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The lanthanides and yttrium in minerals of the apatite group: a review

by Michael Fleischer and Z. S. Altschuler

Abstract

More than 1000 analyses have been tabulated of the distribution of
the lanthanides and yttrium in minerals of the apatite group, recalculated to
atomic percentages. Average compositions have been calculated for apatites from
14 types of rocks. These show a progressive change of composition from
apatites of granitic pegmatites, highest in the heavy lanthanides and yttrium, to
those from alkalic pegmatites, highest in the light lanthanides and lowest in
yttrium. This progression is clearly shown in plots of r (= at% La+Ce+Pr) vs
the ratio La/Nd and of £ vs the ratio 100Y/(Y+Ln), where Ln is the sum of the
lanthanides.

Apatites of sedimentary phosphorites occupy a special position, being
relatively depleted in Ce and relatively enriched in yttrium and the heavy
lanthanides, consequences of deposition from sea water.

Apatites associated with iron ores are close in composition to apatites of
carbonatites, alkalic ultramafic, and ultramafic rocks, being enriched in the 1ight
lanthanides and depleted in the heavy lanthanides. Their compositions do not
support the hypothesis of Parak that the Kiruna-type ores are of sedimentary origin.

Table 9 and Figures 1-3 show the dependence of lanthanide distribution on
the nature of the host rock. Although a given analysis of the lanthanides does
not unequivocally permit certain identification of the host rock, it can indicate
a choice of highly probable host rocks.
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Introduction

In 1969, we pointed out (Fleischer and Altschuler, 1969) that the lanthanides
in apatite vary widely in composition, with marked differences in the average
compositions of apatites from granitic rocks, mafic rocks, and alkalic rocks and
carbonatites. The conclusions then drawn were based on a total of 118 analyses.

During the intervening years, many new analyses have appeared (especially in
the U.S.S.R.), and it seemed worthwhile to re-examine the available data, now
sufficient to permit averages to be calculated for more types of rocks. The
analyses, recalculated to atomic percent of lanthanides, are given in the
accompanying tables: Table 1, apatite (939 analyses), Table 2, a selection of
phosphorite analyses (98), Table 3, britholite and britholite-(Y)(83), and Table
4, miscellaneous members of the apatite group (5). In each of these tables, the
analyses are listed in order of increasing I (= at.% La+Ce+Pr).

The apatite group consists of hexagonal or monoclinic phosphates, arsenates,
and vanadates of general formula Ag(XOg4)3(F,C1,0H), where A = Ba, Ca, Ce, K, Na,
Pb, Sr, Y; X = As, C, P, S, Si, V. Table 1, analyses of apatite includes 939
analyses of fluorapatite, Cag(POg)3F (by far the most common), chlorapatite,
Cag(P04)3C1, and hydroxylapatite, Cag(PO4)3(0H). Table 2 gives 98 selected
analyses of phosphorites, which are rocks composed mainly of carbonate-fluorapatite,
Cag(P04,C03)3F, and carbonate-hydroxylapatite, Cag(P0q,C03)(0H). Table 3 gives
83 analyses of the series britholite-britholite-(Y), ?Ce,Ca)5(3104,P04)3(0H,F)-
(Y,Ca)5(Si04,P04)3(0H,F). Table 4 gives the few available analyses of belovite,
(Sr,Ce,Na,Ca)g(P0gq)3(0H), Byromorphite, Pb5(P04)3C1, and of tritomite-(Y)
("spencite"), (Y,Ca,La,Fe* )5(Si,B,A1)3012%0H,F).

It is extremely difficult to assess the precision and accuracy of the analyses
and therefore of the averages derived. Few comparisons are available of analyses
by the seven different methods used; X-ray fluorescence, optical emission
spectrography, and paper chromatography were the methods used in most analyses.
Furthermore, few authors give any details as to the methods used to separate and
purify their minerals and still fewer give any information on the purity of the
mineral separates analyzed. The presence of impurities is probably not a serious
problem with minerals of high rare-earth content, such as britholite, but might
cause serious errors in minerals of low rare-earth content, such as apatite from
granitic rocks, if the impurities were minerals high in rare earths, such as
monazite or xenotime.

1. The Tanthanides and yttrium in apatite

Table 1 gives recalculated analyses of 939 samples. Table 5 gives average
compositions for apatites from 14 types of host rocks, based on a total of 654
analyses; omitted from these averages are those of apatites from other types of
rocks and about 60 analyses that were incomplete (omission of La, Ce, or Nd).

In addition, we rejected a few analyses that showed compositions extremely
anomalous for the type of host rocks. Such singular distributions may provisionally
be ascribed to analytical error in the absence of explanations in the source
literature. Table 7 lists the entire range of composition for apatites from
these 14 types of rocks.



