and lower mantle are complementary products of early terrestrial differentia
tion. The lower mantle is the crystalline residue left after mett extraction (rather than primi
tive, undifferentiated material as is assumed in some recent models). The upper mantle 
is divided into a shallow L1LE- and olivine-rich peridotite layer and an eclogite transition 
region (wh ich is the depleted reservoir for MORS). The lower mantle differs by its major 
element chemistry and intrinsic density, and is isolated from the upper mantle [1, p.49]. 
For an overview, based on Sr-Nd isotope geochemistry, describing box models for different 
structural units of the earth's mantle and crust, see [2, pp. 114/7]. The present asthenosphere 
is to be considered as a residual rock that has been maximally depleted in Rb and incompati
ble lithophile elements (including RE) during the continuous vertical filtration and elimination 
of the melted part, which at each stage was enriched in Rb and other incompatible lithophile 
elements [3, p. 106]. If the depleted mantle is represented by mean MORS or by extreme 
MORS values, the depleted upper mantle reservoir varies from 50 to 70% or from 35 to 
60%, respectively, of the total mantle mass; the latter figure is more in accord with previous 
resutts (see, e.g., [2,4 to 6]) [7, pp. 198/9]. 

Sased on Nd isotope data, the lower mantle is undifferentiated with respect to Sm and 
Nd, and thus has retained its ENd = 0 for the entire history of the earth. The upper mantle 
continuously cycles through the processes of ocean-floor formation at mid-ocean ridges 
and subduction. Associated with the subducting zones, new continental crust is continually 
made in magmatic arcs by extraction of chemically fractionated materials from the mantle. 
The upper mantle today, therefore, has a positive ENd value (+ 12) which is counterbalanced 
by the negative value for continental crust (-15 as an estimated average) [8]. Correlations 
between Pb-Sr-Nd isotopic data indicate that the upper mantle is isotopically extremely 
coherent, but not homogeneous, and variations may occur on a regional scale. The variations 
are created by the geodynamical system linked with the sea-floor spreading which implies 
chemical fractionation. Imperfect homogenization results from convection. In contrast, the 
lower mantle may be more uniform for Nd and hygromagmatophile elements (e.g., La) 
than the upper mantle [19]. A critical evaluation of Nd and Sr isotope data for the representa
tive mean values of the mantle states the following: Ratios like Sm/Nd measured on basalts 
are certainly fractionated relative to their source. The upper depleted mantle may be repre
sented by a 147Sm/144Nd ratio ~ 0.258, the lower mantle by ~ 0.19 (more reasonable than 
the apriori value of 0.172 used in the DEL model; refer to p. 162). Therefore, the upper 
mantle should be represented by ENd + 13 or + 15, and not by the average MORS values 
of +9 or + 10; the lower mantle may have an ENd value closer to the bulk earth (+3) 
and not the average observed for OIS from lower reservoirs [7, p. 193]. The isotopic composi
tion of Nd in oceanic basalts (MORS comprises nearly 80% of the earth's volcanic products) 
reflects the fractionation history of Sm and Nd in the mantle source regions, and therefore 
may throw light on several important problems of the earth's history (such as differentiation 
of mantle material to produce continental crust, or recycling of continental material, or 
degree of convective mixing in the mantle) [9]. As follows from Nd isotopic data, especially 
for rocks older than ~2x109yrs., they started with a uniform composition (±2 to 3% that 
of average chondritic material), probably because of the mixing effect by rapid convection 
when the earth was hotter. Younger rocks show increasing scatter (on plots of 143Nd/144Nd 
ratio vs. time), indicating a gradual evolution of chemically different domains in the mantle 
[8]. It is assumed that the subcontinental upper mantle is overall at least as depleted as 
suboceanic upper mantle, yet contains a comparable degree of heterogeneity, as follows 
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from the range of observed ANd vaLues = [(147Sm/144Nd)t.i. - (147Sm/144Nd)b.El(147Sm/ 
144Nd)b.E.], with b.E.=buLk earth and t.i.=time-integrated vaLue caLcuLated from measured 
143Nd/144Nd ratio. However, whereas for the buLk of suboceanic upper mantLe ANd vaLues 
in the range for MORS are assumed, it is far Less cLear what the buLk of subcontinentaL 
upper mantLe is [10, pp. 481, 483]. 

Within the mantLe, RE couLd occur to considerabLe depths with cLinopyroxene, garnet, 
and perhaps perovskite structures. They are assumed to be distributed uniformLy throughout 
the entire mantLe [11]. OnLy garnet and cLinopyroxene have Large enough mineral/meLt distri
bution coefficients to exert a pronounced effect on the RE distribution [12]; or garnet is 
the main factor controlling partition of trace eLements (incLuding heavy RE) between coex
isting mineraLs in the upper mantLe [13]. During partiaL meLting of the mantLe, in the crystaLLine 
residuum of Later stages heavy RE may be retained by garnet, Light RE by spineL, and 
Eu by Ca-rich pyroxene [14]; or the amount of Ce is inverseLy proportionaL to the degrees 
of partiaL meLting. Y apparentLy is retained by cLinopyroxene ± garnet, though the partition 
coefficients can be shown to have been < 1 for both phases [15]. The concentrations of 
incompatibLe eLements (incLuding the RE) wouLd be LargeLy independent (for partiaL meLting 
in excess of ~5%) of the reLative portions of olivine, orthopyroxene, and cLinopyroxene 
in the residuaL phases [16, p.714]. PossibLy, at greater mantLe depth, carriers of RE may 
be phosphides due to their high meLting point and denser structure than for the corresponding 
oxides [17]. Apart from grain surface contaminations, fluid incLusions (containing a Liquid 
and a vapor phase and, possibLy, silicate gLass) are demonstrated to be very important 
Loci of Light RE in upper-mantLe mineraLs from anhydrous spineL-peridotite xenoLiths of 
the Dreiser Weiher, FederaL RepubLic of Germany. Olivine, poor in fluid incLusions, contains 
onLy negLigibLe amounts of Light RE against olivine rich in such incLusions [18]. 

The isotopic data for Nd, Sr, and Pb in the mantLe indicate that, whiLe a number of 
isotopicaLLy distinct materiaLs may exist, they may aLL be described as Linear combinations 
of (at Least) three components (for any subdivision of the mantLe into 2, 3, or n components 
is necessariLy a simpLification). Processes which invoLve the mobiLization of silicate Liquids, 
or siLica-rich fluids within the mantLe, are thought to fractionate parents from daughters 
in each of the isotope systems. In a gross sense, Nd isotope variations may be expLained 
by two mantLe components, but are beUer described by mixing between three chemicaLLy 
independent mantLe components, which formed through differentiation from a weLL-mixed 
mantLe subsequent to core formation. Two of the mantLe components are undifferentiated 
or sLightLy enriched materiaL and MORS-type or depLeted mantLe material. PossibLy, sub
ducted oceanic crust is the third component (but an accurate assessment of its suitabiLity 
for the third component must await further work) [20]. Refer to recycLed continentaL materiaL 
as an important component of the upper mantLe [21]. Using mass baLance equations and 
the definition of the mean age of areservoir, from Rb/Sr and Sm/Nd isotopic systematics 
severaL three-box modeLs are derived for the evoLution and chemicaL structure of the mantle, 
assuming it to be composed of two Layers and the continentaL crust to be extracted out 
of the mantLe (see also pp. 142/5). Depending on the assumed chemical nature of the lower 
mantLe, two classes of models (each with two subclasses) are considered: (1) The tower 
mantLe is virgin (with pLanetary or bulk-earth composition) and the upper mantLe is depleted 
(VIL model); and (2) the whole mantLe is depleted, but the tower part Lass than the upper 
part (DEL model) [22]. Using the results of a "totaL inversion" approach (for details, see 
original paper) to VIL and DEL models, the gross structure of the mantLe can be described 
by a two-layer model (with the most depleted upper mantLe being between 1200 and 1700 km, 
or between 750 and 1500 km thick using, respectively, mean or extreme MORS composition) 
or by a domain inclusion-type model (a set of domains statisticaLLy embedded in the normaL 
mantLe, and created by subducted plate material) [7, pp. 200/1]. From the Sm-Nd systematics 
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for a variety of mantLe-derived rock samples, a static (non-convective) model is constructed 
for the upper 200 km of both the oceanic and continental mantLe; below 200 km, the mantLe 
has a most primitive, chondrite-like composition for both areas. The most important feature 
of this model is an increasing fertility with depth of the mantLe. Selow the continents, the 
most primitive zone (and source region of kimberlites) is overlaid by a zone of sheared 
xenoliths (with Sm/Nd ratios >chondrite), followed at ~ 150 km by a zone of granular xeno
liths and at 100 km by eclogites (both with Sm/Nd ratios~chondrite) and uppermost by 
granulites (with Sm/Nd ratios < chondrite). Selow the oceans, the most primitive zone is 
overlaid at ~150 km under ocean islands by a less primitive mantLe, the "fertile zone" 
(with Sm/Nd ratios ~chondrite, and the source region of alkali basalts), and at 50 to so me 
km under mid-ocean ridges by a "depleted zone" (with Sm/Nd ratios>chondrite, and the 
source region of MORS). The different trace element ratios result by the extraction of variable 
amounts of melt in the past (see p. 146) from an initially uniform mantLe reservoir. The 
process of melt extraction and melting associated with diapirism within the mantLe (see 
p. 156) causes the mantLe to become heterogeneous, both vertically and laterally, with time 
(see pp. 164/7) [23]. For a mantLe model composed of tholeiite-, harzburgite- and lherzolite 
layers formed by differentLy intense partial melting of pyrolite, see [24]. 

To achieve a chondritic mantLe composition, models describing its chemical composition 
must use apriori assignments of mixing ratios for either the cosmic source material, or 
for the petrological components involved (e.g., basalt, peridotite, or ultramafic nodules). 
No apriori assignments are necessary to model a mantle in a four-component system 
crust, peridotite, L1L-depleted basalt (MORS), and L1L-enriched component. According to 
this, the contents of Y and of some RE in the primitive mantLe (=total mantLe +crust) and 
in the upper and lower mantLe parts are as follows [25]: 

element conte nt in ppm 
or ratio chondrite C 1 primitive upper lower mantLe 

Y 2.1 3.26 9.28 0.70 
La 0.367 0.57 1.63 0.12 
Ce 0.957 1.40 3.90 0.34 
Nd 0.711 1.02 2.88 0.23 
Sm 0.231 0.32 0.92 0.07 
Eu 0.087 0.13 0.362 0.03 
Tb 0.058 0.09 0.241 0.02 
Yb 0.248 0.32 0.880 0.09 
Lu 0.038 0.06 0.144 0.02 

Sm/Nd 0.3249 0.319 0.319 0.318 
La/Yb 1.48 1.77 1.85 1.43 
Ce/Nd 1.35 1.37 1.35 1.49 
Eu/Nd 0.12 0.13 0.13 0.13 
Vb/Lu 6.53 5.80 6.10 4.77 
U/La 0.038 0.034 0.035 0.032 

There appears to be no primordial material in the mantLe that serves as a source for 
present day magmas [26]. Mass balance calculations for Nd show that the fraction of mantLe 
which has remained undepleted is subject to large uncertainties. Thus, the identification 
of the undepleted mantLe with the lower mantLe is speculative, and most (weil over half) 
of the mantLe may possibly have been depleted in L1L elements [27, pp. 209/11]. Up to 
1983, there are no volcanic rocks analyzed which met the requirements for a single-stage 
(virgin, or bulk-earth) source evolution with respect to Nd isotope data. This does not mean 
virgin mantLe does not exist, only that there is yet no evidence for it (and thus no compelling 
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evidence to favor the VIL modeLs, see p. 162) [7, p.200]. Most trace eLements (e.g., RE) 
are incompatibLe with the mantLe mineraLogy; they are lithophiLe and concentrate in the 
first Liquid formed du ring partiaL meLting processes (see p. 168) [28]. 

Present upper-mantLe sources from wh ich a wide variety of mid-ocean ridge basaLts 
(of the northern AtLantic Ocean) originates are heterogeneous and must therefore have 
suffered previous fractionation events if they have been derived from a homogeneous primor
diaL mantLe [29]. As evidenced by deep-sea drilling sampLes, mid-ocean ridge basaLts of 
the northern AtLantic Ocean show a rather restricted range in concentration of Less-hydro
magmatophiLe eLements (e.g., Y and heavy RE), which suggests that the different mantLe 
sources are reLativeLy homogeneous in these eLements, but are markedLy heterogeneous 
in respect to the more hydromagmatophiLe eLements. This observation, together with nearLy 
chondritic vaLues of ratios between hydromagmatophiLe eLements of simiLar ionic character 
(e.g., V/Tb) indicate that the heterogeneous mantLe sources have uLtimateLy been derived 
from a homogeneous chondritic precursor mantLe [30]. The constant and equaL to chondritic 
ratios for V/Tb (9 and 18) and other hydromagmatophiLe eLements in numerous basaLt sam
pLes from the AtLantic and Pacific oceans favor an initiaL chondritic composition of the .. pri
mordiaL" mantLe for these eLements [31]. A primary chondrite-type composition of the earth's 
mantLe is supported by the RE distribution in uLtramafic rocks as, e.g., picrites of Kamchatka 
or meymechites and picrite porphyry of the Meymecha-Kotui region, both Eastern Si
beria [32]. 

ChemicaL heterogeneity in the mantLe is readiLy identified from variations in the 143Nd/ 
144Nd ratio, and both suboceanic and subcontinentaL mantLes show comparabLe degrees 
of heterogeneity [10, p. 490], as do ENd vaLues which are positive and negative for xenoLiths 
from kimberLites, whereas vaLues around +8 are typicaL for MORS (see [53]) or around 
+4 and vaLues ranging down to zero occur in aLkali basaLts of ocean isLands [23]. Comparing 
RE characteristics and radiogenic isotope ratios for Pb and Sr in ocean-fLoor and continentaL 
thoLeiitic fLood basalts, the depLetion in Light RE for suboceanic mantLe has persisted for 
times on the order of 109 yrs., impLying that Large voLumes of subcontinentaL upper mantLe 
materiaL apparentLy have faiLed to mix by convective or other means with the more voLumi
nous suboceanic mantLe [91]. The Nd and Sr isotopic data cLearLy demand a mantLe in 
which heterogeneities have existed for thousands of milLions of years. The topoLogy and 
distribution of the heterogeneities can be described by a Layered-mantLe modeL (see, e.g., 
[33]) with onLy verticaL heterogeneities dispLacing sharp boundaries, or by a modeL which 
shows LittLe or no mean verticaL variation and the heterogeneities are isoLated and have 
a range of chemicaL differences and show a Large range of sites. The principaL differences 
between these modeLs Lie in (1) the fraction of mantLe which has been strongLy LlL-depLeted; 
(2) the topoLogy of the heterogeneities; and (3) the existence of a reservoir of isotopicaLLy 
primitive material. No part of the spectrum of modeLs discussed can confidentLy be excLuded 
at present [27, p. 212]. From correLations between chemicaL eLements, isotopic ratios, and, 
in particuLar, the .. mantLe" isochrons and Nd-Sr correLations, it foLLows that the chemicaL 
mantLe heterogeneity cannot be created by mixing with continentaL crust materiaL since 
this is the chemicaL compLement of the mantLe reLative to the pLanetary vaLues (refer to 
pp. 142/7). The chemicaL fractionation effects in the mantLe Lead to a mean variation and 
to a domain variation. Mean variation is created by continuous extraction processes which 
mainLy invoLve solid-liquid partitioning and resuLt in an evoLution which differs from the 
pLanetary evoLution. LocaL heterogeneities can be expLained by mixing of different mantLe 
domains which have different extraction parameters. Subducted sediments may participate 
in this domain heterogeneity, but it seems to be a minor phenomenon. The fractionation 
and mixing parameters have varied with time, but a time constant for this variation (essen
tiaLLy that for mantLe convection) of ~2 Gyr appears reasonabLe. However, many features 
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are correctLy expLained by a steady-state modeL as a consequence of increased efficiency 
of both the baLance between mixing and fractionation due to convection. ParticuLarLy the 
evoLution of trace eLement concentrations is better expLained if the oceanic crust materiaL 
becomes isoLated from the mantLe [34]. Since at Least the beginning of continentaL growth 
3.8 Gyr ago, the Sm-Nd isotopic system has been fractionated in the mantLe, compatibLe 
with continuous or multi-stage fractionation modeLs. The present Sm/Nd ratio heterogenei
ties are mainLy the resuLt of more recent fractionations wh ich occurred on a time scaLe 
cLoser to 108 than 109 yrs. If such fractionations of RE commonLy occur in the upper mantLe, 
then the isotope systematics of Recent basaLts (e.g., from the northern AtLantic Ocean) 
require that they are short-Lived heterogeneities [35]. The widespread depLeted mantLe 
of today seems perhaps to have existed 0.7 Gyr ago. At 1.8 Gyr ago, it was present as 
a major source of new continentaL materiaL, but was not by any means universal. At 2.8 Gyr 
ago, combined Nd and Hf isotopic data suggest that the majority of mantLe sources was 
not oLd depLeted ones, but essentiaLLy undifferentiated in Sm/Nd and Lu/Hf. In pre-3.0 Gyr 
time, almost aLL Nd and Hf initiaLs came from chemicaLLy unevoLved mantLes (except the 
Eastern Indian 3.8 Gyr crust-mantLe differentiation of [36]). It is therefore generaLized that 
from 3.8 Gyr to the present, Long-Lived depLeted mantLe regions have become increasingLy 
ubiquitous [37, p.87]. MantLe heterogeneity (e.g., different degree of Light-RE depLetion) 
may resuLt from the higher heat productivity during the Archean, since vioLent mixing of 
depLeted residuaL mantLe with undepLeted mantLe couLd produce heterogeneity of the incom
patibLe eLements. ALternativeLy, migration of partiaL meLts from previousLy undepLeted parts 
of the mantLe can produce enriched zones. Reprocessing of this heterogeneous materiaL 
wouLd keep eLementaL ratios fairLy constant but wouLd resuLt in significant variation in abun
dances (perhaps up to a factor of 2) [38]. MantLe heterogeneity may resuLt from the seLective 
mobiLity of eLements during migration within the upper mantLe (Low-veLocity zone or beLow) 
of a meLt, or fluid (possibLy a H20-C02-enriched supercriticaL one) with RE concentrations 
simiLar to olivine meLiLitite, kimberLite, or carbonatite, thereby depLeting some mantLe regions 
and enriching others [39]. Note aLso that the upper part of the Low-veLocity zone is enriched 
in incompatibLe eLements (incLuding RE) reLative to deeper LeveLs [16, pp. 714, 716, 720]; 
and observed inhomogeneities (of Ce/Vb and Ta/Tb ratios in North AtLantic basaLts) are 
probabLy generated by migration within the mantLe of smaLL amounts of an interstitiaL fluid 
(probabLy rich in H20 and CO2) most LikeLy in the asthenosphere [40]; or metasomatism 
of the subcontinentaL mantLe wouLd progressiveLy add Light RE and is a viabLe mechanism 
to account for mantLe heterogeneity (and the chemistry of continentaL thoLeiites from the 
Ferrar Group, Antarctica) [41, pp. 99/101]. ReLative increase of some mantLe segments in 
Nd/Sm and decrease in other ratios are compatibLe with the removal or addition of these 
trace eLements in silicate Liquid phases [42]. If the incompatibLe eLements (as, e.g., La, 
Ce, Nd, Sm) are seLectiveLy enriched in the source medium for ocean isLand aLkali basalts 
and nepheLinites, the enrichment must invoLve processes such as diffusion, or pneumatoLytic 
Liquids being abLe to discriminate effectiveLy among the incompatibLe eLements [43, p. 246]. 
For a discussion of the evoLution of isotopic inhomogeneity in the upper mantLe, based 
on initiaL 143Nd/144Nd ratios and 147Sm _143Nd systems, see [3, p. 99]. 