The averages of Table 5 are plotted in Figures 1 and 2, except those
in Column 14, Gneisses and Migmatites, for which the values are very close
to those of Column 2, Granites. These plots have been shown empirically (Murata et al.
1953; Fleischer, 1965) to be useful in correlations of the variations of lanthanide
composition with provenance. These two figures for apatites show continuous and
reasonably smooth variation of the averages for eleven types of igneous rocks,
with the ratio La/Nd increasing with increase of I, whereas the ratio 100Y/(Y+Ln)
decreases with increase of £. In contrast, the average for apatites of
sedimentary phosphorites falls well off both curves, as the consequence of their
depletion in cerium and their enhancement in yttrium and heavy lanthanides, as
discussed below.

It is evident from the wide range of compositions shown in Table 5 that
attempting to give an average distribution of lanthanides and yttrium in apatite,
without specifying the type of host rock, cannot give meaningful numbers, unless
estimates are also given of the relative abundances of the various rock types.

Recent estimates for apatites from various rock types are assembled in Table
10. No. 7, by Mineev (1968), for "apatite" is intermediate between our averages
for apatites of granite and alkalic rocks, nearer to the granitic; Mineev does not
specify how the average was calculated. Of the averages by Lyakhovich and Balanova
(1971), No. 3 of Table 10 (gneisses and migmatites) is not far from our Column 14
of Table 5; No. 5 of Table 10 ("basic rocks") is not far from our Column 5, "gabbro"
of Table 5; No. 8 for "nepheline syenite" (Tikhonenkova, 1977) and Nos. 9 and 10
(Kravchenko et al., 1979) of Table 10, for "alkalic rocks" and "ijolite-urtite"
are closer to our Column 13, Table 5, "alkalic pegmatites", than to Column 12,
Table 5, "alkalic rocks". No. 4 of Table 10 (av. phosphatic bone) is reasonably
close to the purified phosphorite, No. 3 of Table 5.

The averages in Table 5, plotted in Figs. 1 and 2, should be used with caution.
As shown in Table 7, the range of composition within a single group may be very
wide, with considerable overlaps from group to group, so that calculation of a
single analysis does not always place it unequivocally in a single group. Fig. 3
shows plots for apatites of granitic pegmatites, granites, and granodiorites.
The overlapping is extensive, and where it exists, a given analysis cannot be
placed with certainty.

The overlapping may be due in part to analytical error, but is probably also
due in part to uncertainties of terminology. For example, apatite from an alkalic
granite (such as a riebeckite granite) is likely to have a higher value of &
and a lower ratio of Y/(Y+Ln) than apatite from a muscovite granite, but both are
averaged in Table 5 in Column 2, Granite.

As can readily be seen from Table 9, however, there is a high probability
that an analysis can be assigned with a considerable degree of assurance from its
value of Z. Thus, the probability that an apatite with £ 70.0 or greater
does not come from granite pegmatite, granite, or gneiss is reasonably high.
Similarly, an apatite with £ 65.0 or less is almost certainly not from alkalic
or ultramafic rocks.
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2. Rare earths in phosphorites

The analyses in Table 2 differ markedly from those of Tables 1, 3, and 4 in
that they are analyses of rocks, not of separated minerals. They have been
selected as representative of the large number of analyses of phosphorite rocks
and of detrital bony material; many more analyses will be found in the references
given here, and additional ones are in Blokh (1961), Blokh and Kochenov (1964),
Kabanova and Plotnikova (1973), Kochenov and Zinov'ev (1960), and Loginova et al.
(1977).

Of the 99 analyses in Table 2, only 43 have P,0g contents given and only 22
of these contained more than 18.5% P,0g, therefore consisting of more than 50%
marine apatite. Thus, 77 of the analyses may be phosphatic rocks rather than
phosphorites; they may be calcareous, dolomitic, cherty, arenaceous, or argillaceous.
They may also be rich or poor in organic matter, pyrite, iron oxides, or glauconite.
The apatite mineral of these rocks is richer in rare earths than shales, clays,
doTomites, and limestones, and is certainly the principal carrier of the rare
earths in these rocks, yet appreciable percentages of the lanthanides probably
are not in the phosphate mineral.

We have, therefore, not attempted to average the analyses given in Table 2,
but have used the average (Altschuler, 1980) of 13 purified marine apatites, separated
from phosphorites. Comparison of this average (no. 3 in Table 5) with the
averages there given for apatites from various types of igneous rocks shows that
it differs from them in a marked deficiency in cerium. As can be seen in Tables
1 and 5, cerium exceeds lanthanum in nearly all apatites, excepting a few from
alkalic pegmatites, and the ratio Ce/La in most igneous apatites is 2-3. In sea
water from deep off-shore provenance, this relationship is reversed. Altschuler
et al. (1967) suggested that the cerium deficiency of phosphorites is a signature
of marine origin, and Tater analyses, both of sea water and of phosphorites, have
confirmed their conclusion.

In addition, marine apatites and phosphorites differ from most igneous and
metamorphic apatites by a higher proportion of yttrium, as shown by the ratios
100Y/(Y+Ln) of Table 5. The analyses of sea water by Hggdahl (1967) show marked
enrichment in yttrium, indicating, just as the low cerium content of phosphorites
does, their marine origin (Altschuler, 1980).

Although plots of phosphorite analyses are in accord with these conclusions,
they show considerable scatter, presumably because of the contributions of admixed
minerals present in the phosphorites. Although the cerium deficiency of marine
apatite is clearly established, we need more analyses of beneficiated apatite to
be certain that the relative enrichment of yttrium is also characteristic of
marine apatite in general.

Rare Earths in Apatites from Iron Ore

The data summarized in Table 5 for rare earths in apatites of iron ores are
of particular interest with respect to the controversy as to the origin of the so-
called "Kiruna-type" of magnetite-apatite ores.



Parak (1973, 1975a, 1975b) states that these ores are not of intrusive-
magmatic origin, but were formed in a volcanic-marine environment. His arguments
have been challenged as to geological interpretations, most recently by Frietsch
(1978), but Parak's geochemical arguments have been discussed only in part.

Parak (1973) analyzed 19 apatites from Kiruna and similar deposits for
lanthanides. He concluded: "The rare earth metal content is between that of
the Kola Peninsula (U.S.S.R.) apatites and the apatites in granite-pegmatites.
The rare earth metal content in sedimentary and metamorphic rocks is commonly
about the same as in the apatite-iron ore from Northern Sweden. The distribution
of the rare earths suggests that the apatite-iron ores of Lappland are not of
magmatic origin."

Before discussing these conclusions by Parak, it is worthwhile to examine
averages of analyses by various investigators, including Parak, of the distribution
of lanthanides in apatites from iron ores of various kinds. These have been
assembled in Table 8. It is evident that the averages in Table 8 are remarkably
consistent and do not vary much from the general average given in Column 10 of
Table 5 and Column 10 of Table 8.

The first sentence of the quotation from Parak is correct, but since it
states only that the composition of the rare earths of Kiruna ore apatites lies
between those of Column 1 and Columns 12-13 of Table 5, i.e. of the extremes of
the known range, it is not very informative. Much more to the point is that the
average composition of the lanthanides in apatite from iron ores is far over
towards enrichment in light lanthanides (high ), close to the averages for
apatites from kimberlites, carbonatites, and alkalic ultramafic rocks.

The second sentence quoted above from Parak compares the rare earths of
apatite from iron ores with the rare earths of sedimentary and metamorphic rocks.
The comparison is meaningless - distribution in a mineral vs. distribution in
rocks. Comparison of Column 10, Table 5 (apatite, iron ores) with Column 3,
Table 5 (apatite of sedimentary phosphorites) shows that they differ markedly in
contents of light Tanthanides and yttrium.

Parak's own analyses appear to indicate a close resemblance of apatites from
Kiruna-type ores to apatites associated with ultramafic and alkalic ultramafic
rocks and carbonatites, the main difference being the higher yttrium content in
the Kiruna-type ores. It will be noted from the data in Table 8 that the
distribution of lanthanides in magnetite-apatite deposits does not vary as widely
as one might expect. The Lebyazhin and Evstyunin deposits (columns 6 and 7) are
at the contact of syenites with trachybasalts. The apatite and magnetite of the
Aboyan deposit, Armenian S.S.R. (column 8) are stated to fill fissures in and to
replace andesite-dacites. It is somewhat surprising that apatite from these
silica=-rich environments should show high contents of 1light lanthanides, contrary
to the trend shown in Table 5 for granitic rocks and pegmatites.

It may be noted that britholite-apatite (Si0p 12.9, Po0g 17.3%) has been
reported from a magnetite deposit of the Adirondacks (Lindberg and Ingram, 1963).



Rare Earths in the series Britholite-Britholite-(Y)

Recalculated analyses of the series Britholite-Britholite-(Y) are given in
Table 3 and averages for five types of rocks are given in Table 10 and are shown
in Figures 1 and 2. In general, the trends of composition resemble those of
apatite, but the data on other types of rocks are too sparse to permit calculation
of averages for them.

Explanation of Tables

The compositions of the rare earths in the tables are given in atomic
percentages of the lanthanides, excluding yttrium. This is done because of the
many different ways analyses are stated (for example, Ce, Cep03, Ce0y) and
because yttrium was not determined in many analyses.

The entry Y x 100 is the ratio of the atomic percentage of yttrium to
(Y+Ln)
that of Y + those of the lanthanides (Ln). It is therefore not directly comparable
to the atomic percentages given for the lanthanides and so is given in
parentheses. I is the sum of the atomic percentages of La+Ce+Pr.