The present existence of mantLe heterogeneity is universaLLy accepted. The mantLe varies 
from apparentLy unfractionated to quite LlLE-depLeted, though enriched mantLe may occur 
occasionaLLy. MantLe depLetion is understood to be a significant change in key eLement 
ratios as Sm/Nd, Rb/Sr, Lu/Hf, etc. which wiLL generate isotopic variation with time. This 
depLetion normaLLy invoLves partiaL meLt extraction (refer to p. 168). During any mantLe differ
entiation event, silicate Liquid wiLL acquire much of the avaiLabLe Hf and thus have a Lower 
Lu/Hf ratio than the starting mantLe, whereas the solid residue wiLL retain Lu in preference 
and hence acquire a raised Lu/Hf ratio. The degree of mantLe heterogeneity is comparabLe 
for aLL the crust generation events (see aLso pp. 174/8), and a LittLe Less than that of the 
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present oceanic mantle [44, pp. 279, 281, 293/4]. Mantle heterogeneity of incompatible trace 
element abundances (e.g., RE) may be reflected on an absolute basis by uniformly character
istic differences in content for high La-Ti02 and low La-Ti02 group basalts of the Suiko 
Seamount (DSDP-Site 433C), Pacific Ocean [45]. A very large-scale heterogeneity in the 
mantle related to latitude is indicated by the values of 9 and 18 for La/Ta ratios which 
are closely related to the topography of the mid-ocean ridge, Atlantic Ocean, and remain 
constant along a specific "flow line" of the oceanic lithosphere [31]. Note also that fine-scale 
isotopic heterogeneity (on a scale of tens of km) in the sub-Atlantic mantle along a N-S 
axis is derived from a Sr-Nd correlation diagram [46]. Heterogeneous with respect to the 
relative RE concentrations and the 143Nd/144Nd ratios is the mantle beneath Reykjanes Penin
sula, Iceland [47]. Upper mantle sources of basalts (as, e.g., from the Walvis Ridge, southeas
tern Atlantic Ocean) may have become heterogeneous on a small scale due to the introduc
tion of small-volume melts and metasomatic fluids [48]. 

Heterogeneity in the Paleocene upper mantle beneath Skye and Hull, Scottish Hebrides, 
Great Britain, occurs on two scales, as (1) local variability on the scale of mantle volumes 
involved in the production of individual magma batches; and as (2) lateral heterogeneity 
on a larger scale between the igneous complexes [49]. A large-scale horizontal mantle 
heterogeneity is present beneath southern Africa as follows from a large disparity in RE 
data, together with K and incompatible elements, between the northern and southern Le
bombo basalts. This is shown particularly by the Jurassic Karroo volcanics since their 
overall compositional variation appears to be best explained in this way rather than by 
variable partial melting, fractional crystallization, and crustal contamination. Indications of 
vertical heterogeneity are present for the central Karroo area, but its scale cannot yet 
be defined [50]. Regional mantle inhomogeneity is indicated by significantly different [Ce/ 
Yb]N ratios for early Cretaceous ophiolite of the Sarmiento and Tortuga complexes, southern 
Chile. However, the differences may be interpreted as a secular change resulting from 
different degrees of evolution of a similar mantle source region (refer to "Rare Earth Ele
ments" A6a, 1988, Paragraph 6.5.2.1) [51]. An extreme heterogeneity in the subcontinental 
mantle seems to be reflected by the considerable range in Sr and Nd isotope data of 
Cenozoic volcanic rocks from three (petrographical) provinces in the western United 
States [52]. 

In terms of RE composition, the Archean mantle was rather heterogeneous. The wide
spread occurrence of light RE-depleted peridotitic komatiites could suggest that the Archean 
mantle was not sufficiently homogenized by the presumably more rigorous convective mo
tion. Though heterogeneity is convincingly shown by variable La/Sm ratios, it becomes 
less pronounced in terms of Sm/Nd ratios and even less so with respect to the Nd isotopic 
composition [54, p. 360]. See also evidence for long-lived heterogeneities in the Archean 
mantle derived from Sm-Nd data for greenstones of the Yilgarn Block, western Australia 
[55]; also, the Archean upper mantle (beneath Australia and South Africa) is heterogeneous 
with no apparent simple relation between major and incompatible element abundances 
(particularly light RE) [56]. Isotopic data for Sm and Nd of granitic and tonalitic gneisses, 
Singhbhum-Orissa iron ore province, eastern India, give direct evidence that parts of the 
earth's mantle were al ready differentiated from chondritic values before 3.8 x 106 yrs. aga 
[36]. Regions with both time-integrated light RE enrichment and depletion (Sm/Nd ratio ~ bulk 
earth value, respectively), and supposed mantle heterogeneity, may be delineated by diop
sides from South African lherzolite nodules in kimberlite [57]. The variations of ENd among 
Archean rocks could be indicative of a long-scale chemical heterogeneity in the Archean 
mantle (2.7 x 109 yrs. ago), or of contamination effects by pre-existing continental crust with 
low Sm/Nd ratio [58]. The positive initial ENd for rocks (3420 to 345 Myr old) of the Ancient 
Gneiss Complex, Swaziland, implies that their mantle source materials had been relatively 
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depLeted in Light RE by a much oLder episode of meLt removal. Either a chondritic modeL 
for the Nd isotopic evoLution of the earth's mantLe is inappropriate, or the mantLe was 
chemicaLLy heterogeneous for a considerabLe time prior to the formation of the oLdest crustaL 
section [59]. Whereas a probabLe mantLe heterogeneity at 2.8 Gyr exists for Lu, it is not 
apparent for Nd and may partLy refLect the EH!=2ENd relationship (derived, as a resuLt of 
chondritic growth, from isotopic variations from 4.55 Gyr ago to present), or it may be that 
the appropriate sampLes have not yet been anaLyzed for Nd. The degree of EH! and ENd 

variation present in the mantLe depends in a conceptuaL sense upon the LocaL ratio between 
the frequency and history of geochemicaL differentiation events and the speed of convection 
[44, pp. 292/4]. A heterogeneous, or even stratified mantLe couLd ensue from garnet crystaLLi
zation and settLing, due to its greater density than other phases, as foLLows from RE geochem
istry and Sm-Nd age for earLy Archean komatiites of the Onverwacht Group, RepubLic of 
South Africa. From the different chemistry of so me Late Archean komatiites of FinLand, 
Canada, Rhodesia, and AustraLia it appears that the upper mantLe chemistry has evoLved 
through Archean times. The characteristic Gd/Yb ratios in the Onverwacht Group rocks 
can aLso be expLained as a resuLt of LocaL short-term mantLe heterogeneity [60]. In contrast 
to the foregoing, most data for initiaL '43Nd/'44Nd ratios of Precambrian rocks suggest that 
they have been derived from a rather uniform reservoir with chondritic Sm/Nd ratio. This 
impLies that the Archean mantLe was indeed quite homogeneous in terms of Sm/Nd ratio 
and the RE abundance pattern in general. Or, more LikeLy, the compositionaL heterogeneity 
is not yet reveaLed by the Limited data, or the true heterogeneity in RE characteristics 
(as observed in many komatiitic series) is onLy a short-term phenomenon [54, pp. 357/8]. 
Enrichment of Light RE and Rb in the Antarctic mantLe during, or prior to the Jurassic 
may have occurred (1) by addition of continentaL materiaL from a PaLeozoic/Mesozoic subduc
ti on zone (via a fluid rich in these eLements resuLting from dehydration of the downgoing 
sLab); or (2) by metasomatism of voLatiLe eLements from the Lower mantLe; or (3) by a distinct 
mantLe differentiation event (at ~2.0 to 1.6 b.yrs.), perhaps as a resuLt of extensive partiaL 
mantLe meLting, rather than invoLving continuous changes in geochemicaL parameters [41, 
pp. 89, 98/101]. 

In studies of earLy mantLe geochemistry, four types of probLems arise and constitute 
a formidabLe barrier in the discussion of mantLe evoLution (and of Locations for meLt forma
tion). FirstLy, the extent of secondary open-system chemicaL redistributions associated with 
Lava-seawater interaction, diagenesis, and buriaL and/or thermaL metamorphism must aLL 
be taken into account. SecondLy, because onLy primary magmas unaffected by crystaL frac
tionation can be used to infer mantLe composition, the roLe of crystaL fractionation and 
the nature of the residuaL mineraL must be evaLuated. ThirdLy, the nature of the partiaL 
meLting process is unknown; the simpLest assumption is that of an equiLibrium batch meLting 
which aLLows caLcuLations based on Henry's Law (see, e.g., [61 to 63]). However, more com
pLex mechanisms are possibLe, incLuding different types of meLting (fractional, or continuous, 
or dynamic), mixing of Liquids extracted from heterogeneous mantLe sources and addition 
of L1L-enriched meLt, or waLL-rock reactions associated with seLected introduction of incom
patibLe eLements into the magma. FourthLy, the incompLete knowLedge of distribution coeffi
cients between mineraL and meLt for trace eLements in residuaL mantLe phases (at different 
pressure, temperature, voLatiLe content, and meLt composition) makes estimates of primary 
abundances uncertain [64, pp. 253/4]. It need not, and probabLy does not mean that aLL 
the chemicaL units (e.g., of the bimodaL suite in the Ancient Gneiss CompLex, SwaziLand) 
used to construct the Sm-Nd isochron were derived from exactLy the same source during 
a singLe igneous event. Rather, the Sm-Nd data aLLow for a variety of mechanisms, from 
direct partiaL meLting of the mantLe to anatectic meLting of sLightLy oLder crustaL materiaLs, 
as Long as these events occurred within a time interval short enough so that significant 
Nd isotopic heterogeneity was not generated in the va ried source materiaLs [59]. 
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If the earth originally had a chondritic RE abundance and Later differentiated to form 
the core and the earLy (primitive) mantLe, the Latter wouLd have retained the RE because 
they are LithophiLic eLements. This wouLd resuLt in a mantLe with a greater RE abundance 
and a paralleL RE distribution pattern reLative to chondrites. MeLting of the mantLe to form 
basaLts Leads to a reLative depLetion in Light against intermediate and heavy RE; thus, the 
evoLving mantLe shouLd become reLativeLy depLeted in Light RE, as is generaLLy substantiated 
by Nd isotopic studies [65]. Deeper zones of the mantLe shouLd contain greater quantities 
of cerian RE than the upper mantLe. But it is difficuLt to decide whether there is one separate 
deep-Lying zone or various isoLated chambers [66]. A secuLar depLetion of mantLe source 
regions is refLected by a progressive depLetion of severaL Archean voLcanic sequences 
in siderophiLe, lithophiLe (as, e.g., V), and chaLcophiLe eLements with higher stratigraphic 
LeveL as is reported for komatiite-thoLeiite assembLages of South Africa (Barberton Mountain 
Land), AustraLia (PiLbara and YiLgarn bLocks), and Canada (Superior Province). This may 
be caused by a depLetion of mantLe peridotite in components enriched in extracted mafic 
meLts, but possibLe aLso because the Archean upper mantLe was verticaLLy zoned in incompat
ibLe eLements, and magma extraction progressed with time from LlL-enriched high LeveLs 
to LlL-depLeted deeper LeveLs [64, pp. 272/5]. If the Light-RE depLetion in Archean komatiites 
is found to be very widespread, the causaL effect and the compLementary part might be 
reLated (1) to the production of some contemporaneous Light RE-enriched thoLeiitic magmas; 
(2) to enrichment of Light RE and other incompatibLe eLements by adding some undersatur
ated meLt to higher-LeveL mantLe source regions which Later produced Light RE-enriched 
rocks; or (3) to contemporaneous or previous continentaL crust-forming events [54, p. 363]. 

An earLy terrestriaL deveLopment of Nd in an environment with approximateLy chondritic 
Sm/Nd ratio is corroborated by Archean igneous and meta-igneous rocks whose data points 
in a diagram of initiaL 143Nd/144Nd ratio vs. time Lie cLose to the growth Line, representing 
the evoLution of a reservoir which had 4550 Myr aga ratios of 143Nd/144Nd =0.50682 and 
of Sm/Nd = 0.308 (the average chondrite vaLue) [67]. There is a consensus from isotopic 
studies (e.g., 143Nd/144Nd ratio) that a significant fraction of parent/daughter eLement ratios 
has occurred in the oceanic upper mantLe quite earLy in history. ReLativeLy Large voLumes 
of mantLe have fairLy constant ratios, particuLarLy of the more hygromagmatophiLe eLements 
(such as La). The partiaL meLting processes associated with basaLt generation do not signifi
cantLy change these ratios unLess the degrees of partiaL meLting are very smaLL. OnLy very 
sm aLL and variabLe degrees of partiaL meLting of an initiaLLy homogeneous source couLd 
produce residues with the observed ratios and abundances of the more hygromagmatophiLe 
eLements found in ocean-ridge basaLts of the northern AtLantic Ocean. Such meLting couLd 
have occurred in a zone anaLogous to the present-day asthenosphere [68]. Because both 
Nd and Hf are very resistant to secondary aLteration, the Hf-Nd isotope correLation yieLds 
substantiaL "hard" information about the mantLe. Thus, it foLLows from a doubLe pLot of 
176Hf/177Hf vs. 143Nd/144Nd and 87Sr/86Sr for oceanic basaLts that the fractionations of the 
Rb/Sr, Sm/Nd, and Lu/Hf ratios in the suboceanic mantLe have been essentiaLLy coherent 
through time. The Latter two ratios were raised when the first was reduced. The point EHf = 

&Nd=O, corresponding to a theoreticaL present-day undifferentiated reservoir, Lies within 
the array of observed isotopic compositions. This is evidence supportive of the assumption 
that present-day mantLe sources evoLved from a primitive mantLe which was chondritic 
for Sm/Nd and Lu/Hf. On both diagrams, MORB defines a fieLd corresponding to sources 
(the depLeted mantLe) with highest Lu/Hf and Sm/Nd, and Lowest Rb/Sr integrated over 
time. In contrast, OIB, which represents a very small portion of mantLe sources, is very 
variabLe and is responsibLe for defining mantLe arrays; the correLation between 176Hf/177Hf 
and 143Nd/144Nd in OIB is very cLose [37, pp. 84/6]. 
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Ascribed to fractionation in the mantle, the ratios of Large-ionic, highLy-charged eLements 
to smaLLer, Less highLy-charged eLements are Low in ocean-ridge basaLts compared to the 
soLar or chondritic ratios. The combined time constraints of Sr, Pb, and Nd isotopes show 
that the fractionation had to occur Long before upweLLing of the mantle under the present 
ridge axis. Time on the order of biLLions of years is necessary to produce the observed 
isotope inhomogeneities [26]. Note also, the mantle source of mid-ocean ridge basalts 
sampLes Long-Lived heterogeneities that predate or coincide with the opening of the Atlantic 
Ocean. These domains (to be distinguished on the Sr-Nd correLation diagram) may be 
segmented by major transform faults [46]. The heterogeneity with respect to 143Nd/144Nd 
(or Sm/Nd) ratios in the immediate upper mantle source regions of oceanic basaLt has 
deveLoped over aperiod of time much greater than the deveLopment of present-day ocean 
basins [92]. A strict upper Limit to the time of last chemicaL differentiation of magma sources 
from the chondritic uniform reservoir (CHUR, see "Seltenerdelemente" A5, 1981, pp. 170/1) 
is given by the Sm-Nd modeL ages Tm (Nd) [69]; note also that the Sm-Nd data represents 
the time when the rocks of the bimodaL suite, Ancient Gneiss CompLex, SwaziLand, soLidified 
from partiaL meLts derived from the mantle and/or sLightLy oLder basaltic materiaL in the 
crust [59]. Thus, for Cretaceous MORB of the southern end of the Bermuda Rise, Atlantic 
Ocean, the time of mantle differentiation is on average ~2.06 x 109 yrs., assuming a two
stage evoLution model. However, in view of geologicaL evoLution and geodynamic conse
quences, a modeL of continuous fractionation-crystaLLization with Later mixing of heteroge
neous sources seems most reasonabLe [69]. Estimates 01 how Long a rock and its source 
region have had a different Sm/Nd, and hence 143Nd/144Nd ratio, can be made by T~~UR 
ages, which are modeL ages because a simpLe two-stage history is assumed (primitive 
chondritic mantle and present rock). If such a modeL is inappLicabLe, as, e.g., when Light 
RE-enriched crustaL rocks are derived from depLeted mantle (143Nd/144Nd >CHUR), the time 
of separation from the mantLe may be oLder than that impLied by their T~~UR age. Neverthe
less, for mantle-derived voLcanic rocks, such modeL ag es refLect how Long chemicaL varia
tions have persisted in that part of the upper mantle; and for crustaL-derived rocks they 
provide an estimate of the age of their source region [70]. If positive E~d vaLues are a 
generaL characteristic of Archean meta-igneous rocks (e.g., for metasediments and metavoL
canics from West Greenland), then either the CHUR parameters are inappropriate for the 
bulk earth, or fractionation of Sm-Nd occurred in the source of these Archean crustaL compo
nent prior to their generation. PossibLy, Sm/Nd had increased in the mantle prior to 3.8 Gyr 
aga by formation of continental crust [71]. Because there is no significant temporal and 
spatiaL variation in [La/Sm]N depletion since the Jurassic, an impLication is that "simiLar" 
(in grand scaLe) source materiaLs (Light RE-depLeted) have existed at Least since 150 Myr 
aga in the mantLe. It further indicates that the depLetion was a very Large-scaLe phenomenon 
and may suggest an effective mixing with the asthenosphere in order to produce magmas 
of rather uniform chemistry over a time span of > 150 Myr. However, smaLL-scale hetero
geneity in the mantle source(s) for basaLts cannot be discounted, as may be inferred from 
the variabLe E~~ values [69]. 

COLinearity in a diagram ENd vs. time for very old (2790 to 4550 Myr) mafic-uLtramafic 
rock sequences from AustraLia, South Africa, and Greenland suggests the possible existence 
of an ancient (>4000 Myr) uLtramafic mantLe source with an 147Sm/144Nd enrichment factor 
reLative to CHUR of ~0.08. This reservoir would today have an ENd of about +9 and couLd 
thus be the source of oceanic basalts with positive ENd. This is contrary to previous sugges
tions (see [72, 73]) of a younger (1800 to 2000 Myr) source for recent oceanic basaLts. To 
distinguish between both modeLs, additionaL high-precision initiaL 143Nd/144Nd data are re
quired from Precambrian oceanic basalts of different ages [55]. 

For the discussions of mantLe evolution and magma generation, an important develop
ment in recent years has been the recognition of an LlL-enriched " metasomatic" component 
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in the mantLe, or of a recentLy metasomatized reservoir [1, pp. 42/3]. PartiaL meLting cannot 
expLain aLL features of trace eLement distribution in the mantLe; therefore metasomatism 
through the action of a vapor fluid phase may pLay an important roLe, and may be important 
in controlling eLement composition (incLuding RE) in the upper mantLe [74]. It is suggested 
that L1L eLements were removed from the MORB reservoir in the mantLe not onLy by extractio" 
of the continentaL crust, but aLso by removal of a fluid or vapor phase wh ich has enriched 
the continentaL Lithosphere (see aLso p. 176) and the upper mantLe peridotite [75]; and the 
Jurassic Antarctic mantLe may have been contaminated by a fluid in Light RE which resuLted 
from dehydration of the downgoing sLab (refer aLso to pp. 158/9) [41, p. 99]. 

LocaL metasomatic effects in the upper mantLe, reLated to empLacement of partiaL meLts 
(represented by dikes of pyroxenite, hydrous mineraLs, and gabbro that occur in mantLe 
peridotites) are expressed by refractory rocks with Light RE/heavy RE ratios greater than 
for chondrites. Those refractory rocks are xenoLiths of various composition occurring in 
aLkaLi basaLt and kimberLites, or some oceanic peridotite massifs [76]. ALso, mantLe metaso
matism with introduction of Light-RE enrichment is viewed as an essentiaL precursor to 
continentaL aLkali ne voLcanism [77 to 79]. In the geochemicaL evoLution of suboceanic mantLe, 
metasomatic processes (Leading to smaLL, cLoseLy spaced veins in the mantLe) may be abLe 
to discriminate more effectiveLy between the incompatibLe eLements (e.g., La) than do pro
cesses invoLving silicate meLts (as partiaL meLting, zone refining, fractionaL crystaLLization, 
or dynamic meLting) [43, pp. 250/1]. ReLative to estimates of primitive mantLe composition, 
the source(s) of HonoLuLu voLcanics was enriched in eLements in the sequence Ta~Nb>La> 
Ce~Sr>Nd>P>Hf~Zr~Sm~Ti~Y~heavy RE. This composition resembLes that postu
Lated for mantLe compositions created by metasomatism [80]. Modification by metasomatic 
enrichment events is necessary for the (at Least) two different mantLe sources for the EarLy 
Proterozoic Scouri dike suite, northwest ScotLand, Great Britain [81]. 

InfLux of CO2-rich metasomatic fluids into the mantLe transforms the peridotite both petro
graphicaLLy and chemicaLLy producing a Light RE-enriched pyroxenite (as, e.g., in the South
ern Highland Province, New South WaLes, AustraLia). A near verticaL vector on the pLot 
143Nd/144Nd vs. 87Sr/86Sr resuLts from the isotopes responding to the Light-RE enrichment 
in a reLativeLy short period of time (100 m.yrs.). This unique isotopic signature contrasts 
markedLy with the diagonaL mantLe array in this pLot and represents a response to a Low 
Sm/Nd ratio [82]. In accordance with experimentaL resuLts, at upper mantLe pressures, the 
Light RE are strongLy fractionated into a CO2-rich vapor phase reLative to silicate meLts, 
carbonate meLts, and garnet LherzoLite mineraLs. Thus, mantLe metasomatism by a CO2-

bearing fluid phase, occurring as aprecursor to magma genesis, may expLain the high 
totaL RE contents and Light RE enrichment of carbonatites, basic aLkaLic silicate magmas, 
and kimberLites [83]. Refer aLso to formation of an aLkali ne earth-rich, but aLkaLi-poor Liquid 
probabLy due to CO2 emanation from inner zones of the mantLe as a first stage in generating 
carbonatite-aLkaLic rock sequences [84]. Addition in various portions of a CO2 fluid enriched 
in incompatibLe eLements (and possibLy containing some H20, CL, and F) to segments of 
the mantLe beLow northern Kenya couLd give rise to the observed correLation between siLica 
undersaturation and incompatibLe eLement abundance ratios for basic Lavas from the rift 
between Lakes Barringo and Turkana [85]. MantLe metasomatism at shaLLow depths (> 70 km) 
in a diapir by an RE-enriched vapor phase (H20, CO2) is refLected by the common Light 
RE enrichment and variabLe ZrlY ratios in Archean metavoLcanics from Karnataka state, 
Southern India [86]. SmaLL amounts of partiaL meLting in mantLe pockets enriched in incompat
ibLe eLements as a resuLt of metasomatic processes wouLd expLain the content and composi
ti on of RE observed in Indian Lamprophyres [87]. 

If mantLe metasomatism has occurred, then one might expect to find a correLation between 
Light RE and Sr isotope ratios in mantLe-derived thoLeiites. ALthough the data points for 
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only few examples are scattered in a plot [La/Sm]N vs. initial Sr isotope ratio (87Sr/86Sr)o, 
there appears to be a general trend of increasing [La/Sm]N with increasing (87Sr/86Sr)o. 
This would not be surprising, as a clear covariance of 143Nd/144Nd and 87Sr/86Sr ratios occurs 
in recent volcanics (see [42]) [41, pp. 100/1]. The Nd and Sr isotope geochemistry of lherzolite 
and amphibole-megacryst inclusions of alkali basalt from Alaska requires arecent 
(~200 m.yrs.) metasomatic event in the source region. This event is believed to be repre
sented by pargasite, mica, and kaersutite in the nodules [88]. Note also that the relative 
enrichment of light RE in tholeiitic basalt, Suiko Seamount, Pacific Ocean, resulted from 
arecent (relative to the half-life of 147Sm) metasomatic event [45]; or there is clear evidence 
of arecent or subrecent metasomatic enrichment of light RE and LlL elements in the mantle 
source regions of oceanic and continental basalts. Effects of ancient enrichment events 
in the subcontinental mantle become visible by the Nd isotope data for diopside megacrysts 
of lherzolite nodules from kimberlites, South Africa. These metasomatic events are believed 
to be genetically related to the upwelling of mantle plumes or blobs [57]. Mantle metasoma
tism is confirmed by RE and other incompatible elements in various types of peridotite 
nodules from South African kimberlite [89]. Data for Sm/Nd and 143Nd/144Nd ratios of volcanic 
rocks from Roccamonfina, Campanian region, Italy, may be most simply interpreted in terms 
of arecent mixing event within this portion of the upper mantle between a LlLE-enriched 
fluid (characterized by a low 143Nd/144Nd ratio of 0.5121 and Eu2 + depletion relative to the 
light RE) and the mantle through wh ich this fluid migrates; in doing this, the fluid metasoma
tizes the mantle [90]. If not caused by fractionation during melting, the position of MORB 
points on the Sm/Nd isochron plot may be due to the operation of arecent Nd-Sm enrichment 
event in the mantle source region for MORB, such as metasomatism [7, p.203]. Some 
part of the mantle sources for komatiites of the Onverwacht Group, South Africa, may have 
been metasomatized to various extent by invading of light RE-enriched fluids or magmatic 
liquids (shortly before a partial melting event) as is suggested by the nonuniform distribution 
of light RE in the predominant group li-rocks (with [Gd/Yb]N=1.41 ±0.13) and the highly 
enriched light RE in the subordinate group III-rocks (with [GdlYb]N< 1.0) [60]. Furthermore, 
besides heterogeneity in the mantle, some lavas of the central Karroo province, South 
Africa, are apparently derived (together with earlier lavas in the southern African volcanic 
record) from enriched mantle sources caused by earlier and non-Karroo-related mantle 
metasomatic processes [50]. 
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9.2.1.4.2 Crust 

Crust Formation 

The RE, which are enriched in the crustal rocks, are generally enriched most strongly 
for the large-size (La) end of the element series. Since the RE elements have a very 
smoothly decreasing ionic radius with increasing atomic number (refer to .. Seltenerdele
mente" A4, 1979, pp. 1/2), their relative abundances are sensitive to the details of the 
processes leading to their enrichment in the crust [1]. Constraints on overall crustal composi
tion are limited, but an index is provided by the RE distribution in sedimentary rocks. In 
these, the RE patterns are sufficiently uniform to suggest that they represent an effective 
sampling of the upper crust (refer also to pp. 179/80) which is exposed to weathering pro
cesses. If the total crust has the composition of island-arc volcanic rocks, such a RE pattern 
could be produced via intracrustal melting from an island are-type RE pattern. The presence 
of residual plagioclase in the lower crust can produce the Eu depletion (of the upper crust, 
see p. 179) while a light-RE enrichment is consistent with equilibration with clinopyroxene 
[2]. To explain the lanthanide abundances for the average crust in relation to the formation 
of the mantle, successive solidification with arithmetically progressional partition coefficients 
for lanthanides is the sole tenable interpretation, and neither zone nor partial melting can 
account for this problem [3]. The major fractionation of the RE is assumed to occur during 
the derivation of crustal rocks from a mantle reservoir (associated with formation of the 
protoliths) rather than with subsequent metamorphie events [4]. No fractionation of Sm 
and Nd during internal differentiation of the continental crust is indicated by statistically 
identical Sm/Nd ratios for granulite-facies rocks (32 samples with ag es from 2900 to 200 Myr) 
and granitoids from the upper crust, whereas the Rb/Sr ratios are highly variable [5]. 

An important mechanism in the formation of oceanic crust may be two-stage (or more 
complex mUlti-stage) melting of upper mantle source rocks (pyrolite) which itself are residual 
diapirs from which picritic liquids have earlier been extracted [6]. The oceanic crust shows 
a range in f Sm/Nd from ~O to +0.6, so variations in 143Nd/144Nd of about 3 &-units may 
develop due to decay du ring plate motion over 200 m.yrs. But &Nd is not changed byalteration. 
This distinctive isotopic signature of oceanic crust (and manUe) is preserved through the 
Phanerozoic [7]. 

An absence of layered intrusions prior to 2.80 b.yrs. aga suggests that the crust was 
not rigid and/or thick enough to support large magma chambers, which seem to be essential 
for plagioclase fractionation and crustal melting processes which produce Eu anomalies 
in igneous rocks. Significantly, magma older than 2.8 b.yrs. rarely show Eu anomalies where
as they are common in younger igneous rocks [8]. 
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Initial ENd values for crustal rocks of different ages give constraints on crustal growth 
from the mantle through time, which may proceed according to three models: continuous 
linear growth, episodic growth, or rapid early linear growth followed by a slower growth 
(for the details, see original paper). No significant positive deviation from ENd =0 is found 
in rocks older than 2.5 x 109 yrs, but marked deviations occur in younger rocks. These data 
appear to fit reasonably with the first two models. But interpretation of initial ENd is compli
cated by possible effects of crustal recycling and by the mantle heterogeneity. The general 
effect of recycling on the ENd curves will be to make them more parallel to the ENd = 0 
line. For sufficiently fast recycling in comparison to crustal growth, the system will approach 
a steady state. Based on theoretical calculations, a steady-state model of crustal history 
is inconsistent with the existing data set, while sm all recycling rates (see below) accompany
ing gradual crustal growth are consistent with the ENd data. It appears that with time, an 
early cycling-dominated mantle-crust regime gives way to a regime dominated by crustal 
growth with subordinate cycling [9]. According to two models for mantle evolution of ENd 
(constant or increasing with time), the calculated values of the relative crustal recycling 
rate through time for a constant-mass crust are relatively modest at present ( < 0.3 crustal 
masses per 109 yrs., or ~ 1.6 km3/yr.; refer also to p. 178). The results for both models 
do not differ drastically over the past 2 to 3 x 109 yrs., and give plausible crustal age distribu
tions and a mean age in the 1.5 to 2.0 x 109 yrs. range [10]. Thus, the apparent single-stage 
growth of initial Nd isotope ratios in ancient rocks is simply a consequence of rapid recycling 
of continental crust on a near-steady-state no-continental growth earth. It does not require, 
or imply chemical homogeneity [11, pp. 458, 462, 466]. Note also that Nd and Sr isotopic 
data do not rule out recycling as the major process in crustal evolution [12]. If the crust 
is not formed with ENd=O but from depleted mantle with ENd>O (as, e.g., for North America), 
the T CHUR age does not give a reliable crust formation age; it underestimates the true 
crustal age. Instead, it should be calculated relative to a mantle evolution curve ENd(T) = 
0.25T2_3T +8.5 (with T = age). As a mantle having this ENd evolution can be assumed to 
be depleted in incompatible elements, this revised model age is donated T DM (depleted 
mantle) [13]. Mean ag es f of the crust derived from VIL and DEL growth models (see 
p. 162) strongly support the concept of continuous or episodic growth of continents [14]. 

The earth's crust, in spite of prolonged and complex history with repeated reworking 
by sedimentary processes, metamorphism, and granitization, has inherited the features 
found in the products of tholeiitic magmatism, i.e., of the most common type of mantle 
magmas, in accordance with current petrological concepts [15]. Considering both that the 
dominant rocks in Archean greenstone terrains appear to be tholeiitic basalts and felsic 
volcanics and intrusive rocks, and that contemporaneous sediments are effective overall
samplers of exposed rock types (refer also to pp. 186/8), a popular modeL for growth of 
new continental crust assumes the addition of material derived from island-arc volcanism, 
ultimately derived via multi-stage melting processes from the upper mantle [2]. Note also 
that the RE distribution patterns of Archean sediments most closely resemble those of 
present-day island-arc volcanics [16, p. 538]. On the basis of RE evidence, the island-arc 
model can be inferred to act uniformly back to the base of the Proterozoic. This uniformitarian 
approach does not appear to hold for the Archean. At the Archean-Proterozoic boundary 
a significant change in RE distribution patterns occurs (less light-RE enrichment, [La/Yb]N = 
4.8, and no significant Eu anomaly; refer also to pp. 179/80) [16, pp. 536/7]. The RE data 
for post-Archean sediments strongly support a two-stage model for growth and evolution 
of the continental crust (as proposed by [17 to 19]), wh ich extended back to at least the 
middle Proterozoic [20, p. 1550]. Continental crust, or only parts of it, formed by one (or 
by a number of) partial melting process of the mantle (leaving the MORB reservoir as 
a residuum, see also p. 161) [21]. For growth of Precambrian continental crust by predomi-
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nantly differentiation from the upper mantle, refer also to pp. 145/6. For a recycling model 
of crustal evolution, the sedimentary RE data would caLL for a particularly vigorous period 
of crustal consumption and regeneration during the late Archean. Thus, geochemical model
ling of RE in sedimentary rocks in conjunction with isotopic data suggest a major period 
of growth of the continental crust during the late Archean. Model-dependent, 65 to 75% 
of this crust is formed between ~3.2 and 2.5 Gyr, or as much as 70 to 85% of the crust 
has formed by ~ 2.5 Gyr. Such a model is able to predict relatively constant "freeboard" 
(for definition, see [22]) during the past 2500 m.yrs., thus compromising the idea of constant 
freeboard as evidence of large-scale recycling of continental material through the mantle 
(see [11, p. 466]) [23, p. 358]. Simple igneous fractionation of tonalitic additions to the crust 
could produce a gross crustal layering with an upper component derived from the hydrous, 
residual melt with negative Eu anomalies. This model does not imply a mantle sink for 
Eu (see [24, p. 155]) nor an unseen, major anorthositic component in the lower crust 
(see [25]). A more complex model, involving the production of similar layering through a 
lengthy metamorphic differentiation by evolving vapor phases originating in the mantle 
(see [26]), is equally adequate. However, its requirement for addition of Eu to the lower 
crust from the mantle is not borne out by modern views on Sr and Nd isotope systems 
in some granulite-facies terrains [27]. Refer also to a model involving the role of fluids 
in the formation and subsequent development of early Archean sialic crust [28]. Models 
involving half the mantle in generating the crust yield 143Nd/144Nd ratio of the residual mantle 
wh ich does not deviate significantly from the bulk earth until the Proterozoic « 2.5 Gyr). 
This coincides with the observation that initial 143Nd/144Nd ratios of Archean volcanics and 
orthogneisses are consistent with a source region which evolved with a chondritic Sm/Nd 
ratio [29]. Note also, that, from Nd mass balance calculations, it foLLows that weLL over 
half of the mantle may be L1LE-depleted [30]. The vast volume of granitic rocks intruded 
into the upper crust represents a new crustal addition of material from the mantle and 
does not represent recycled ancient crust. Thus, a preferred model for crust formation 
involves two stages where material is added to the crust and subsequently remelted (within 
100 to 200 m.yrs.) and intruded into the upper crust. The events related to the Archean
Proterozoic boundary are clearly not synchronous world-wide (depending on location, rang
ing from ~3.2 to 2.5 Gyr) [23, p. 351]. Note also that the strong upper crustal Eu anomaly 
is compelling evidence of the importance of intracrustal melting to the formation of the 
upper crust [20, pp. 1547/8]. 