Abbreviations used for methods of analysis: AA, atomic absorption; CH,

paper chromatography; EP, electron microprobe; MS, mass spectrometry; NA,
neutron activation; 0S, optical emission spectrography; XF, X-ray fluorescence.
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Table 1. Rare Earths in Apatite, atomic percent
M — L 2 3o s ¢ 7 s 9 (o
- oy s oy 23l 2| 26| 33 dol 3¢| 43
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Method YF | e | e | ed | cH | x£| = | x€ | ¢H | eH
I = Lat+Ce+Pr 7.2 94| 10-4 121 si{f.\; (.20 15.2 | iS4 | 6.0 |44 -
La-Nd il-6 | 39| 350291 | 32) |20T 230 |3%f0]| 364|415
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La/Nd 0-31} 0.07 '0,017 o- 1Yl o il odoleH2]| 620|025 |06-22

(a) Eu+Gd calcd. as Gd
(b) Y+Tb calcd. as Y

(1) Semenov (1963), granite pegmatite, central Urals; (2)

Bel'kov and Batieva (1971), granodiorite, Umba River, Kola peninsula,

U.S.S.R.; (3) Bel'kov (1979), granodiorite, Umba River; (4-5) Orsa et al. (1967), Middle Dnepr
region, U.S.S.R.; (4) biotite-plagioclase gneiss; 55) granite; (6) Semenov (1963), granite pegma-
tite, Kaita Tundra, Karelia; (7) Tugarinov et al. (1969), metamorphosed Precambrian rock,

Krivoi Rog, U.S.S.R.; (8) Yurgina et al. (1975), plagioclase pegmatite, Sludyanya, Kola-Karelia
region; (9) Leonova and Elina (1969), muscovite pegmatite, White Sea area, U.S.S.R.; (10) Orsa

et al. (1967), biotite-plagioclase gneiss, Middle Dnepr Region.
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Table 1 - Rare Earths in Apatite, atomic percent - continued

il
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¥/ (¥+Ln)x100 - ~ (58| (564 (33.0)| (20N (Ti6 ) - |(¢o-6) (34&()—
Method Y| xf| - | xFlced e | - [ x| = | xFr
I =LatCetPr | 196 ] 193 | 18.% [20.2 205 | 263 20i7] 2.9 ] 22-2] 22.4 B
La-Nd 30| 3305|358 (34.5 |25.6 |35 | 307|291 | %0-8]|29.5 "
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RE0, 080 | 073|062 | 6.66 | 629 ' 661 | 5.91 - 017|153
La/Nd 0.22o24f 623 0 i9 |06l | 62 | 072 0.7 | 062 | 577

(11-12) Ganzeev et al.

Vishnevye Mts.; (13) Batieva (1976),
(1975), quartz-muscovite rock, Sludyanya, Kola-Karelia region;

muscovite pegmatite, Chernaya Salma, White Sea region, U.S.S.R.

metamorphosed Precambrian rocks, Krivoi Rog, U.S.S.R.;
(19) Tugarinov et al. (1969),

(1968),

granite pegmatite, Elovka, Transbaikal;

rocks, Krivoi Rog; (20) Kornetova and Vasil'eva

pegmatite, same as (18)(?)

29

(1966), biotite-gneiss, Vishnevye Mts., U.S.S.R.
alkalic granite, Kola Peninsula; (14) Yurgina et al.
(15-16) Leonova and Elina (1969),
; (17) Sinkova and Turanskaya

(18) Semenov and Barinskii (1958),
metamorphosed Precambrian

(1961), albitized granite

; (12) biotite migmatite,



Table 1 - Rare Earths in Apatite, atomic percent - continued

No. — 20 22 3 ¥ 25 26 21 2% 29 20
La ;i #3?3 L. 3.3 451 53| 59| -54 7.7116-6| 3.2 3.7
Ce 1S9 4.9 15443 S| 1S f i 15i-T |26.8] 205
Pr 3.2 3% a2l 32| 56| 24| 22| 2¢ - o)
Nd 2%.3] 264 181 | 1832| 7.9]12.9] 9.2|135]|2(.9]225
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Gd 2%.2] qoof do-6| VB (4.¢ 112 169|175 227 I’7.|“-_
T b | 29 35| 29| ¢ | 30| 37| 22| - | 1
Dy 7.2 14.5] 153 18397 ¢ | 205 2091136 130 T4
Ho 0.3 3¢ 6] 30 891 36| Hol| 6| 9] 19
Er 23| 59| 48] 9¢| 59|00 59| 49| 1| 59
Tm - C) 2 - - - - - 6.8 o1
T - sof 31| g2 vwsd ¢i| 1| %1 | 15| 75
Lu - (-7 [ 6 i-7 d - - - - -
v/ (v1a)x100 | (5¢0)%(52:¢)| (56.3)| (58.3)](45.8) (5.4 )| (54.9) (20-0) | (7.5 (eo4)
Method cH | XF| ¥F| = | ed| = | = |cH | xrF|ed
L =LlatCetPr | 22.4 | 22.5] 230|233 233 | 234 |24.0 | 249 |25.0]| 252 i
La~-Nd 5021 429 H02]1 3¢5 ) 2312 36312332 8¢ 4y¢.9| 47.7
Sm-Ho HeS | 434 | 431 Y3e | 511 456 ys5.0| 52.6| ¥¢-4 | 39.0
Er-Lu 2311371107 205 1.7 181 | 21.81 9o €¢T|133
R“:203 0201639 629|721 0-290TE | o.¢6|o0170662 [02%
La/Nd o 12} 6191025 640 | 075|642 | ¢.55] 0.73|0-15 | 017

(a) Eu+Gd calcd. as Gd
(b) Tb+Y calcd. as Y
(c) Tb+Dy+Y calcd, as Y
(d) Yb+Lu calcd., as Yb

(21) Afanas'ev et al. (1976), garnet rock, Mahropidzh River, Caucasus;
(22-23) Lee et al. (1973); (22) biotite schist, Gilpin Co., Colo;
(23) metamorphic rock, White Pine Co., Nev.; (24) Tugarinov et al.

| (1969), metamorphosed Precambrian rock, Krivoi Rog, U.S.S.R.; (

25)

PToshko and Knyazeva (1965), plagiogranite gneiss, Caucasus; (26-27) same as (24); (28) Leonova
and Elina (1969), muscovite pegmatite, White Sea region, U.S.S.R.; (29) Yurgina et al. (1975),
plagioclase pegmatite, Sludyanya, Kola-Karelia region; (30) Orsa et al. (1967), plagiogranite,
Middle Dnepr region, U.S.S.R.
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Table 1 - Rare Earths in Apatite, atomic percent - continued

Neom~ 31 32 33 34 35 3¢ 37 33 3% Ho
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Method cH| ed | er | eH | xF | xF | eHd | XF | ed | e
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* = % R.E. (31-32) Leonova and Elina (1969), muscovite pegmatites,
(a) Eu+Gd calcd. as Gd White Sea region; (33) Belkov and Batieva (1971),
(b) Tb+Y calcd. as Y granodiorite, Voron'ya River, Kola Peninsula; (34) Chashchukhina

(T975), two-mica granite, Aduisk massif, Murzinsk, U.S.S.R.; (35-36) Yurgina et al. (1975),
Sludyana, Kola-Karelia region; (35) contact of plagioclase-microcline pegmatite; (36) plagioclase
pegmatite; (37) Belkov and Batieva (1971), two-mica granite, Aduisk massif; (38) Lee et al.
(1973), xenolith, White Pine Co., Nev.; (39) same as (34); (40) Leonova and Elina (1969),

muscovite pegmatite, White Sea region.
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No. —

Table 1 - Rare Earths in Apatite, atomic percent - continued

i i dz 43 S 46 4T dB Y 5
_La ctof 7% '7.?4 ‘fe .ié.o .50 L{n 2.1 52| §.1
Ce 1951 171 {19019 | 165 229 224 | 212 | 210|200
Pr 2-51 321 2.1 - 2.0 011 2.1 (2] 33 4o
N 18 s jers v T 217 | 200 4.5 | 152181 [ 16T
Sm 71 221 41V} i14q | 1.4 75| 0| 921 %3] 92
Eu o - - - - (o8 - o o 0.7
o o g szl s ea ] dd e [eo*] g4 2
Tb b - (.71 - 30 b - b b i3
Dy is30 ¢t ixdq| (1.5 SV 1.9 20-5] 181 )2y |14
Ho L2 yb i.9 .3 31 o3 | c-i 2.01 (.0 P9
Er 941 10,4 | 45| 5.4 66| 9.1 - 3.9 72| 8+
Tnm 12 - -2 | o 0.5 b - - i-o 6
Yo 131 6% 33| o3| 2t 59| 42| 81| 72| 78
Lu — _ |- - 06 - 6.4 | - - 2.1
v/ (t#a)x100 | (04,40 (59 0] (30.0 )| (47.5)| (n0.0)| (676) ] (50 8)|(21.5)¥ (¢c22)¥ -
Method CH - ¢H | o9 | cH | ¢H | XF | CH | ¢H | ¥F
L= LatCetPr | 28.0 1 291 [ 28.3 | 284 | 2851 289 {292 | 29.5 | 296 | 297
La-Nd 48 | 432 | 493 | 43.1 | Se.2 | 489 { 4> T | 487 | H8I | 4{H
Sm-Ho 3551 296 3331 4y2.5 | Yoo | 345 | 51T | 393 | 3¢l | 337
Er-Lu i9.91 172 10.9 9.4 9.8 1 ({6 y6lizo !l 54| (9.9
RE,% 63| o4l | 06T | 0.96 | 613 | 0 Yo 6.37" 0.02 0.43‘* 0-42
La/Nd 036 16.52 0636 | o6 0-H¢ 0-25[ 0632 | 0. 1l1]0729 0.34
* = 2 R.E. (41) Chashchukhina (1975), two-mica granite, Aduisk massif, Murzhinsk,