There are two main ways that matter may be transferred from the mantLe to continental 
crust: as silicate melts, or as fluids. (For the detailed discussion, see original paper) [31]. 
Water liberated during dehydration under granulite-facies metamorphism probably acts 
as a solvent and transport medium for soluble complexes of L1L elements (e.g., as carbonate 
complexes of heavy RE) and transports them to higher crustal levels as a result of diffusion, 
or by incorporation in partial melts. Since diffusion would not result in large-scale mass 
transfer, it is most likely that large-scale migration in the crust occurs via melts, which 
emanate from, or pass through (see also pp. 169/70), lower crustal regions. Moreover, this 
water would influence the kinetics of melting processes in the lower crust [28]. The observed 
upward concentration of incompatible elements in the continental crust, and the relative 
depletion of Eu in the upper continental crust since the Archean, may be explained by 
a mechanism leaving granulite-facies rocks as a residuum after generation and removal 
of granitic melts [32]. Metasomatic zones rich in K within strongly retrogressed granulites 
(with heavy RE-depleted distribution patterns) are explained by loss of a (fluid?) phase 
enriched in heavy RE complexes [28]; note also heavy RE-depleted RE patterns of Archean 
granulites, pp. 188/9. A two-way transport of incompatible elements between the two reser
voirs, mantle and a 50 km thick outer layer of the earth (including the continents), is proposed 

Gmelin Handbook 
Rare Earth A 6 b 



177 

with time-dependent flux rates, each with different time constants. Acceptable models are 
those in which: (1) only 50% (by mass) of the mantle contributed to crustal formation (i.e., 
the gradual accumulation of K and the other lithophile elements in the outer layer), and 
(2) the return flux transport coefficient is initially much greater than that for the outward 
flux. But to provide for the segregation of the bulk of the continental crust between 3.5 
and 3.0 Gyr, the two transport coefficients (for return and outward flux) become equal about 
3.0 Gyr ago. The residence (process) time thereafter becomes long in both reservoirs, and 
today is very much longer in the outer crustal layer [33]. For additional data on transport 
models for continental crust formation, see also p. 144. 

The RE data and isotopic evidence suggest episodic ralher Ihan uniform growlh rates 
for the addition of new continental material, as is shown by changes with time for total 
RE content, for Eu/Eu· ratio, and for the slope of the RE distribution pattern (La/Yb and 
light RE/heavy RE ratios). A rather sudden change from a "tonalitic" to a "granodioritic" 
upper crust occurs ~2.5 x 109 yrs. ago [34, pp. 370/1]. Note further, a LlLE-enriched upper 
crust and a depleted lower crust, with Eu retained in the lower crust, is formed within 
a short time interval (~0.2 Gyr) between derivation of material from the mantle and final 
differentiation to produce an evolved continental crust [35, p. 394]; and a substantial portion 
of the continental crust evolved rapidly during the late Archean in connection with major 
crustal thickening processes which culminated in the formation of deep-seated granulites 
[24, p. 169]. Periods of continental growth are sharply episodic, and the period 2.5 to 
2.7 x 109 yrs. ago was a major epoch of formation of new continental crust [36]. The produc
tion of continental crust in the Front Range, Colorado, was probably not a continuous process, 
but a fairly sharply defined event at 1800±10 Myr ago as follows from Nd isotope data 
[12]. Subcontinental lithosphere (e.g., beneath Antarctica) may have been enriched in light 
RE by a distinct differentiation event, perhaps as a result of extensive partial melting of 
the mantle about 2.0 to 1.6 b.yrs. ago [37]. 

The constant and uniform nature of the upper crustal RE distribution pattern over the 
past 1500 m.yrs. (for Australia) does not favor models of slow crustal evolution. It seems 
to be more likely that new crustal material rapidly evolves to a stratified and stable form. 
In contrast, the increase of ~RE content in younger rocks would indicate a slow evolutionary 
process, wh ich would need to increase ~RE in the upper crust without changing the relative 
RE distribution [20, pp. 1544, 1546, 1549]. Note too that an interpretation involving a rapidly 
evolving upper continental crust seems to be consistent with the RE data for Huronian 
(late Proterozoic) sedimentary rocks of North America [38]. 

Data on radiogenic isotopes (Nd, Sr, Pb) indicate a prolonged and directional process 
of crust formation due to the inflow of new batches of material from the upper mantle 
during discrete tectonic-magmatic cycles. Starting 2.5 b.yrs. ago, a considerable part was 
played by reworking (recycling) of the existing crust [39]. 

Both the portions of Sm and Nd released from the mantle to the continental crust, and 
the eHecl of recycling on the (crustal) 143Nd/144Nd ratio are small [40, pp. 480/1]. But Sm-Nd 
data for Proterozoic and Phanerozoic granitic rocks show clear evidence for the recycling 
of pre-existing continental crust into younger granites (of the Caledonian, Great Britain) 
both by basement recycling and sediment incorporation (see, e.g., [41 to 44]) [45]; note 
also that recycling of continental crustal materials (that have had a prior crustal residence 
time ~500 Myr) is suggested for many of the Caledonian granites from Scotland and northern 
England [46]. Partly, recycled sediment may be a component responsible for the Nd isotope 
composition observed in various island-arc basalts [41]. A complex present-day crustal 
recycling process (with calculated rates from 45 to 90%) is indicated by the large range 
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in model ag es for modern sediments (900 to 1800 m.yrs. for pelagic sediments, see 
[47,48]) [49]. 

Divergences for initial Nd and Hf isotopic compositions of modern and ancient mantle
derived rocks are most likely explained by a semi-continuous recycling of continental materi
al back into the mantle over the past 2 b.yrs. The required rate of return of continents 
to the mantle, calculated from a simple transport model, is about 0.35 ± 0.15 of the continental 
mass per billion years (or ~ 2.5 km3/yr.). This result indicates that the mass of the continents 
has been approximately constant since the late Archean [50]. 

The initial eNd value (according to T DM ages, see p. 175) for a 1800 Myr old crust (of 
Colorado) could be accomodated for by a model of a growing continental crust without 
recycling, or of a constant-mass crust with decreasing crustal recycling rates towards the 
present. In either case, the amount of mantle which interacts with the crust must be limited 
to a small fraction (~0.3) of the total mantle. This supports a two-layered mantle model 
and suggests that it applies over most of the earth's history [12]. 

Recycling of older, consolidated continental crust on a large scale in Finland is clearly 
ruled out by the high initial 176Hf/177Hf ratios of the Precambrian samples studied. These 
high ratios result from aperiod of evolution with high Lu/Hf, such as is only attained in 
mantle residual from previous partial melting events. The Hf (and Nd, Sr) isotopic data 
are only capable of detecting recycling of crust which predates the sampled event by 
>150 Myr or so [51]. 

Spatial and Temporal Variations in Crust Composition 

The RE distributions in the upper mantle are characterized by a significant Eu anomaly 
and hence a compensating positive Eu anomaly might be located in the lower crust. This 
positive Eu anomaly might be large, even if the lower crust is considered to comprise 
two-thirds of the total crust volume [24, p. 155]. When continental crust is formed, it generally 
is fractionated relative to the mantle with an Sm/Nd ratio about 40% lower on average. 
A simple model for crust and mantle Nd isotopic evolutions suggests that the crust is enriched 
in Sm and Nd, relative to the mantle, by factors of ~25 for Nd and ~16 for Sm [52]. 
Against chondrites, light RE are enriched in both the lower and upper crust. The enrichment 
is relatively higher in the upper crust relative to the lower crust, which is depleted in 
light RE while enriched in heavy RE [53]. The continental crust is a light RE-enriched 
reservoir compared to the upper mantle [54]. The characteristics of the present-day crust 
were established about 2.5 Gyr ago, caused by a two-stage process (model) comprising 
addition to the crust of igneous rocks derived from the mantle and subsequent intracrustal 
melting leading to the granodioritic upper crust [35, p. 393]. 

Taking the Baldwin volcanogenic graywacke, Australia, as representative of new sialic 
contributions to the crust, it can be used as a model composition for the whole continental 
crust. Comparing the RE distribution patterns for such a model composition and those of 
the observed upper crustal sedimentary rocks, the following becomes evident for the upper 
crust: It is enriched in light RE and depleted in Eu; it is nearly unfractionated with respect 
to heavy RE; and it is enriched in total RE by a factor of ~ 3. There is also good qualitative 
agreement between the predicted RE pattern of partial melts of a crust of island-arc basalt 
composition and the observed upper crustal RE distribution [20, pp. 1547/9]. 

The origin of upper crustal composition demands at least two stages of chemical fraction
ation from the mantle to provide the observed upper crustal material of granodioritic compo
sition: addition of material from the mantle during island arc-type volcanic processes fol
lowed by intracrustal melting and invading of the upper crust. It is assumed that the crust 
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has grown with time (in contrast to recycling). Based on this model, the production of 
upper crustal Eu depletion is an intracrustal process and requires the presence of a stable 
Eu-bearing phase in the lower crust. Since the production of the Eu depletion requires 
Liquid-crystal equilibria, partial melting rather than metamorphism appears to be the domi
nant process [34, pp. 359/62]. If partial melting of lower crustal materials (of island-arc 
composition) produces the rhyoLitic magmas and the series of great bathoLiths ranging from 
tonaLite to granite which characterize the crust, then the lower crust must be depleted 
in elements enriched in such rocks (including RE). In the lower crust, where partial melting 
takes place under wet conditions, plagioclase will preferentially retain Eu, and thus deplete 
it in the upper crust. Sediments derived from weathering of upper crustal material will 
inherit this Eu depletion [18]. The Eu depletion in upper crustal rocks must be intracrustal 
in origin and is most Likely produced by partial melting where feldspar is a residual phase. 
Since plagioclase is unstable below ~40 km (or > 10 kbar), Eu anomalies due to this cause 
are thus produced by shallow intracrustal processes involving crystal-Liquid equiLibria rather 
than aqueous transfer [16, pp. 535/6]. Although plagioclase is indicated as a major compo
ne nt of the lower crust, most anorthosites do not show the predicted RE distribution (overall 
Eu enrichment, depletion in Light RE and LRE relative to the whole crust), except positive 
Eu anomaLies, thus indicating that the lower crust is more enriched in pyroxene and/or 
amphibole than anorthosites (sensu stricto). Garnet is relatively unimportant as a residual 
phase in most crustal melting episodes [20, pp. 1547/9]. Some real heterogeneities in age 
and/or initial Nd isotope ratios of the lower crust are reflected by two of seven xenoLiths 
(with a pronounced Light-RE depletion) from the Calcutteroo kimberLite pipes, South Austra
Lia. At least for the samples studied (garnet cLinopyroxenite, garnet granulite, and felsic 
garnetiferous gneisses), retention of plagioclase in the lower crust has not been the major 
factor controlling RE abundances. Variations in abundance of RE-enriched accessory phases 
(as, e.g., allanite, zircon, apatite) could substantially influence the RE contents in the lower 
crust, and perhaps compensate the positive Eu anomaly produced by plagioclase. It is 
suggested that more basic rock types, as granulites of intermediate, basic, and ultramafic 
composition (with lower absolute contents of Light RE, occasionally even Light RE-depleted), 
may be an important constituent of the lower mantle [55]. 

Considering that a possible lower/upper crust interface may occur in the pre-2.6 Gyr 
Lewisian complex at Barra, Outer Hebrides, Great Britain, the tonaLitic pyroxene gneisses 
(characterized by enriched Light RE, depleted heavy RE, and positive Eu anomaLies) may 
contain the excess crustal Eu needed to complement the Eu deficiency in post-Archean 
sediments and the upper crust. These features are compatible with two models for lower 
crustal evolution: (1) the purging of hydrous tonaLitic precursors in the lower crust of H20 
and K, Rb, and Th by mantle-derived, CO2-rich fluids carrying Sr and Eu during granuLite
facies metamorphism; or (2) the primary igneous crystallization under high PC02 of new 
tonaLitic additions to the crust from wh ich the hydrous residual mett fraction was expelled 
upwards [27]. 

Assuming a deep-crust composition as for granuLite-facies rocks of the Scourian com
plex, northwestern Scotland, the continental crust may be stratified with respect to RE [32]. 

Secular trends in chemical and isotopic composition (including RE) of sediments support 
a major mafic-to-felsic development in the continental crust (or its precursor) during the 
late Archean-early Proterozoic period [56]. And, as emerges from Sm-Nd systematics, there 
is a quasi-continuous development of Archean continental crust (formed between 3.77 and 
2.45 Gyr aga) from a reservoir sufficiently large to maintain bulk-earth characteristics. From 
similar studies of Phanerozoic crust material, a more complex crustal evolution becomes 
visible [40, p. 475]. In contrast to Archean upper crust (showing less fractionated RE distribu-
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tion patterns without an Eu anomaly, see [35, pp. 387/9]), the younger upper crust of the 
past billion years shows a constancy in RE composition [49], which is inferred to be a 
consequence of massive intracrustal partial melting which forms magmas primarily of grano
dioritic composition. During this melting process, the melt becomes increasingly enriched 
in light RE and depleted in Eu (due to different crystal-liquid partition behavior). This major 
crustal evolution event, reflected by the change from Archean to post-Archean RE distribu
tion patterns, is not isochronous (see also p. 176) [35, pp. 390/2]. Large volumes of K-rich 
granitic rocks intruded into most shield areas of the earth were suggested to be responsible 
for the change of RE distribution patterns at the Archean-Proterozoic boundary. About one
third of K-rich granitic rock must be added to the upper-Archean crust to produce typical 
post-Archean sedimentary RE patterns. The contribution from K-rich granites and granodio
rites appearing sporadically throughout the Archean must have been below 10% [16, pp. 538/ 
41]. Note also that changes in the RE pattern at the Archean-Proterozoic boundary can 
be related to the gradual unroofing of K-rich granitic batholiths (with negative Eu anomalies) 
that intruded into the crust at the end of the Archean. Thus, the generation of negative 
Eu anomalies in the upper crust is a consequence of intracrustal melting where feldspar 
(mainly Ca-rich plagioclase) containing abundant Eu is retained in the residue [23, p. 351]. 
There is no evidence for a general Eu excess relative to chondrites in Archean crust exposed 
to weathering, or for an early anorthositic crust. Most of the Archean sedimentary rocks 
from Kalgoorlie, Australia, have RE distribution patterns indistinguishable from those of 
recent island-arc calc-alkaline rocks, and so could constitute evidence that the Archean 
crust was principally formed by processes analogous to present-day island arc-type volca
nism. However, similar patterns may be produced by an appropriate mixture of the common 
bimodal tholeiitic-felsic igneous rock suite commonly observed in Archean terrains. The 
RE data presented here do not distinguish between these two models [57]. As follows from 
Nd-Sr isotope correlation for specific Precambrian crustal materials (of the Archean Lew
isian complex, northwestern Scotland), Archean crust may, to a first approximation, comple
ment the lithophile element depletion observed in modern MORS mantle sources. The Pre
cambrian crust, and particularly its lower part, must have significantly higher Sm/Nd (and 
hence higher [Ce/Yb]N) ratios than is suggested by the andesite model for crustal growth 
(refer to p. 145) [58]. 

A general unitormity of RE distribution patterns (characterized by an overall enrichment 
of RE, a relative enrichment ot light RE, and a relative depletion in Eu) for post-Archean 
sediments is not dependent on lithology and is not restricted to one continent, and may 
be indicative of the average RE pattern of the upper crust [34, pp. 355/6]. Note also that 
very uniform RE distribution patterns develop during the formation of post-Archean sedimen
tary rocks of Australia from extremely diverse igneous rock patterns. There is little change 
in either the absolute abundances or the relative patterns during diagenesis and metamor
phism [20, p. 1543]. The use of "average Archean sedimentary rock" (AAS) for reconstruct
ing the composition of Archean continental crust is rejected as unrepresentative, as it in
cludes a strong volcanic component and is heavily weighted in favor of fine-grained material 
[59], see also [35, pp. 382/3]. 
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9.2.1.4.3 Lithosphere, Hydrosphere, and Atmosphere 

Lithosphere 

In the lithosphere, the ideal geochemical cycle begins with the initial crystaLLization 
of a magma, proceeds through the alteration and weathering of the igneous rocks and 
subsequent transportation (partly via the hydrosphere and/or atmosphere) and deposition 
of the material thus produced with sediments, and continues through diagenesis and lithifica
tion to metamorphism 01 successively higher grade. EventuaLLy, by anatexis (palingenesis, 
granitization in part) new magma is generated (regenerated). This ideal geochemical cycle 
may not be completely realized in practice; at some stage it may be indefinitely halted 
or short-circuited, or its direction reversed [1]. Reler also to a general overview, with 
a rough draft of the processes involved, for the geochemical cycle given in [2]. 

Although data for Y and RE elements (especially its chondrite-normalized distribution 
patterns and characteristic ratios) are widely used for genetical discussions (e.g., of igneous 
and sedimentary rocks, 01 individual geospheres, of melting or crystallization processes, 
etc.), the complete geochemical cycle for Y and/or the RE elements has not been outlined 
hitherto (1983) in the literature. Therefore, in the foLLowing sections and paragraphs only 
hints are given concerning fragments (mostly already described in this handbook) that can 
lead to a first approximation of the geochemical cycle. AdditionaLLy, some more recent, 
mainly post-1980 references will be given. The vast number of papers using RE data for 
a discussion of geological or geotectonic problems (in connection with, or without igneous 
rock or sediment formation) wiLL be left out of consideration. 

The distribution and behavior of Y and/or RE in the magmatic cycLe are influenced mainly 
by its crystal-chemical behavior (refer to "Seltenerdelemente " A4, 1979, pp. 1/4 and 87/96) 
during the melt-forming processes and solidification. As is described in "Seltenerdele
mente" A5, 1981, there is an influence (due to several factors, see pp. 32/44) of the crystaLLi
zation of rock-forming (see pp. 44/69) and accessory minerals (see pp. 69/85) on the distribu
tion of Y and/or RE during solidification of magmas. A relationship occurs between content 
or composition of RE ± Y and petrological factors (expressed by characteristic petrological 
indexes), or the alkalinity of a magma; refer to "Seltenerdelemente" A5, 1981, pp. 188/92 
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and 192/5, respectiveLy. For distribution and behavior of Y and/or RE during the formation 
of apLites and pegmatites, or in the pneumatoLytic-hydrothermaL phase, refer to "SeLtenerd
elemente" A5, 1981, pp. 387/415 and 416/48, respectiveLy. 

The petrogenetic significance of trace eLement constraints (incLuding RE data and Nd 
isotopics) on magma genesis, especiaLLy of basalts and granites, is reviewed in [3]. For 
a cLassification and discrimination of magma types and magmatic rock groups by means 
of parameters regarding Y and RE (e.g., ratios between individuaL eLements, or between 
groups of RE eLements, and isotope ratios for Sm and Nd) in reLation to the geodynamic 
(pLate-tectonic) position, refer to "Seltenerdelemente" A5, 1981, pp. 237/313. Since mantLe 
and continentaL crust evoLve with reLativeLy high and Low Sm/Nd ratios, respectiveLy, it foLLows 
that initiaL 143Nd/144Nd ratios can provide a useluL criterion lor characterization of the source 
region 01 any given igneous rock suite or orthogneiss compLex; i.e., these ratios give impor
tant constraints il a rock has lormed by meLting 01 upper mantLe materiaL and/or basic 
Lithosphere, or by meLting of oLder continentaL crust. The rate of growth 01 (143Nd/144Nd)j 
in siaLic crust is retarded reLative to the mantLe [4]. MeLts derived from subducted oceanic 
crust must refLect its Sr-Nd isotopic characteristics, which are very different Irom the isotopic 
signature of subducted sediments or oLd continentaL crust. Thus, isLand arc magmas appear 
to be dominated by meLting 01 upper oceanic crust. Magmas derived by meLting 01 subducted 
oceanic pLates aLong continentaL-margin magmatic arcs are empLaced through older conti
nental crust and subducted sediments and would displayablend 01 these different source 
materials, in general agreement with the Large range in ENd and ESr lor this type of magma 
[5]. Nd and Sr isotope data indicate that some magmas in continental regions may be 
derived Irom old reservoirs with low Sm/Nd ratio, or are heavily contaminated with old 
continental crust material [6]. 