(a) Eu+Gd calcd. as Gd
(b) Tb+Y calcd. as Y

U.S.S.R.; (42) Tugarinov et al. (1969), metamorphosed Precambrian

rock. Krivoi Rog, U.S.S.R.; (43) Leonova and Elina (1969), muscovite
pegmatite, white Sea region; (44) Yurgina et al. (1975), plagioclase pegmatite, Karelia; (45)

same as (43); (46) Chashchukina (1975), granite pegmatite, Aduisk massif, Murzhinsk; (47)
Aleksiev (1965), pegmatite, northern Nikolskii granite, Bulgaria; (48) Belkov and Batieva
(1971), granodiorite, Ponoi River, Kola Peninsula; (49) same as (46); (50) Ganzeev et al.
(1966), kyanite gneiss, Vishnevye Mts., Urals, U.S.S.R.
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Table 1 - Rare Earths in Apatite, atomic percent - continued

(b) Tb+Y calcd.

as Y

granitoid, Snake Range, Nev.; (53) Portnov and Gorobets (1969),

o Ne— ‘a:! 52 5% 54 55 5¢( 59 55 59 ¢o
la g9 | ¢al 15| ¢t o1 | ¢¢| 55| 39 ]1ze| 52
Ce 265.0 1 192 146-3 202196 | 201 | 20.1 | 22.0 | i0.7]|24.7
Pr - 391 i2v1 | 38| Ho| 3T 52| 51f 73| 3
- Nd 22612791 194.31199% 2221158 26.3| 244|254 | 21.5
Sm gqd | 1261 244 | 163 8.9 140 12.9) 122 10.3 6-4
Eu - 6.5 - 2.1 2.0 — o —_ - Q :
ad .7 2t g a2 isd [ 169 i3 (9.9 ito | 121
™ - -1 =1 =29 = | 19| se¢| =] - | &
Dy i g.H| 54| 116 ¢3-S | i2.6 7.0] [2.0 (ol il.5 )
o 35| 16| 1| 33| 24 | 21| 18| o8] 15| 66
Ex co| 25 o | 49| 55| 2] 38| 15| 43| 77
Tm 3.2 o5 - Lo | 681 85| ol - | o5 ot
Yb 6.3 32| 0.5 2-% 51 2.9 291 67| S| ¢Y —
Lu - 6.9 - -4 0.9 —_ o. | - 6.5 -

v/ (e+1a)x100 | (647D (43.1) | (o.)| (50.8)| (3+.7) (30.0)| (32 ¢) (g.0)| (32.0|(ce8)>
Method oS | 0695 - Pl oes e | ¢H | ¢H | oS | cH
I=LlatCetPr | 297 | 299 | 29.9 1302 | 36.3 | 20.4 | 36.3 | 310 | 310 | 3i2
La-Nd 523|517 | 492|500 52.5| H62| 572|554 | 594 | 527
Sm-Ho 377|252 so.2| yo.0| 352 473 ] 359|424 | 318 | 324
Er-Lu (0.0 | 7.1 0.6 100 i2.3| ¢5] 649 2.2 38| 14T
RE%3 126 | 6.80" 24ofoHl | s14 [0.16]6.93 - -39 | 6.59%
La/Nd 0.21 | 024 | 0.08 | 031 | 030 | c. 42| 0 21| 0-1€ |0-46 o-2H
* = %4 R.E. (51) Yurgina et al. (1975), plagioclase pegmatite,

(a) Eu+Gd calcd. as Gd Malinovka Varaka, Karelia; (52) Lee et al. (1973), hybrid

granite pegmatite, E. Transbaikal; (54) Lee et al. (1973), muscovite-rich granite, White Pine
Co., Nev.; (55) Kholodnov et al. (1975a), biotite gneiss, Aleksandr-Akhten complex, Urals; (56)
Leonova and Elina (1969), beryl pegmatite, White Sea region, U.S.S.R.; (57) Kuts (1971), biotite
granite, Novo-Alekseev, W. Azov region,-U.S.S.R.; (58) Shmakin and Shiryaeva (1968), muscovite
pegmatite, E. Siberia; (59) Kholodnov et al. (1975b), granite, Murzinsk, Urals, U.S.S.R.;
(60) Chashchukhina (1975), two-mica granite, Alduisk massif, Murzhinsk, U.S.S.R.
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Table 1 - Rare Earths in Abatife, atomic percent - continued

- e G ¢z 63 Lf (S ¢ T €% T T
.la s | 2z ee) wal ca| qel. 90| g2l 9a| 4
Ce 1950 199 22} 24. 0| 264 | 21.7 | 22.3] 142|213 | 239
Pr 37| 42| 24| 30| 56| ad| 34|28 4| 43
Nd 220 | 254 20.3 | i2.5| 189|498 19.9] 33.0|25.6| 187
Sm 451 93| 26| 49| 99) $§| 70| 1c.2]| s3] 130
Eu - 6 .9 - - 6.4 - Q - - 04
cd 72100 139 ¢o| 37| 8T 11.5% ¢.s5| 116 ]15Y
Tb ¢2) 7 = - 1.7 - b b 38| 13-
Dy sa-f 69 33| i7¢ 100 = | ¢8| 35| 74| 93
Ho L2 27 o8| o 1| 34| - 28| - 0.8 | [0
Er 30| 4.9 1.5 - 9 - 74| 06| 30| 34
Tn 03| 20| o - 0.5 | - 2.8 - .2 | oS
T L) 34 1] qq) 36| - ¢S| - | 28| 25
Lu oY 1.5 - o4 o4 - 6-5 - - 0.4
v/ (ra)x100 | (25.0)|(317)|(54.90(543)| = |(2zo)l(559)b|(212) 0| 2¢.0)| -
Method CH | ¢H | CH | XF | XF | - CH ¢H | ¢CH | XF
I=LatCetPr | (3 | 3/.3| 314 |21.% | 227] 327 | 32.89]| 2332|339 | 3¢
La-Nd sY.Y| 5¢7| SI7 45> 5.6 925|527 71.2} 590 523
Sm~Ho Ho.0| 21.5 | 456 | Y4L| 39.0| 17.5 | 26-i| 2%2] 339 | Ho.1
Er-Lu S6) 409 271 io-d 9.4 - (721 o6 T-1 (-3
RE,%; o401 119 - | 044" 6.80 - 072 ~ |0656] ¢3¢
La/Nd 6.35| 028 0.32| 0.5} ¢6.35 ] oii:‘&_ 036 .11 | 030 | 026
* = % R.E. (61) Leonova and Elina (1969), muscovite pegmatite, White Sea region,
(5] Tort catens anre  Giaark) (53] Greieva (1976); alkalic granite, Kola Peninsula,

E. Siberia; (64) Aleksiev (1965) endogenic zone, northern Nikolskii granite, Bulgaria; (65)
Lyakhovich (1968), granodiorite, E. Sayan; (66) Ivantishin et al. (1964), Precambrian granite,
Ukraine; (67) Chaschukhina (1975), biotite granite, Aduisk massif, Murzinsk, Urals; (68) Afanas'ev

2t al. (1976), amphibole-diopside rock, Bolshaya Laba River, Caucasus, U.S.S.R.; (69) same as
(70) Ganzeev et al. (1966), kyanite gneiss, Vishnevye Mts., Urals, U.S.S.R.
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Table 1 - Rare Earths in Apatite, atomic percent - continued

(a) Eu+Gd calcd. as Gd
(b) Tb+Y calcd. as Y

granite, Middle Dnepr region, U.S.S.R.; (78) Leonova and Elina (1969), muscovite pegmatite,

Varlanov, Urals, U.S.S.R.; (72) Zayats and Kuts (1964),

No—~ a1 72 13 q¢ 76 76 77 18 7% &
_la 12] 55| 58| ¢ | 9o0l-n.3] ¢8| 9.5|. ¢e| .y
Ce 22.1] 269 | 28.0|2¢-5| 169|230 221|224 221} 224
Pr qydq|l 7.9 - 271 7% 3.0 H2 | {3 56| s34
Nd 271.0| 271 ¢ 1170|292 158| 29.5] 235 214| 269
Sm TH| jo.5| §3 26| €6 | 2.0 67| j6.%] 43| g0
Eu ol 1o - 6.6 0.5 a a - - {1
cd 1f.o|l Co | 1) iz i ] 0.7 3.0 1220 11-¢| 13-8
b - - - - 7-1 b ).) 2.6 = -
Dy (0.2 79 | 137 | 76| ¢ | 83| 35| &3 i144] (0.4
Ho .51 o6 1.9 [ 6 - I-2 201 16| 20| 2.2
Er 561 T 36| 23| = |'¢3| 39| 35| 49| 573
Tm 6.5 65| 80| 0.2 - P2 - ¢.51 03| o.¢
b 42| 08| 38 o] 33| 83| 2.6 29| 69| 24
Lu o6 5.3 - - - - - 0.3 - 0.4
v/ (+mx100 | (39.3)  — | (o) 94| (o2 )| (ce- 1) (38.7) (2¢.0)| (5.0) (33 2)
Method 65 | 05 | 65 | o5 | x| ed | eH | ¢ | co | os
I =LlatCetPr | 337 | 237 | 33.8 | 33.8| 333 | 34 ] |2y 1| 342 [2a4.3| 349 |
La-Nd 5471 70.8 | 434 ) 5065} C20 | 43 9| ¢35] 57.7|557| 558
Sm-Ho 392|259 Y1.2| 456|347, 323 | 294 35.1| 378 | 355
Er-Lu P 23.3] 5.4 3.4 221 i7.§ 6.5 7.2 651 9.7
RE,0, 66 | 6.26) 0.94 0,77* 019 0Y3 | a.94 | o-d{ - 1629
La/Nd 0-34 | 015 | 06l | 028 | 032|s¥¢ | 623 0:92] 5-31|6.35
* = % R.E. (71) Kholodnov et al. (1975a), two-mica granite gneiss,