As is widely accepted, magma generation for speciaL types 01 igneous rocks is connected 
with the cycles 01 plate-tectonic processes. For a corresponding characterization and dis
crimination 01 igneous rock or magma types by chondrite-normaLized RE distribution pat
terns, and by diagrams using the contents 01 Y, or 01 trace eLements other than the RE, 
or 01 the main and minor rock-Iorming eLements, reler to "SeLtenerdelemente " A5, 1981, 
pp. 313/63 and 363/75, respectively. Starting with MORS, the 10LLowing more general state
ments can be derived lrom RE data for a relationship between igneous rock type and 
plate-tectonic processes (reler also to pp. 154/60): 

CorreLations 01 RE content and Light RE/heavy RE ratio with P205 contents in a wide 
range of malic magmas (reler also to "Seltenerdelemente " A5, 1981, p. 229) suggest that 
apatite may be a minor but important mantLe phase controLling the release 01 RE (fLuoropatite 
is stable in the mantLe down to 200 km or more). Thus, MORSs are readily generated Irom 
an apatite-bearing (0.5%) plagioclase- or spinel-lherzoLite source (with 3 times chondritic 
RE concentrations and a chondritic Light RE/heavy RE ratio) by relatively small degrees 
01 meLting (~5%) when apatite is a residuaL phase. Magmas enriched in P20 5 and Light 
RE (e.g., basanites and potassic nepheLinites) cannot be derived from either 01 the above 
sources, nor Irom an undepleted garnet lherzoLite with similar RE contents. Such magmas 
appear to represent progressively smaLLer degrees of partial melting Irom progressively 
relractory sources (smaller amounts 01 apatite, cLinopyroxene, garnet) as their P20 5 and 
Light RE contents increase. These refractory sources have Light RE/heavy RE ratios >chon
drite and represent residues 01 a material which has lost a Light RE-depleted MORS fraction 
[7]. In contrast, when garnet is given the key rOle, Light RE-rich basic magmas are viewed 
as products of low-degree meLting with large amounts 01 residual cLinopyroxene and garnet 
relative to Light RE-poor melts produced by higher degrees 01 melting with less residual 
cLinopyroxene +garnet [8]. Sut the role 01 garnet in Iractionating RE might be better thought 
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as the resuLt of heavy RE depLetion due to its retention in garnet, with the Light RE LargeLy 
being eontributed by other phases. Thus, in the ease of apatite-bearing sourees, Light-RE 
enriehment resuLts from a proportionaLLy Larger eontribution to the meLt from apatite as 
is refLeeted in high P20S eontent [9]. 

The souree of OIB is geoehemieaUy "enriehed" reLative to MORB whieh is more" de
pLeted", but it is neither primitive nor mereLy depLeted mantLe peridotite. The evidenee 
for a non-primitive souree of OIB is twofoLd: (1) The observed enriehments of ineompatibLe 
eLements (such as Light RE, U, Th, K, Rb) in OIB (both aLkali basaLts and thoLeiites) are 
to high that eonventionaL meLting modeLs using primitive sources indieate extraordinariLy 
smaU degrees of meLting whieh are in eonfLiet with most of today's eonventionaL petroLogieaL 
thinking; and (2) Nd isotopie eomposition usuaLLy indieates Lower-than-primitive Nd/Sm ra
tios. One expLanation for the paradox that OIB sources are enriehed in magmaphiLe eLements 
but aLso reLativeLy depLeted in Nd (with respeet to Sm) is that OIB may have undergone 
metasomatie traee eLement enriehment prior to eruption (but mantLe xenoLiths giving evi
denee for mantLe metasomatism (refer to pp. 169/71), are normaUy not reLated to the souree 
of basalt). The other, preferred expLanation assumes subducted oeeanie erust to be the 
souree materiaL for OIB (for the detaiLed diseussion, see originaL paper) [10]. 

IsLand-are Lavas appear to be derived from a reservoir depLeted in Light RE and with 
a high Sm/Nd ratio. Consideration of both Nd and Sr isotope data suggests seawater invoLve
ment in generation of some isLand-are Lavas and thus indieates that they are derived from 
aLte red subducted oeeanie erusts. Others may be derived from mantLe reservoirs with affini
ties to the souree of OIB [6]. For the pereentage of eLements (La, Nd, Vb, Ba, Rb, K, Sr) 
derived from different sources (as reeyeLed from eontinents, oeeanie erust, or undepLeted 
and depLeted mantLe) in a muLti-souree modeL for generation of high-AL basaLt, shoshonite, 
and isLand-are thoLeiite, refer to [11]. A multistage meLting modeL may reLate both thoLeiites 
and komatiites to a eommon source, perhaps in a rising mantLe diapir. ThoLeiites wouLd 
be the first-formed Liquids extraeted, whereas komatiites are produeed by further meLting 
of the residuaL mantLe [12]. 

The anaLysis of RE distributions shows that the formation eonditions for the eaLe-aLkaLi 
rocks are simiLar in different regions with heterogeneous types of erust, whieh invoLves 
extensive granitization and palingenesis (refer aLso to p. 189) and wh ich eorresponds to 
the geodynamie settings of aetive margins and intra-eontinentaL aetivation regions. Thus, 
the origin of pLutonie eaLe-aLkaLi rocks (granodiorite to granite) from MongoLia is determined 
by a reLativeLy eompLete meLting of variousLy granitized substrates differing in basieity (up 
to basites). The resuLting rocks have RE distributions of the types land 11 a (for the patterns, 
see originaL paper) with reLativeLy high Eu eontents. These magmas may then evoLve in 
aeeordanee with the basic modeLs for erystaLLization differentiation (trends a and b) with 
fraetionation of the aeeessory and roek-forming mineraLs, with the effeet from aeeessory 
mineraLs predominating (trend a). The seeond trend has a joint fraetionation of the roek
forming and aeeessory mineraLs, with fraetionation of saLie mineraLs predominating over 
the femie ones, Leading to RE distributions of the types 11 band 111 (wh ich show a definite 
relationship between the sLope of the distribution pattern and the depth of the Eu minimum, 
or degree of negative Eu anomaLy) [13]. The possibLe mineraLs invoLved as residuaL phases 
during partiaL meLting or differentiation to form granitie meLts are the feldspars, quartz, 
amphiboLes, eLinopyroxene, hypersthene, olivine, the mieas, eordierite, kyanite or siLLimanite, 
seapoLite, and aeeessory mineraLs (e.g., apatite, zireon, oxides, and sulfides). Eu is retained 
by the feldspars. ReLative to the other RE, the heavy RE are retained somewhat by eLinopyrox
ene but to a greater extent by hornbLende, garnet, and zireon; the intermediate RE by 
eLinopyroxene, hornbLende, and apatite; and the Light RE onLy by apatite. Different Eu anoma-
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lies in the melt result from garnet, apatite, hornblende, clinopyroxene, and hypersthene 
(leading to a positive one) or from plagioclase or K-feldspar in the residue (leading to 
a negative one); equal portions of plagioclase and clinopyroxene or twice as much plagio
clase as hornblende in the residue result in negligible Eu anomalies in the melt. It is 
not clear how important complexing of RE is in late-stage supercritical fluids (wh ich may 
be responsible for the formation of aplites and pegmatites) affecting seriously the trace 
element composition of a granitic body. Although data are limited, it is suggested that 
complexing may not be important for the RE (refer also to "Seltenerdelemente" A5, 1981, 
pp. 389/90 and 420/4) [14]. For Nd isotopic characteristics of 1- and S-type granites, originat
ing by partial melting or fusion of either mantle-derived (igneous) or pelitic (sedimentary) 
material, respectively, see [15]. A thorough discussion, partly based on RE data, of magma 
genesis in relation to geodynamics in the coastal Cordillera, northern Chile, states the 
following: Connected with subduction and metting of oceanic crustal material, the genesis 
of magmas starts with production of primitive tholeiitic material at the continental margin 
or island arc (with low ~RE contents and balanced La/Yb ratio) followed by formation of 
calc-alkaline and shoshonitic lavas (with higher ~RE contents, higher La/Yb ratio, and 
more or less Eu depletion which successively is shitted into the continental region). 
Especially for the genesis of Mesozoic to modern andesites, the following theoretical steps 
are considered: anatexis of lower crust; amphibole-controlled fractionation of basaltic mag
mas or partial melting of amphibolite; garnet- and pyroxene-controlled fractionation of 
basaltic magmas or partial melting of amphibolite; garnet- and pyroxene-controlled fraction
ation of basaltic magmas or partial melting of quartz eclogite; or partial melting of garnet 
peridolite at high PH20 [16]. 

According to a model for Archean crust evolution (see [17]), partial melting in the mantle 
produces basalts, wh ich are recycled back into the mantle and are transformed to eclogite. 
Partial melting at depths where garnet is stable produces tonalites and trondhjemites (but 
not K-rich granites) with steep RE distribution patterns [18]. Note also that partial melting 
of amphibolite or eclogite of basaltic or gabbroic composition at depths >30 km, leaving 
a residue consisting predominantly of garnet and clinopyroxene, is assumed for the origin 
of quartz dioritic rocks (of the northeastern Minnesota - northwestern Ontario region), 
whether plutonic tonalite, dacite porphyry, gneissic or plutonic trondhjemite, or trondhjemite 
dikes [19]; refer also to trondhjemite formation on p. 189. And increasingly smaller amounts 
of equilibrium melting of a continuously replenished eclogite or garnet amphibolite source 
may lead to tholeiites (by ~50% melting), andesites (by 30 to 20% melting), or rhyolites 
(by ~ 10% melting) in the Archean Bulawayan Group of the Midlands Greenstone Bett, 
Rhodesia [20]. 

As follows from initial Nd isotopic composition, continental flood basalts (from the Central 
Siberian Plateau and other major occurrences) appear to be the product of partial melting 
of mantle sources that consist of relatively primitive undifferentiated material and are clearly 
distinct from MORB [21]. 

The genetic relation between carbonatites and alkali-ultrabasic rocks (refer also to 
p. 170) is confirmed by their positions in a plot of ~RE+Y content vs. La/Yb ratio (see [22]), 
all falling in the same range characterized by high values for both components of the 
plot and comparable with kimberlites and alkali basalts in ritt zones (Le., explicitly mantle 
rock bodies), or with ultrabasic xenoliths of mantle origin. All this indicates indirectly that 
there is a plutonic and obvious mantle source for the primary alkali magma, whose differenti
ation gives rise to an association of alkali-ultrabasic rocks and carbonatites [23]. 

For the behavior of Y and RE during (auto-)metasomatic alteration of the various mag
matic rock types (acid to intermediate, basic to ultrabasic, alkali-rich, and carbonatitic), 
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or during metasomatic alteration of thei r country rocks, refer to .. Seltenerdelemente " A5, 
1981, pp. 448/67 and 467/73, respectively. 

Due to its significance in discussion of the earth's crust evolution (refer to pp. 174/82), 
there are a number of investigations concerned with Y and/or RE in the sedimentary cycLe. 
For an overview on trends or regularities in RE distribution in the sedimentary shell, see 
[24, 25], and for a summary of RE elements in the sedimentary cycle (especially marine 
sediments), see [26, pp. 292/9]. Refer also to the following topics described in .. Rare Earth 
Elements" A6a, 1988; note that the page numbers given in parentheses for the present 
paragraph relate only to the above volume of the handbook: Behavior and distribution 
of Y and RE during weathering of rocks (general, see pp. 9/13) under marine conditions 
(leading especially to palagonitization of the basaltic glass component, see pp. 13/7) or 
under terrestrial conditions (of igneous rocks, see pp. 18/25, and sedimentary rocks, see 
pp. 25/8. Formation of laterite/bauxite over basic and ultrabasic rocks, see pp. 28/30, and 
formation of bauxite over carbonatic rocks, see pp. 30/4). Behavior of Y and RE during 
migration and precipitation in weathering and oxidation zones (mostly influenced by the 
prevailing physico-chemical conditions, e.g., pH, Eh, complex formation, see pp. 37/42). 
Influences of climate, geological facies (pelagic to continental), and geotectonic position 
on distribution and composition of Y and/or RE during sedimentation (see pp. 46/61). Distribu
tion of Y and/or RE in relation to physical and/or spatial factors in clastic (see pp. 77/87) 
and in chemogenic and/or biogenic sediments (as, especially, phosphorites and metallifer
ous sedimentary depositions, see pp. 87/100), and within special sedimentation basins and/ 
or stratigraphic series (see pp. 100/16). Mobilization, migration, and precipitation during 
diagenesis (see pp. 126/8), especially the rearrangement in newly-formed concretions (both 
marine and non-marine ferromanganese nodules and phosphorites) and other diagenetic 
products (see pp. 128/58). 

The observation that RE distribution patterns in crustal sedimentary rocks are essentially 
uniform, coupled with the fact that these elements are not significantly affected by weather
ing, diagenesis, and most forms of metamorphism, leads to the assumption that erosion 
and sedimentation carry out a wide-scale averaging of upper exposed crust for the RE 
[27]. And elements which are transferred more directly into detrital sediments preserve 
arecord of the source rock composition. The RE appear to be transferred almost quantitative
ly into clastic sediments, and thus the average RE distribution in sedimentary rocks reflects 
their distribution in the exposed continental crust of the source region [28]. Very uniform 
RE distribution patterns develop during the formation of sedimentary rocks from extremely 
diverse igneous rock patterns. There is little change in either the absolute abundances, 
or the relative patterns during diagenesis and metamorphism [29]. With the possible excep
tion of total RE content in some units, the RE distribution in Lower Proterozoic (Huronian) 
sedimentary rocks is not severely affected by secondary processes, so these samples should 
reflect a fairly effective sampling of the contemporaneous exposed upper crust for a large 
region north of Lake Huron, Canada [30]. The similar chondrite-normalized RE distribution 
patterns (characterized by lower overall abundance of RE, less enrichment of light RE, 
and without Eu depletion) for several Archean sedimentary rocks from various locations, 
and spanning a time interval > 1000 m.yrs., indicate that sedimentary processes were carry
ing out an effective sampling of the Archean crust, and thus provides evidence for its compo
sition which is andesitic or tonalitic and which is similar to that proposed for the present-day 
whole crust. RE evidence of an early anorthositic crust is lacking (refer also to p. 176) 
[31]. But note that the common (above) assumption that RE proportions are not influenced 
by weathering should perhaps be re-examined [32,33]. 

The Sm-Nd isotopic system is substantially not disturbed during sedimentation or diagen
esis [34], or minimal fractionation of Sm/Nd accompanies the generation of clastic sedimenta-
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ry rocks from their precursors [35]. RegardLess of whether most, or onLy some of the sedi
ments were generated during the earLy terrestriaL history, they wouLd inherit Sm-Nd system
atics from their igneous precursors. In a cLosed (cannibaListic) sedimentary recycling these 
ancient systematics wiLL be perpetuated (and consequentLy Sm-Nd ag es of aLL second-stage 
sediments shouLd exceed their stratigraphie ages) [36]. 

Except for Eu (see aLso beLow), the reLative RE abundances at the earth's surface appear 
to have remained constant over the past 3 b.yrs. The average reLative abundance of Eu 
in oLder sediments is significantLy greater (at Least 1.3 to 1.5 times) than in younger sedi
ments. It is supposed that Eu was reLativeLy more abundant at the earth's surface du ring 
earLy Precambrian times than it now is, perhaps in an amount equaL to its reLative chondritic 
abundance [37]. TypicaL RE distribution patterns of Archean sedimentary rocks differ from 
those of the post-Archean (refer aLso to "Rare Earth ELements" A 6a, 1988, pp. 116/26). 
The former have somewhat more variabLe patterns and have Lower La/Yb ratios (average 
[La/Yb]N = 4.6), no detectabLe Eu anomaLy (Eu/Eu' ratio ~ 1), and Lower totaL RE contents 
(LRE 70 ppm) [18, p. 387]. The Latter show distinctLy different patterns (simiLar to granodioritic 
rocks) with a nearLy constant Light RE/heavy RE ratio (9.7 ± 1.8) and a negative Eu anomaLy 
of constant magnitude [38]. The change in composition of the post-Archean upper crust, 
as is documented by the RE patterns, is inferred to be a consequence of massive intracrustaL 
partiaL meLting which forms magmas primariLy of granodioritic composition, and is not iso
chronous [18, p. 390]. The paraLLeL RE patterns in sedimentary rocks since 2.5 Gyr indicate 
no fresh input from other than granodioritic materiaL (of the upper crust) over this period 
of time. The sLow increase in LRE content is best expLained by recycling of sedimentary 
materiaL in a rather stabLe cratonic environment (see [36]) [18, p. 393]. 

Sediments derived from weathering of upper-crustaL materiaL wiLL inherit an Eu depLetion, 
because in the upper crust, where partiaL meLting takes pLace under wet conditions, pLagio
cLase wiLL preferentiaLLy retain Eu and thus generate a negative Eu anomaLy in upper-crustaL 
materiaL [39]. For the Eu anomalies in Archean graywacke from Wyoming and from the 
Fig Tree Group, South Africa, an unequivocaL reason can not be found. A significant correLa
ti on between excess Eu and Sr is not obvious in the graywackes studied: Either Eu2+ 
is not geochemicaLLy simiLar to Sr2+; the genesis of the Eu anomaLy invoLves a change 
to Eu3 + during weathering, erosion, deposition, or diagenesis ; or the resuLting Eu anomalies 
are produced by compensating enrichments in feldspar and depLetions in the other RE 
concentrating mineraLs [40]. The Eu-enriched nature of Precambrian sediments, in generaL, 
may be partLy expLained by the Eu enrichment in seawater and subsequent precipitation 
and/or adsorption of seawater RE. It is not necessary to invoke achanging RE composition 
of the exposed upper crust to expLain Eu behavior in chemicaL sediments. It does appear, 
however, that the Eu contents of cLastic sediments may aLso be reLated to achanging buLk 
RE content of the upper crust. This change appears to be abrupt between the Archean 
and earLy Proterozoic. So me of the Eu depLetion in earLy Proterozoic shaLes associated 
with bounded iron formations may be due to preferentiaL Leaching of Eu2 + as weLL as to 
an inherited source depLetion [41]. 

To get an indication of the degree of sedimentary recycling during continentaL evoLution, 
the difference ~(Sm/Nd-str.age) between Sm/Nd age and stratigraphie age can be used, which 
shouLd increase towards the present with a 45° sLope (the upper Limit for a compLeteLy 
cLosed system). In order to generate smaLLer ~, sediments formed from a young source 
have to be added. This can be achieved by a simpLe addition; by a partiaL Loss of the 
originaL oLd sediments (e.g., metamorphism) and their repLacement by freshLy derived young 
sediments; or by a combination of the above. Sm-Nd data indicate that to (= beginning 
of simuLated growth and recycling) for the buLk of the continentaL sedimentary mass is 
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>3.0 Gyr (perhaps 3.5 to 4.0 Gyr). A singLe sedimentary turnover (cycLe) is about 65% (and 
not more than 85%) for the cLosed system [36]. ModeL ag es caLcuLated from 147Sm/143Nd 
data for sediments may be expected to provide estimates of their average crustaL residence 
time (""CCR age). The appropriate modeL age shouLd be an estimate of the time at which 
the sampLe possessed the same 143Nd/144Nd ratio as the mantLe reservoir from which its 
parentaL crustaL materiaL was derived. Provided that the Sm/Nd ratio of the sediment is 
cLose to that of the parentaL crustaL materiaL, and the seLected Sm-Nd parameters for the 
mantLe are appropriate, the modeL age shouLd be a good estimate of ""CCR ]35]. 

During the different types of prograde (progressive) and retrograde normaL transforma
tion in the metamorphie cycle, the changes are onLy minor for both the absoLute contents 
of RE ± Y and the reLative RE distributions with increasing degree of metamorphism (Le., 
increasing pressure and/or temperature). In contrast, there are indications of increasing 
mobiLity of Y and RE with higher intensity of a metasomatic infLuence, in most cases reLated 
to, or in combination with, mechanicaL weakening of the rock (shearing, myLonitization); 
sometimes the metasomatism is connected with retrograde aLteration of speciaL rock types. 
For an overview on the behavior of Y and/or RE eLements during the metamorphic cycLe 
(especiaLly their mobiLity and the infLuence of a fluid phase thereon), and during specific 
and metasomatic processes, refer to "Rare Earth ELements" A 6a, 1988, pp. 161/8 and 
168/71, respectiveLy. 

The metasomatic (or, incorrectLy, "metamorphic", better named metamorphogenic) soLu
tions or fluids affecting transport and fractionation of RE ± Y may originate from one or 
more sources as, e.g., (1) Late- or post-magmatic fluids (effective in contact-metamorphic 
processes) ; (2) pore water (from sedimentary source rocks) and/or crystaL water (reLeased 
from decomposed mineraLs); (3) juvenile fLuids/soLutions from the depth (mantLe) and/or 
crystaL water (effective in the formation of meta-igneous and granitized rocks); or (4) fluids 
mobiLized from a subducting mantLe wedge (effective in the formation of ophioLites and 
ecLogites). For additionaL detaiLs, refer to the reLevant sections and paragraphs in "Rare 
Earth ELements" A 6a, 1988, .. Metamorphic CycLe". 

Migration of Y and RE, mobiLized during the normaL metamorphic processes, occurs 
mostLy over a short distance mainLy by redistribution from primary into secondary mineraLs. 
But transport over some distance occurs during very extensive penetration of rocks by 
metasomatic/metamorphic fluids (high fluid fLux) due to compLexing of Y and RE predominant
Ly with the haLogens and carbonate ions (somewhat infLuenced by p, T, and Ligand concentra
tion; refer aLso to "SeLtenerdeLemente" A5, 1981, pp. 420/8). Thus, at Lower temperatures, 
different types of aLkaLi metasomatism promote transport of Light RE predominantLy in soLu
tions rich in Na and CL (in the course of aLbitization or spiLitization); heavy RE and Y are 
more effectiveLy transported in soLutions rich in K and F (in the course of biotitization, 
sericitization, or feLdspathization). At both higher temperature and pressure, fluids with 
increasing amounts of CO2 (derived from country rock or from the mantLe), and due to 
stabiLity of compLexes, seem to be more effective in transporting heavy than Light RE, 
especiaLly during processes infLuencing acid granuLite-facies rocks and charnockites. OnLy 
in cases of extreme deveLopment of water-dominated metasomatic processes (as, e.g., 
serpentinization, rodingitization, amphiboLitization, epidotization, or chLoritization), predomi
nantLy Light RE are infLuenced. 

Compared to average crustaL data, the Low absoLute RE concentrations (~100 ppm), 
the enrichment of Light RE, and an Eu excess must be characteristic of "primary" anatectic 
meLts. When fractionaL crystaLLization of granitoid meLts is suppressed or Lacking (e.g., at 
the stage of anatectic magma formation), the reLative Eu content approaches that of the 
crust [42]. In paLingenic meLting of various rocks, the RE contents shouLd be determined 
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by their contents in apatite subject to equilibrium melting and by the contents of K. Composi
tions of RE in the primary mantle magmas are richer in light RE (La, Ce, Nd) relative 
to primary crustal-sialic magmas (especially those produced from gneisses). Crustal mag
mas, on a first and fairly crude evaluation, should differ from mantle ones by lower light 
RE/heavy RE ratios [43]. The total RE content in magmas tormed trom sediments byanatexis 
is higher than in magmas formed in the mantle, because RE are enriched into the upper 
crust and its silica-rich differentiates [44]. 

According to a model for development of early continental crust, partial melting of mafic 
granulites leads to Archean tonalitic and trondhjemitic magmas which would be enriched 
in mantle and/or lower-crust volatiles (as CO2' halogens, and 502) which are all capable 
of forming soluble complexes with certain incompatible elements. The most soluble com
plexes (of, e.g., heavy RE and Y) can migrate out of the system resulting in the heavy 
RE-depleted character of Archean tonalitic gneisses. The more potassic granitic rocks are 
regarded as derived mainly by volatile-induced melting of these tonalites. Melts thus derived 
are expected to show variable fractionation of heavy RE, depending on their content in 
the source region, the composition of the volatile phase and the extent to which it was 
entrapped in the crystallizing magma [45]. Note also that early Archean tonalites (impover
ished in Y) of Karelia, European U55R, are mainly derived from melts of mantle and crustal 
material. Predominantly ultrametamorphism of tonalites and supracrustal rocks, with addi
tion of mantle fluids, produced gneissic granites and migmatites during the late Archean 
[46]. Partial melting of an amphibolite at relatively shallow depths «50 to 60 km), in which 
the residue is largely hornblende, is suggested as the source of two high-Al20 a trondhjemites 
(with chondrite-normalized RE patterns enriched for light RE and flat, slightly depleted 
for heavy RE) from the basement near the Archean Favourable Lake volcanic complex, 
northwestern Ontario, Canada [47]. Probably formed by equilibrium melting of a low-K20 
tholeiite or an island-arc basalt during anatexis in an orogenic zone is the highly homoge
neous, high-Al20 3 and low-K20 trondhjemite at Follstad, Trondheim region, central Norwe
gian Caledonides, which has a highly fractionated chondrite-normalized RE pattern (heavy 
RE relatively depleted against light RE) [48]. The most satisfactory models for formation 
of trondhjemitic gneiss and tonalite plutons of the Archean migmatite complex near the 
Gwenoro Dam area, Zimbabwe-Rhodesia, are those involving partial melting of an amphibo
lite parent, ranging in composition from undepleted to variably depleted Archean tholeiite. 
The former can lead to tonalite plutons, the latter, mixed with undepleted tholeiite, gives 
trondhjemite gneiss. Distribution of RE (e.g., strong, 25 times chondritic light-RE enrichment 
and slightly negative Eu anomaly in tonalite plutons) do not allow garnet as a residual 
phase. Amphibolite inclusions in trondhjemite gneiss apparently have been produced by 
partial melting of ultramafic rocks in the mantle in which neither amphibole nor garnet 
remains in the residue (the observed light-RE depletion probably reflects a partially depleted 
source) [49]. Partial melting of eclogite or amphibolite (of subalkaline basaltic or gabbroic 
composition) at mantle depths, leaving a residue of clinopyroxene and garnet, generates 
igneous rocks of quartz-dioritic composition (with low total, and near-chondritic heavy RE 
contents). Thus, as follows from the low heavy RE content and application of a partial-melting 
model (see original paper), 20% partial melting of a quartz eclogite (with a composition 
similar to that of early Precambrian basalt), leaving a high portion of garnet in the residue, 
is suggested for two samples of 5aganaga tonalite, Thunderbay district, western Ontario, 
Canada. Partial melting of eclogite could produce the observed low RE content as well 
as the positive Eu anomaly in a leucocratic trondhjemite dike if the parent eclogite had 
a RE distribution similar to early Precambrian basalt or gabbro. Possibly, partial melting 
of a gabbroic source with low RE content, leaving a residue primarily composed of clinopy
roxene with only minor garnet, hornblende, or plagioclase, is the source of the trondhjemitic 
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Burntside gneiss, St. Louis county northeastern Minnesota, wh ich aLso has a Low totaL RE 
content but no strong depLetion of Light reLative to heavy RE. The simiLarity in chondrite
normaLized RE patterns for rocks of such diverse occurrence suggests that the patterns 
refLect a simiLar, primary origin of the magmas, and are not the resuLt of Later events 
(such as differentiation 01 a minor phase Like zircon, apatite, or titanite; Loss of a RE-enriched 
Late-stage hydrothermal soLution; or effects of metamorphism) [19]. Permissive of a Large 
variety of generative mechanisms by partiaL meLting of basic source rocks, with garnet 
in the residue at mantLe depths (without assigning a precise geotectonic setting), are the 
high [Ce/Yb]N ratios for three Archean synkinematic pLutons from near YeLLowknife, North
western Territories, Canada. Both the western and southeastern granodiorites show simiLar 
chondrite-normaLized RE patterns with an enrichment of Light reLative to heavy RE (average 
[Ce/Yb]N ratio of 22.0) and without significant Eu anomalies (average Eu/Eu' ratio of 0.93) 
[50]. Note aLso that an origin by 5 to 15% partiaL meLting of a basaLtic source, Leaving 
garnet and/or amphiboLe as residuaL phases, is supported by the simiLar RE contents for 
synkinematic granites from the Archean YeLLowknife supergroup and associated dacitic voL
canic rocks from the Banting Formation [51]. 

Because ecLogites, or its mineraL constituents (garnet and cLinopyroxene, mainLy ompha
cite), are viewed as an important source component for magmatic/metamorphic meLts (e.g., 
refer to pp. 185, 189, and "Rare Earth ELements" A6a, 1988, Paragraph 6.5.2.2), or are 
invoLved in modeLs describing mantLe-crust evoLutions (e.g., refer to pp. 161, 163), one shouLd 
take notice of the two main types of ecLogite with different RE characteristics: (1) aLmandine 
ecLogite (or basaLtic ecLogite) of crustaL origin (and associated with basaLts and gabbro
diabase of continentaL or isLand-arc type) has high RE content up to 170 ppm ~RE and 
Ce/Nd ratios between 0.8 and 1.2; and (2) pyrope ecLogite (or kimberLitic ecLogite) of mantLe 
origin (and associated with pLagiocLase- or garnet peridotite and olivine gabbro) has Low 
RE content between 10 and 30 ppm ~RE and Ce/Nd ratios between 3.5 and 5 [52]. 

Hydrosphere 

A thorough compiLation for the migration of Y and RE eLements in the marine environment 
shows the dominating infLuence of terrigenous matter in suppLying the oceans with these 
eLements. ALso discussed is the theoreticaL basis for RE differentiation in oceanic waters 
during transportation (due to the presence of suspended, coLLoidaL, or dissoLved forms of 
RE), or during precipitation with sedimentary, chemogenic, or biogenic formations. For the 
detaiLs, see originaL paper [53], and refer to the reLevant paragraphs in Chapter 7 (see 
pp. 1/89) describing the factors and/or processes governing the behavior of Y and/or RE 
eLements during the geochemicaL cycLe in the marine and non-marine environments. 

As is suggested by the LateraL and verticaL RE distribution (refer aLso to pp. 34/9), seawater 
dispLays a typicaL, negative Ce anomaLy (due to its redox behavior, see beLow) which is 
caused predominantLy (or excLusiveLy) by the formation of ferromanganese noduLes (showing 
a compLementary enrichment in Ce, refer to pp. 76/7) on the sea fLoor. Besides polymetaLLic 
Fe-Mn noduLes, paLagonitization of basaLtic gLass (seLectiveLy enriched in Ce (refer to 
"Rare Earth ELements" A 6a, 1988, pp. 13/7)) is another possibLe process which might ex
pLain the Ce depLetion in seawater [54]. 

DissoLved Ce occurs mainLy as CeH under Eh-pH conditions appropriate for seawater
rock interactions, and the Ce(OH)~+ species predominates onLy in oxidizing aLkali ne so Lu
tions. However, the effective Eh at the surface of Mn noduLes is eLevated 200 to 400 mV 
above that of seawater, and thus precipitation of Ce dioxide may take pLace according 
to Ce(OH)~+ ~ 2H+ +Ce02 [55]. The strong fractionation of Ce from the trivalent RE in 
seawater apparentLy is due to its oxidation to the highLy insoLubLe tetravalent state and 
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precipitation as hydroxide [26, pp. 286, 291/2]; refer aLso to p. 32. The range of Eh vaLues 
for the oxidation reaction Ce3+ +40H- ~ Ce(OH)4 +e- is between 0.15 and 0.27 V [56], 
and the soLubiLity product of Ce4+ hydroxide is almost two orders of magnitude Lower than 
that of the REH hydroxides. The preferentiaL separation of Ce as a solid phase by sorption 
on suspended matter is provided by the beginning of CeH hydrolysis at a pH 3.8, which 
is much Lower than that of seawater or of the precipitation of the other RE [57]. At pH 8, 
the above reaction has Eh 0.34 V, and since Ce02 is more stabLe and might actuaLLy controL 
the oxidation of Ce, the Eh vaLue probabLy is Lower than this vaLue [58]. 

According to the vaLue of normaL redox potentiaL in seawater, the oxidation of Ce does 
not take pLace if it occurs in ionic form, whereas eLements such a,s Mn, occurring as sLightLy 
dissociated compounds (compLexes), are more readiLy oxidized, and this mechanism may 
aLso be assumed for Pr with anormaL redox potentiaL higher than that for Ce, SupposedLy, 
the oxidation of Ce (and Pr) takes pLace most readiLy at the contacts with coLLoidaL particLes 
(suspensions) of hydrated Mn dioxide and Fe hydroxide; diminished contents of the former 
eLements in seawater become understandabLe [59]. An enrichment of Ce in manganese 
noduLes caused by oxidation occurs in most marine environments, since the Eh in seawater 
and sediments mostLy ranges from 0.25 to 0.45 V (cLustering around 0.35 V). If Eh is Lower, 
or within the Lower range, Ce oxidation wouLd not be sufficient and, consequentLy, manganese 
noduLes wouLd Lack a Ce enrichment [60]. Note aLso that an addition of Ce directLy from 
seawater into ferromanganese noduLes and sediments (siLiceous ooze, gLaciaL siLt, and 
ridge-fLank cLay) of the Pacific Ocean (mainLy its northern equatoriaL part) is due to oxidation 
of Ce in seawater and subsequent uptake as Ce4+. This is inferred from a significant correLa
tion for contents of Co and Ce in the ferromanganese noduLes, wh ich suggests simiLar 
enrichment processes and is not observed for the trivalent RE [61]; and precipitation of 
Ce due to its oxidation and hydrolysis and the LocaLization of ferromanganese noduLes 
in the northwestern part of the SLack Sea may expLain the Ce minimum in the water of 
the Karkinit GuLf and its absence off Poti in the southeastern SLack Sea [62]. Further, precipi
tation of Ce as Ce(OH)3 on the surface of manganese noduLes with subsequent spontaneous 
oxidation to the tetravalent state is suggested [63]. For additionaL data on RE incorporation 
(incLuding Ce anomaLy) in ferromanganese noduLes by direct precipitation from seawater, 
refer to pp. 75/8. 

SioLogicaL fractionation as a possibLe cause of the negative Ce anomaLy in seawater 
is deduced from RE concentration factors CF (ratio between RE contents in gIg dry pLankton 
(average) and gIg in seawater) in mixed phyto- and zoopLankton sampLes (comprising Living 
and dead particLes) from surface seawater of both the coastaL and open eastern Pacific 
Ocean (CF for Ce is 4,6 times greater than for La and Sm, and 5,7 times greater than 
for Eu), as weLL as from minimum residence times in the photic Layer T (ratio between 
content in g/cm 2 for the photic Layer and assumed rate of annuaL uptake in g/cm2 yr.; 
assuming that removal per year equaLs production, the average annuaL bioLogicaL production 
of the Pacific Ocean is 7.5 x 103 9 C/cm 2 yr.). Thus, eLements with T much Lower than the 
age of Pacific seawater (1600 yrs,) are rapidLy removed from the water coLumn; and since 
a Linear relationship occurs between Log CF and T, bioLogicaL transport via phases with 
an approximate reLative chemicaL scavenging ability as the above mixed pLankton sampLes 
is suggested to be an important mechanism for cycLing of eLements with CF~102. The 
concentration factors and minimum residence times in the photic Layer for some RE in 
the Pacific pLankton sampLes are as foLLows [64]: 
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For definition of various other residence times, and for statements from them on migration 
of RE in seawater, refer to pp. 65/7. 