_ gneiss, Ukraine; (73) Yurgina et al. (1975), cleavelandite pegmatite,
Kolovai, Karelia, U.S.S.R.; (74) Lee et al. (1973), hybrid granitoid, Snake Range, Nev.; (75)
Lyakhovich and Barinskii (1961), granite, E. Transbaikal; (76) Chashchukhina (1975), two-mica
granite, Aduisk massif, Murzhinsk, Urals, U.S.S.R.; (77) Orsa et al. (1967), aplitic-pegmatite

White Sea region, U.S.S.R.; (79) Shmakin and Shiryaeva (1968), muscovite pegmatite, Mamsk region,
E. Siberia; (80) Kholodnov et al. (1975a), biotite gneiss, Marinovskii, Urals.
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Table 1 - Rare Earths in Apatite, atomic percent - continued

Mo~ §( 82 % 8¢ g5 8¢ G159 8% 4o
La $4| 95| .5i{ro| 47| ¢s| welta]| 35| 28
Ce 265 205 242 if. 61189 | 220|246 203 | 1T-H| 233
Pr - - | 57! 35|15 (S| ¢ - Q.4 Hs
_Nd 2261 28] 2¢.5| 13T | 29.5] 21.5 | 20-4| 529 25.9| 34.1
Su 25| 106] i08] ¢L| 172| €5 22| sc| 5| 108
Eu - - - - - j.o - 6.5 2.4 L1
ca 3] ug 7] s v el g - T3s]ied
b - ~ . 2.7 C - - 0.9 - -
Dy 731 ¢21 90/ (3.3 e i6.0 | 16.6 -1 54 €3
Ho 2¢ | 30 15 - o 2¢( o 8 - 3 | O -
Er 3.7 4.% 1.7 4.5 0-6 (.3 o - 3S -
Tm ¢-H 0% - - — 0.3 - - o-b -
¥b 22| 25( 68| Ho| - 81 o3| (7| 28| fo
Lu ol - - 23 - 6.5 - 62 -9 -
Y/ (¥+Ln)x100 | (i.5) (ﬂ(%%j (H0.7) (52.3)(3e.8) (33.3)|(¥51) - (33./250(2.5).
Method 65 09 CH - CH 0S cH | MA 65 05 -
I =LlatCetPr | 359 | 35.0| 35.0| 35/ | 351 | 351|352 352{35.> 353
La-Nd 51.5| 563 ¢1.5| 488 | (16| 506|554 98 1]¢r2]eqd
Sm~Ho 60| 230 2661351 | 3-8 26T 42.7] 1e.0| 3 V] 296
Er-Lu CHY 81 251160 o 6] i47 9 v 79| o
RE,0; 6.93] ¢34 - - - -3¢ - 0,37* 6.3 1|0 65*
La/Nd 03710632 ¢.1f] 037 | 00C | 630 | 6.23| 623|633 | 022
* = % R.E. (81) Yurgina et al. (1975), quartz-muscovite metasomatite,

(b) Tb+Y calcd. as Y
(c) Tb+Dy+Y calcd. as Y

Lapatova-guba, Karelia, U.S.S.R.; (82) Yurgina et al.
(1975), plagioclase pegmatite, Khetolambino, Karelia; (83) Shmakin

and Shiryaeva (1968), muscovite pegmatite, Mamsk region, E. Siberia; (84) Tugarinov et al.

(1967), metamorphosed Precambrian rock, Krivoi Rog, U.S.S.R.; (85) Afanas'ev et al. (1976),

amphibole-omphacite rock, Markopidze River, Caucasus, U.S.S.R. (86) Kholodnov et al. (1975a),
biotite granite, Syrostanskii, Urals, U.S.S.R.; (87) same as (83); (88) Puchelt and Emmermann
(1976), monzonite, Black Forest, Germany; (89) Kholodnov et al. (1975a), granodiorite, Verkhi-
setskii, Urals; (90) Lee et al. (1973), aplite, Snake Range, Nev.
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Table 1 - Rare Earths in Apatite, atomic percent - continued

Ne. — 9@ 92 93 G4  ¢5 q¢ 97 9% §9 /oo
La c| g6 | A%z |-wvz| 54| q¢| 74| 43| 85
Ce 2531203 [ 1T T 227250228 | 26-%F] 23-¢ 14.3 23.7
Pr 34| 5 8.2 ~ 4.3 | 45 - 5.2l 531 495
Nd 20| 224 [ 28| 170 | 231 | 206 | 23 9) (59| 181 | 21.9
Sm 9.2 169 ¢8| 94 G| T 2.9 o] 133] $¢
Eu o] & 6.5 o5 1.5 I - 2l 14 -
Gd .9 15.8% s ] 2.9 108 |20 i8] (¢3]125 | 113
Tb LY y6 | 28] - - - ~ L9 2.¢ i3
Dy 16| 5.6 Yl s5 | 79| 86| 7.9 ¢.3] 9105
Ho Lol 2. - 3.5 (.9 .51 1.¢ (A | i-5
Er 51 23| - ¢ | 53| 4| 21| 18] 29| 30
Tm 0.7 0.5 -~ 0-b 0.7 09 0.7 