Both negative and positive Ce anomalies have been observed almost exclusively within 
the marine environment. Therefore, Ce fractionations are more likely to be the result of 
strictly marine cycling processes: All trivalent RE (including Ce3+) are removed from seawa
ter by adsorption, and an additional removal of dissolved Celll by oxidation to solid Celv 

is suggested. Post-depositional reduction to Celll may occur in organic matter-rich inshore 
sediments, at which point Ce behaves again as the other, strictly trivalent RE. Nevertheless, 
aregenerative flux of all RE (including Ce3+) from these sediments would still carry the 
memory of a positive Ce anomaly. Relatively slow oxidation rates, in analogy with Mn, 
would allow so me diffusion of dissolved Ce"l ac ross oxic surface sediment layers and subse
quent lateral transport into the center of an ocean basin leads to the observed enrichments 
in the surface waters. Then marginal sediments would act as a source for both the positive 
Ce anomaly and Ce itself. In surface water transects one expects both these properties, 
like Mn, to decrease in an offshore direction (refer, e.g., to pp. 34/6) as a result of oxidative 
scavenging removal. According to an observed Ce depletion of deep waters (refer, e.g., 
to pp. 39/41), one would expect to find a positive Ce anomaly for the authigenic fraction 
of particles settling towards the sea floor, but this has yet to be verified [65]. Note further 
that, although a negative Ce anomaly is characteristic for the deep-ocean environment, 
in so me cases also divergent anomalies occur during the beginning of submarine weathering 
and with the change of smectite composition. Whereas Fe-rich varieties formed early in 
palagonitized glass have a positive Ce anomaly, a negative one occurs in later-formed 
authigenic smectites from solutions in equilibrium with seawater. This makes it difficult 
to distinguish by the RE distribution alone between detrital and authigenic minerals without 
regard to its regional volcanic-sedimentary connection [66]. 

Atmosphere 

Besides mainly terrigenous material from the continents (see pp. 93/101), there is an 
anthropogenic source (industrial emission, burning of fossil fuels) for RE elements in the 
atmosphere (see pp. 103/5); origin from marine sources is minor (see pp. 101/2). A probable 
mechanism of RE migration from the ocean into the atmosphere is shown to be evaporation 
of high-molecular organic compounds (wh ich are concentrated in the surficial parts of the 
sea), for the distribution of RE in plankton differs only little from that in sea- and rainwater 
of the Atlantic, Pacific, and Indian oceans [67]. Experiments with radioactive tracers on 
physical evaporation of seawater confirm a loss of elements, especially RE, into the atmos
phere [68]. 

In the atmosphere, RE elements are connected mainly with coarser aerosol particles 
(see pp. 105/12) and, aside from variable near-source contents, are distributed homoge
neously throughout the atmosphere (see pp. 112/25), but there are temporal variations with 
the seasons and/or meteorological conditions (see pp. 125/31). 

Removal of RE from the atmosphere occurs predominantly by wet deposition (rain or 
snow); dry fallout (governed by particle size, shape, and density) is negligible (see pp. 132/6). 
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9.2.1.5 Mean Contents of YttrIum and/or Rare Earth Elements 
in Terrestrial Environments and Balance for Individual Geospheres 

Mean contents in the earth crust (Clarke values) and average contents in the main 
igneous rock types (ultrabasic, basic, intermediate, and acid) of the lithosphere are given 
for Y and the individual RE in [1]. 
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AdditionaLly to the mean contents 01 Y and RE elements lor total earth, mantle, and 
crust given in "Seltenerdelemente" A5, 1981, pp. 2/9, the foLlowing more recent data have 
been determined. Based on data lor (meta-)sedimentary rocks, the abundances 01 these 
elements lor the primitive earth mantle and different parts 01 the present and Archean 
crust [2, pp. 384/5) and lor the post-Archean crust [3) are as 10Llows (note partly differing 
values lor individual RE given in [4)): 

content in ppm lor 
primitive present crust Archean post-Archean crust 
mantle total upper 1) lower upper crust 2) total upper lower 

Y 2.9 22 22 22 15 22 27 20 
La 0.50 19 30 14 12.6 19 38 9.5 
Ce 1.30 38 64 25 26.8 38 80 17 
Pr 0.19 4.3 7.1 2.9 3.1 4.3 8.9 2.0 
Nd 0.967 16 26 11 13.0 16 32 8.0 
Sm 0.314 3.7 4.5 3.3 2.78 3.7 5.6 2.8 
Eu 0.12 1.1 0.88 1.2 0.90 1.1 1.1 1.1 
Gd 0.42 3.6 3.8 3.5 2.85 3.6 4.7 3.1 
Tb 0.079 0.64 0.64 0.64 0.48 0.64 0.77 0.58 
Dy 0.52 3.7 3.5 3.8 2.93 3.7 4.4 3.4 
Ho 0.12 0.82 0.80 0.83 0.63 0.82 1.0 0.73 
Er 0.34 2.3 2.3 2.3 1.81 2.3 2.9 2.0 
Tm 0.048 0.32 0.33 0.32 0.26 0.32 0.41 0.28 
Yb 0.34 2.2 2.2 2.2 1.79 2.2 2.8 1.9 
Lu 0.052 0.30 0.32 0.29 0.28 0.3 0.4 0.25 

1) Note also that contents 01 individual RE in loess samples Irom various deposits 01 America, 
Europe, China, and New Zealand are indistinguishable Irom average upper-crustal contents 
[5). - 2) An estimate lor the most Iractionated Archean exposed crust aLlowed by sedimenta-
ry data gives in ppm: La 25.0, Ce 51.6, Pr 5.50, Nd 21.3, Sm 3.72, Eu 1.13, Gd 3.24, Tb 
0.55, Dy 3.24, Ho 0.69, Er 1.92, Tm 0.27, Tb 1.79, and Lu 0.27; the Eu/Eu' ratio is 1.0 [6, 
p.349). 

For contents 01 Y and RE elements in the upper and lower mantle, reler also to p. 163. 
Average continental crust calculated Irom three sections 01 the Canadian Shield (northern 
Quebec, Baffin ISland, and southern Saskatchewan) contains in ppm: Y 20.7, La 32.3, Ce 
65.6, Nd 25.9, Sm 4.51, Eu 0.937, Gd 2.79, Tb 0.481, Ho 0.623, Yb 1.47, and Lu 0.233 [7). 
Average oceanic crust calculated Irom analyses 01 Iresh ocean-ridge basalts (taken Irom 
the literature) contains in ppm: Y 40, La 3, Ce 10, Pr 1, Nd 10, Sm 3, Eu 0.7, Gd 4, Tb 
0.7, Dy 4, Ho 1, Er 3, Tm 0.8, Yb 2, and Lu 0.5 [8). 

For the mantle source 01 normal- and enriched-type MORB, the 10Llowing contents and 
ratios lor Y and some RE are calculated [9): 

Y 

N-type 4.1 
E-type 2.7 

La 

0.31 
0.66 

content in ~g/g 
Ce Nd Sm 

0.95 
1.68 

0.86 
1.11 

0.32 
0.42 

Tb 

0.08 
0.08 

ratios 
La/Th La/Ta Zr/Y 

15 
11 

14 
11 

2.8 
4.2 

The calculated average Sm/Nd ratio is 0.30 lor the lower crust, similar to chondrite 
values 01 0.325, but much higher than 0.18 lor the upper crust [2, p. 386). 
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Computer-derived element abundances of Y and RE (from numerous literature data 
up to 1963) are as foLlows for individuallithologic categories [10, pp. 285/6]: 

content in ppm 
igneous shale sandstone carbonate oceanic oceanic 
rocks rocks clay carbonate 

Y 41.4 20.4 16.2 14.9 57.3 36.4 
La 48.1 28.1 18.6 9.42 68.2 16.3 
Ce 130 44.7 55.0 10.8 203 35.3 
Pr 16.7 5.50 7.05 1.28 26.0 4.64 
Nd 56.5 18.0 23.9 7.99 87.5 20.9 
Sm 15.5 4.97 6.63 1.08 24.2 4.53 
Eu 2.28 1.07 0.944 0.187 3.35 0.822 
Gd 9.90 4.10 4.41 0.773 14.7 4.44 
Tb 1.78 0.540 0.745 0.145 2.77 0.741 
Dy 9.82 4.15 3.06 0.528 14.9 4.47 
Ho 2.40 0.824 1.11 0.180 3.67 0.880 
Er 3.62 1.75 0.884 0.449 5.43 1.75 
Tm 0.938 0.286 0.303 0.0750 1.40 1.07 
Yb 4.76 1.58 1.61 0.197 7.54 1.42 
Lu 1.13 0.284 0.298 0.111 1.80 0.860 

The computed abundances in relation to four domains of sedimentary rock deposition are 
as foLlows [10, pp. 286/7]: 

content in ppm 
continental mobile-belt hemipelagic pelagic 
shield shelf region region 

Y 17.8 18.2 55.2 54.3 
La 21.6 23.5 63.0 60.9 
Ce 40.8 46.4 186 179 
Pr 5.09 5.80 23.9 23.0 
Nd 17.5 19.4 80.9 78.2 
Sm 4.66 5.34 22.3 21.5 
Eu 0.861 0.974 3.10 3.00 
Gd 3.54 4.03 13.6 13.2 
Tb 0.518 0.590 2.56 2.48 
Dy 3.14 3.56 13.9 13.5 
Ho 0.776 0.889 3.39 3.28 
Er 1.24 1.36 5.07 4.92 
Tm 0.248 0.279 1.37 1.36 
Yb 1.32 1.52 6.93 6.68 
Lu 0.252 0.277 1.71 1.67 

The RE contents and Eu/Eu' ratios for average shale composites from post-Archean 
samples of North America (NASC) [11] and from the Paleozoic of Europe (ES) [12]. and 
for post-Archean sediments (shale, siltstone, and subgraywacke) from five areas of Australia 
[13] are as foLlows: 
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content in ppm content in ppm 
NASC ES Australia') NASC ES Australia ,) 

La 32 41.1 38 Dy 5.8 4.4 
Ce 73 81.3 80 Ho 1.04 1.20 1.0 
Pr 7.9 10.4 8.9 Er 3.4 3.55 2.9 
Nd 33 40.1 32 Tm 0.50 0.56 0.50 
Sm 5.7 7.3 5.6 Vb 3.1 3.29 2.8 
Eu 1.24 1.52 1.1 Lu 0.48 0.58 0.50 
Gd 5.2 6.03 4.2 Eu/Eu' 0.70 0.70 0.67±0.05 
Tb 0.85 1.05 0.77 

,) Additionally 2.8 ppm V; the values for Tm and Lu are only calculated. 

New analyses of the (not strictly) North American shale composite document that significant 
portions of RE and other trace elements are contained in minor phases and that their 
uneven distribution in the NASC powder appears to have resulted in heterogeneity among 
analyzed aliquants. Consequently, caution should be exercised in the interpretation of RE 
distributions of sediment samples as they may be variable and biased relative to average 
RE distribution of the crustal rocks supplying detritus. These effects appear to be largely 
averaged out in sediment composites, with the result that their RE distributions are more 
likely to be representative of their provenances [55]. For the matrix of 15 tillite samples 
from three areas of the Gowganda Formation (Lower Proterozoic) north of Lake Huron, 
Canada, the mean contents of some RE are as folio ws and given in ppm: La 25, Ce 55, 
Nd 23, Sm 4.3, Eu 1.2, Gd 3.8, Dy 3.1, and Er 2.0; the weighted Eu/Eu' ratio is 0.89±0.13. 
These values may be comparable to upper crustal abundances [14]. 

Calculating bulk earth (~ undifferentiated mantle) parameters assuming (1) that the 
earth has the same relative abundances as carbonaceous chondrites, or (2) that heat lost 
from earth equals heat generated, the respective contents of Sm and Nd are calculated 
to be 0.32 and 0.97 ppm for (1), and 0.74 and 2.2 ppm for (2); in both cases the Sm/Nd 
ratio is 0.32 [15]; refer also to [16, p.6093] and the isotopic data given in "Seltenerdele
mente" A5, 1981, p.9. Using a self-consistent, near-steady state recycling earth model, 
the chemical characteristics of major domains are calculated as follows [17]: 

crust mantle bulk 
upper lower upper lower total earth 

Sm (ppm) 5 3 0.46 to 0.54 0.49 to 0.52 0.5 0.35 
Nd (ppm) 25 12 1.4 to 1.6 1.46 to 1.55 1.5 1.08 
147Sm/144Nd 0.12 0.15 0.20 0.917 

But note in contrast that only a small portion of the earth's total Sm and Nd budget is 
found in the crust [59]. Average southern Australian lower crust, calculated by weighing 
xenoliths (garnet pyroxenite, garnet granulite, felsic garnetiferous gneiss) according to their 
relative abundance, has 3.2 ppm Sm, 11.8 ppm Nd, and ratios of 0.16 for 147Sm/144Nd and 
0.51179 for 143Nd/144Nd; eNd(O) is -1.0 [18]. The 147Sm/144Nd ratio of average Precambrian 
surface crust is ~0.110 (see [19]), similar to that of average North American shale with 
~ 0.115. These upper crust values are essentially identical to crust values of 0.108 ± 0.01 
derived from two models (VIL and DEL, see p. 162) [20, p. 194]. A present-day 143Nd/144Nd 
ratio of 0.5129 is calculated for the residual mantle after generation of crust < 2.5 Gyr aga 
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[16, p.6098], and the 143Nd/144Nd ratio of the mantLe source (for MORS) is close to 0.5130; 
that of average continental material will be <0.5120 [21]. 

If the mean age of the continental crust is as great as 2500 Myr and with estimates 
of enrichment factors fNd from -0.35 to -0.48 for it (see, e.g., [16, 22 to 24]), an ENd of 
-0.30 for the continental mantLe is quite plausible [25]. 

There are global and regional trends in isotopic ratios (wh ich reflect the secular addition 
of radiogenic isotopes such as of Nd from the a-decay of 147Sm) and are given in a scheme 
for the possible distribution of Nd isotope compositions (mean ENd values) in mantLe, crust, 
and various geotectonic positions [26]. Whereas the Sm-Nd isotopic system is not substan
tially disturbed during sedimentation or diagenesis (refer to pp. 186/7 and "Rare Earth 
Elements" A6a, 1988, "Sedimentary Cycle"), Nd is enriched relatively to Sm during mag
matic processes leading to the production of sialic crust from the upper mantLe [61]. 

Elements derived from upper continental crust may be transported back into the mantLe 
by dissolution in seawater and reprecipitation in fresh oceanic crust by low-temperature 
alteration (refer also to "Rare Earth Elements" A6a, 1988, pp. 13/7) and hydrothermal inter
action. To estimate the maximum possible concentration increase of the oceanic crust due 
to uptake of U, Th, Rb, Sr, and Nd dissolved in seawater, calculations have been performed 
considering the production rate of oceanic crust (~20 km3/yr.) besides river influx (or pelagic 
precipitation) and the assumptions that this crust is the only sink for these elements and 
that steady state prevails. The results for Nd are: 0.2 to 1.4 x 1010 g/yr. pelagic precipitation 
and <0.24 ppm net concentration increase of crust, or <2% concentration increase of crust 
via fresh MORS [27]. Note also that ocean floor basalt is not an important sink, and that 
the oceans may be small (~4 x 109 kg) but well-mixed reservoirs for Nd [21]. 

An analysis of the initial Nd and Hf isotopic composition of modern and ancient mantLe
derived rocks shows that the divergence of the mantLe ratios for 143Nd/144Nd (and 176Hf/177Hf) 
from the chondritic ratios over the past 2 x 109 yrs. has been much less than would be 
expected from data based on these ratios for the mantLe source of MORS. The most likely 
explanation is that rock material from the continents has been recycled semi-continuously 
back into the mantLe over this period of time (refer also to pp. 177/8). As is calculated 
from a simple transport model, the required rate of return of continents to the mantLe is 
about 0.35±0.15 of the continental mass per 109 yrs. (or ~2.5 km3/yr.). This is consistent 
with the hypothesis of an approximately constant mass for the continents since the late 
Archean [28]. 

For a compilation of published data (up to 1971) on the levels of radioactivity (including 
isotopes of Y, Ce, and Eu) in seawater, sediment, and marine biota from fallout and waste
disposal operations, see [54]. 

A balance of Ce and Yb concentrations for the undifferentiated earth (= crust + mantLe) 
and the differentiated parts is as follows [29]: 

ppm Ce ppm Yb Ce/Vb ratio 

undifferentiated earth 1) 3.1 0.68 4.6 
mantLe equivalent concentration 
removed to crust 2) 0.39 0.018 21.7 
residual mantLe 2.7 0.66 4.1 

1) Values calculated using a mean heat flow of 1.95 /.lCal/cm2 sec. - 2) Calcu
lated from crustal abundances given in [31]. 
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For basic principles of balance calculations for Nd and Sr budget in the crust-mantle system, 
considering the concepts of mean and modal ages, see [30]. 

The results of mass balance calculations for a post-Archean composition (D) assuming 
the simple equation D=xA+(1-x)B (where A=Archean composition, B=late Archean up
per crustal addition composition, and x = mass fraction) are given in the foUowing and com
pared with known post-Archean upper crust compositions (C) [6, pp. 349, 353/4]: 

A B C D*) 

Sm (ppm) 3.72 4.86 4.5 iO.36 4.62 or 4.35 
Eu (ppm) 1.10 0.93 0.88iO.07 0.97 or 1.01 
Gd (ppm) 3.24 4.10 3.8 iO.30 3.92 or 3.72 
Eu/Eu* ratio 0.95 0.62 0.65iO.03 0.68 or 0.75 
Th (ppm) 6.9 12.3 11.1 i1.2 11.2 or 9.9 

*) First number is for the maximum value of x (0.21) to explain composition 
C (particularly the mean Eu/Eu* ratio) within uncertainties; second 
number is for the respective value of x (0.44) to explain the Th abun
dances. 

A computer-derived geochemical mass distribution and balance between primary ig
neous rocks, sediments, and seawater for Y and the RE in various geological domains 
(columns (1) through (7)) gives the foUowing results, which show a material balance between 
the sum for columns (1) to (6) and column (7) [10, pp. 280/4,287/8]: 

content in 1014 metric tons 1) 

continental mobile- hemi- pelagic connate sea- weathered 
shield belt pelagic region water water igneous 

shelf region rocks 
(1 ) (2) (3) (4) (5) (6) (7) 

Y 0.0455 0.140 0.411 0.248 4.40* 42.1 * 0.844 
La 0.0553 0.180 0.469 0.278 0.00425* 0.0407* 0.982 
Ce 0.105 0.356 1.38 0.818 0.00188* 0.0180 2.66 
Pr 0.0130 0.0445 0.178 0.105 0.000935* 0.00895* 0.341 
Nd 0.0448 0.149 0.602 0.357 0.00336* 0.0321 * 1.15 
Sm 0.0119 0.0409 0.166 0.098 0.000638* 0.0061 * 0.317 
Eu 0.00221 0.00747 0.0231 0.0137 0.000166* 0.00159* 0.0464 
Gd 0.00906 0.0309 0.102 0.0604 0.000893* 0.00854* 0.202 
Tb 0.00133 0.00452 0.0191 0.0113 0.0363 
Dy 0.00805 0.0273 0.104 0.0615 0.00106* 0.0102* 0.200 
Ho 0.00199 0.00682 0.0253 0.0150 0.000322* 0.00309* 0.0491 
Er 0.00319 0.0104 0.0377 0.0224 0.000893* 0.00854* 0.0738 
Tm 0.000635 0.00214 0.0102 0.00619 0.000191 * 0.00182* 0.0192 
Yb 0.00339 0.0116 0.0516 0.0305 0.000765* 0.00742* 0.0972 
Lu 0.000644 0.00212 0.0127 0.00762 0.000170* 0.00163* 0.0231 

1) Values marked with an asterisk are given in 108 metric tons! 

For a first approximation one can assume that the total river loading of an element 
(including dissolved and particulate forms; see also below) is deposited in estuaries and 
continental shelves (in sediments with typical shale composition) and on the deep-sea 
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fLoor (with oceanic pelagic clay). Mass balance is calculated by 

MT . C~ + F . C~ = (MT + F . ~ C~ - M) C~h - M . C~p (1 ) 

where MT is the total suspended particulate fLux from rivers to the ocean (18±3 x 1015 g/yr.), 
M is the total sedimentation rate of pelagic clay (1.1 ±0.4 x 1015 g/yr., obtained from an 
average pelagic clay sedimentation rate of 0.3±0.1 x 10-3 g/cm yr.), and Fis the total river 
water fLux (33 ± 3 x 1016 g/yr.); C~, C~, C~h' and C~p are the concentrations of element i 
in river-suspended particles, filtered river water, shale, and oceanic pelagic clays, respec
tively; F . ~ C~ (~0.9 X 1015 g/yr.) is the summation of the dissolved river loadings (excluding 
Ca2+ and HC03-which are deposited separately in the oceans as oceanic carbonates) and 
the recycled sea salt components (assuming Cl- is recycled through the atmosphere). Divid
ing equation (1) by MT' and sUbstituting various coefficients with known values, one obtains 

C~ + 1.8 x 1 03 C~ = 0.99 C~h +0.66 C~p (2) 

where all Ci are in ppm [32, pp. 2076/8]. As a first approximation, the chemical composition 
of river-suspended matter is very close to that of surficial rocks (see table below). However, 
owing to the importance of chemical weathering and the resulting transport of dissolved 
material, the suspended matter is relatively enriched in elements such as the lanthanides. 
The use of an average earth rock composition may therefore significantly change mass
balance computations. The mean contents of Y and some RE in continental material (rocks 
and soils), rivers (diss. = dissolved and part. = particulate), and ocean water and deep-sea 
clays are as follows [33] (except for soils, refer also to [34]); approximate values are given 
in parentheses: 

contents in 119/g or 119/L *) 
continental rivers ocean 

rock soil diss.*) part. water*) clay 

Y 33 40 30 0.0013 32 
La 41 40 0.05 45 0.003 45 
Ce 86 50 0.08 95 0.001 100 
Pr 9.6 0.007 (3) 0.0006 9 
Nd 37 35 0.04 35 0.003 40 
Sm 7.1 4.5 0.008 7 0.0005 7.0 
Eu 1.2 1 0.001 1.5 0.0001 1.5 
Gd 6.5 4 0.008 (5) 0.0007 7.8 
Tb 1.05 0.7 0.001 1.0 0.0001 1.0 
Ho 1.6 0.6 0.001 (1 ) 0.0002 
Er 3.7 2 0.004 (3) 0.0008 2.7 
Tm 0.5 0.6 0.001 (004) 0.0002 0.4 
Lu 0.45 004 0.001 0.5 0.0002 0.5 

Except for the migration diagram given in [35] depicting the change in RE composition 
during its way from continent to ocean, complete budgets for Y and/or RE that attempt 
to balance the fraction of elements entering the ocean as dissolved material with their 
accumulation in authigenic and biogenic sedimentary phases are missing, only parts of 
this cyclus have been mentioned or are investigated in detail, as can be seen from the 
following. 

Relating only to the data for river input (as, e.g., derived for the Gironde River estuary), 
the balance is insufficient by a factor of 11 to 12 to account for the present rate of RE 
accumulation in authigenic and biogenic phases of pelagic sediments in the Pacific Ocean. 
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This discrepancy becomes even Larger if one considers: (1) the rather high rates of accumu
Lation of biogenic sediments in the hemipeLagic environment; (2) the omission of severaL 
phases, particuLarLy fish-bone apatites; (3) the negLect of possibLy high accumuLation rates 
of seawater-derived RE aLong the East Pacific Rise; and (4) the use of what is possibLy 
a conservative estimate for the RE concentration in amorphous phases. SeveraL expLanations 
may account for this apparent imbaLance: (1) either the Gironde input is Low for the average 
of worLd rivers, or a fraction of the suspended Load is present as a LooseLy absorbed phase 
which is reLeased to soLution on contact with seawater; (2) diagenesis of buried sediments 
maintains a reLativeLy high concentration of authigenic phases in surface and near-surface 
sediments; and (3) marine voLcanism may contribute significant RE to peLagic sediments, 
principaLLy as voLcanic materiaL that is rather quickLy altered to montmoriLLonite and phiLLip
site or precursors of these two mineraLs [36, pp. 301/2]. Regarding the Garonne and Dor
dogne river vaLues for La (475 x 10- 10 g/L) as an approximation to worLd river La concentra
tion, and assuming that estuarine (Dordogne) removal is affecting roughLy 50% of the suppLy 
(the worLd river discharge taken as 36.4 x 1015 Llyr. and the ocean area to be 3.6 x 1013 km2), 

the river input wouLd be 0.25 x 10-9 g/cm2 yr. But the totaL output of 2.26 x 10-9 g/cm2 yr. 
is higher by an order of magnitude (see tabLe beLow). A smaLL percentage of dissoLution 
of suspended matter in the ocean wouLd easiLy baLance the input deficiency. It may aLso 
be suggested that a fraction of the particuLate suppLy is incorporated in the various authigenic 
phases (as montmoriLLonite and phiLLipsite), and that voLcanic infLux couLd be an alternative 
expLanation. The discrepancy in baLance couLd aLso resuLt from the representation of RE 
data of the Garonne and Dordogne rivers and the Gironde estuary, and the La concentration 
of 2000 x 10- 10 g/L found in Swedish rivers and the CoLumbia River may be more reaListic. 
On this basis, a smaLLer amount of estuarine rem ovaL of 25% is necessary, and the fLuviaL 
gLobaL input to the ocean wouLd become 1.5 x 10-9 g/cm2 yr. which is of the same order 
of magnitude as the oceanic output and thus eLiminates the probLem of RE imbaLance. 
The quantitative data caLcuLated for the individuaL phases invoLved for La output from the 
ocean are as foLLows [37]: 

phase invoLved accumuLation content La accumuLation 
for La output rate in 10-6 g/cm2 yr. ppm La rate in 10-6 g/cm2 yr. 

CaC03 60 0.06 
polymetaLLic noduLes 0.2 250 0.05 
fish bones 0.15 2000 0.30 
montmoriLLonite 15 100 1.60 
phiLLipsite 1.5 150 0.25 
barite 

Note aLso that, according to two modeLs, the caLcuLated accumuLation rates (in 1010 g/yr.) 
for Y (6.4 or 3.1) and La (4.3 or 3.6) in the deep-sea area show a considerabLe discrepancy 
against dissoLved input with rivers (Y 0.29 and La 0.82). Addition of continentaL detritus (with 
Y 1.55 and La 1.80 x 1010 g/yr.) does not equaLize the baLance [38]. The imbaLances given 
above for the overall RE budget based on river input onLy may be equaLized by a major 
atmospheric input and by deep sources (sediments). EquaLLy, a benthic fLux of the magnitude 
of the river fLux wouLd aLLow the Long riverine residence times to be compatibLe with the 
short scavenging residence times (see pp. 191/2). The RE are rapidLy cycLed in the marine 
environment [39]. The baLance of RE in the oceans (as given by [36, 37]) shows that the 
equiLibrium between suppLy and extraction (by precipitation or fixation into sediments) is 
difficuLtLy to maintain, in particuLar for Ce between ferromanganese noduLes, phosphate 
debris, caLcareous sediments, submarine aLteration products of basalt (paLagonitization), 
and seawater. For the quantitative data, see the originaL paper [40]. 
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The ocean-rock system has run so close to a steady state that, for more than 60 elements, 
the rate of input to the ocean by river transport is almost exactly balanced by the rate 
of removal by sedimentation (see [56]). Using a simple chemical reactor model (igneous 
rocks+acid vOlatiles+water --+ seawater+sediment+atmosphere), a strong correlation is 
established between the mean oceanic residence time \. and the ocean-rock partition coeffi
cient Ky(SW) of an element (for the data of log Ky for RE elements, see p. 22). This relationship 
can be used to rationalize the observed composition of seawater (and a similar correlation 
also exists for world average river water). For details, see the original paper [57]. The 
mean ty calculated from river input of dissolved material for some RE elements is as follows 
and given as log ty in yrs.: La 3.31, Ce 2.63, Eu 3.53, Gd 3.47, and Lu 3.83. The relative 
oceanic enrichment can be calculated from log \.-4.53 [58]. For considerably lower mini
mum residence times of La, Ce, Sm, and Eu in the photic layer of the eastern Pacific 
Ocean, see p. 191. 

The total quantities of La buried on the floor of the Pacific and Indian oceans are 21 
and 11 x 103 tlyr., respectively, corresponding to a mean La content of 18.4 ppm for the 
Pacific and 18.5 ppm for the Indian ocean (which is very close to the mean content of 
19 ppm La for sedimentary rocks of continents and subcontinents given in [41]). Calculations 
indicate that pelagic zones of both oceans receive only 6.4% and 2.9%, respectively, of 
all the La supplied by rivers. Most of the river-derived La is deposited at their mouths, 
in marginal seas, and near the coasts [42]. Based on data given in [43], the annual influx 
of Y and La by rivers into the Pacific, Indian, and Atlantic oceans is calculated for Y to 
be 0.2014, 0.2304, and 0.0899 x 106 t, and for La, 0.2807, 0.3225, and 0.1257 x 106 t, respective
ly. Without consideration of the shelf and the upper part of the continental slope, the annual 
accumulation of Y in sediments restricted to landward sites with depths of 1 to 3 km is 
0.03144 x 106 t (or 15.60% of the river runoff) for the Pacific Ocean and 0.0120 x 106 t (or 
5.21% of the river runoff) for the Indian Ocean [44]. For the sedimentation rates (in ~g/cm2. 
103 yr.) of La, Ce, Nd, Sm, Eu, Tb, Vb, and Lu in authigenic and biogenic phases of pelagic 
sediments of the Pacific Ocean, see [36, p. 300]. 

Abundance patterns of RE in seawater, and the calculated enrichment factors fSm/Nd 

for ferromanganese modules (assuming that the North American shale composite represents 
an average continental source) indicate that the RE balance is controlled to so me extent 
by precipitation into these nodules (see also pp. 7617). Clearly, there must be other substan
tial sedimentary deposits or other sinks in the oceans which have f-values (and Ce abun
dances) which would balance the RE abundances by a steady-state model. Ocean floor 
basalts could be one possible sink [45]; though of minor importance (p. 198). Even though 
so me 98% of the annual river flux of Nd is in particulate matter (refer also to p.11), the 
estimated mean concentrations of dissolve Nd in river water are over an order of magnitude 
higher than in the seawater. If these dissolved Nd concentrations in seawater are at a 
steady state, the excess Nd in river water must be sequestered by particulate material 
in the oceans and may constitute a portion of Nd in the hydrogenous RE component of 
pelagic clays (which thus became the largest repository of Nd in the oceans). Assuming 
steady state and a mean content of 37 ppm Nd (as for the North American shale composite), 
the mass balance of Nd in ocean basins is as follows (according to the constraints density 
of dry abyssal sediment=0.7 g/cm3; abyssal non-carbonate sedimentation rate=10- 4 gl 
cm2 yr.; mean ocean depth = 3729 m; pelagic sediment ~ 90% carbonate; Mn accumulation 
rate in nodules=10-6 g/cm2 yr.; Nd content in river water=3.79x10- 7 g/L; and H20 flux 
from rivers into oceans =3.2 x 1016 Llyr.): 2.8 x 10-9 g/L as average Nd concentration in sea
water (see [46]) is equivalently contained in a 0.4 mm-thick layer of pelagic sediment (aver
aged), or the mass of clay particulate containing an equivalent amount of Nd as 1 L seawater 
is ~7.5 x 10-5 g. The average amount of non-carbonate detrital particulate in seawater 
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is 5 X 10- 5 g/L [47]. A source of dissolved Nd from bottom sediments may be necessary 
to bring the dissolved oceanic RE budget into balance. Whereas the dominantly continental 
nature of Nd in ocean water is weil established, it is not yet possible to identify and assess 
the importance of processes active at the sediment-seawater interface that may affect the 
RE budget of the oceans [48]. Although there is a first direct evidence of RE-enriched 
hydrothermal solutions pouring into seawater from the east-Pacific Rise (at 300 N latitude), 
the budget of these elements in the ocean and the crust is not modified, because the 
hydrothermal RE component in seawater is orders of magnitude less than the continent
derived components [49]. Note also that mid-ocean ridges are not important sinks or sources 
for elements with a mass balance ratio coulc;n >0.7 (as, e.g., the RE elements) [32, pp. 2077/8, 
2082]. For the Nd budget in seawater refer also to pp. 46/7. 

Assuming Nd in seawater is in soluble form with a 143Nd/144Nd ratio between 0.51245 
and 0.51264, it is clear that the seawater budget is strongly skewed toward mantle-type 
Nd (introduced by submarine and subaerial volcanism and hydrothermal circulation at mid
ocean ridge crests) [20, p. 197]. 

An assessment of natural and anthropogenic sources of atmospheric emissions gives 
for Sm the following fluxes in 108 g/yr.: from continental dust 32; from volcanic dust 9; 
from industrial particulate emissions 7; and from fossil fuel 5. An estimate of trace metal 
fluxes to the atmosphere from burning of wood and forest fires gives for Sm 0.1 x 108 g/yr. 
Calculated from (total emissions/continental+volcanic fluxes) x 100, the atmospheric inter
ference factor is 29%, indicating that anthropogenic sources are of small importance [50, 
pp. 512/5, 520]. Refer also to p. 104 for mobilization of RE into the atmosphere. For a discus
sion of the relationship between calculated interference factors and observed enrichment 
factors, and for a quantitative model representing the change with time of the mass of 
a given metal in atmospheric particulates, see [50, pp. 515/8]. The transport of Sm into 
the oceans occurs mainly by stream load (890 x 108 g/yr.); atmospheric rainout is minor 
(3 x 108 g/yr.) [50, p.519]. Aerosol-rock enrichment factors EFFe(x) (see p.91) have been 
used to calculate the world emission from natural and anthropogenic sources [51]; and 
compared with the world emission (1967) from fossil fuels (coal and lignite) [52]; the values 
for some RE elements are as folIows: 

emission in 106 g/yr. 
world natural and fossil 
EFFe(x) anthropogenic fuels *) 

La 1.5 1060 1400 
Ce 1.4 2050 1600 
Sm 150 220 
Eu 2.2 70 100 
Tb 0.8 17 42 
Dy 1.4 100 
Ho 0.9 10 42 
Yb 0.05 3.5 70 

*) The emission from oil combustion is for La 
0.8, Ce 2.0, and Er 0.2 x 106 g/yr. 

For samples taken between February and April 1976 at middle-latitude and tropical 
regions of the southern parts of the Atlantic and Pacific oceans, the calculated mass flux 
of La into the atmosphere according to transfer in marine spray and terrigenous material 
is 1.2 and 6.0 x 104 t/yr., respectively. The content of La (range and mean) in fractionated 
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marine spray is 1.0 to 6.1, 2.9 mg/L [60]. Refer also to p.101 for mass fLux of La with 
terrigenous material entering the atmosphere. 

Annual deposition of L light and L heavy RE by rain and dry deposition over the Atlantic, 
Indian, and world oceans, and total deposition of La, Ce, Sm, and Eu from the atmosphere 
over Great Britain, are given on pp. 134/5. 

For a balance of RE distribution and composition in the mineral conte nt of individual 
metasomatic rocks, see" Seltenerdelemente " A5, 1981, pp. 445/8. 

For a schematic quantitative fLux diagram (in units 104 gm/yr.) for solids in the earth's 
crust and upper mantle, see [53]. 
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9 
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11 
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13 
14 
15 
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22 
23 
24 
25 
25a 

~ 26 
ZnCI2 27 ,....= 

28 
29 
30 
31 

" 32 
33 
34 
35 
36 

Key to the Gmelin System 
of Elements and CQmpounds 

Symbol Element System 
Number 

Noble Gases 37 
H Hydrogen 38 
0 Oxygen 39 
N Nitrogen 
F Fluorine 40 

CI Chlorine 41 

Br Bromine 
I lodine 
At Astatine 
S Sulfur 
Se Selenium 
Te Tellurium 
Po Polonium 
B Boron 
C Carbon 
Si Silicon 

CrCI2 42 
43 
44 
45 

·IZnCr04 46 
47 
48 
49 
50 
51 

P Phosphorus 52 
As Arsenic 
Sb Antimony 
Bi Bismuth 
Li Lithium 
Na Sodium 
K Potassium 
NH4 Ammonium 
Rb Rubidium 
Cs Caesium 
Fr Francium 
Be Beryllium 
Mg Magnesium 
Ca Calcium 
Sr Strontium 
Ba Bariuf'l. 
Ra Radium 

53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
66 
67 
68 

Zn Zinc 69 
Cd Cadmium 70 
Hg Mercury 71 
AI Aluminium 
Ga Gallium 

Symbol Element 

In Indium 
TI ThalliurT] 
Sc. Y Rare Earth 
La-Lu Elements 
Ac Actinium 
Ti Titanium 
Zr Zirconium 
Hf Hafnium 
Th Thorium 
Ge Germanium 
Sn Tin 
Pb Lead 
V Vanadium 
Nb Niobium 
Ta Tantalum 
Pa Protactinium 

Cr Chromium 

Mo Molybdenum 
W Tungsten 
U Uranium 
Mn Manganese 
Ni Nickel 
Co Cobalt 
Fe Iron 
Cu Copper 
Ag Silver 
Au Gold 
Ru Ruthenium 
Rh Rhodium 
Pd Pallad ium 
Os Osmium 
Ir Iridium 
Pt Platinum 
Tc Technetium' 
Re Rhenium 

Np.Pu ... Transuranium 
Elements 

Material presented under each Gmelin System Number includes all information conceming the element(s) 
listed for that number plus the compounds with elements of lower System Number. 

For example. zinc (System Number 32) as weil as all zinc compounds with elements numbered from 1 to 31 
are classified under number 32. 

, A Gmelin volume titled "Masurium" was published with this System Number in 1941. 

A Periodic Table of the Elements with the Gmelin System Numbers is given on the Inside 
Front Cover 




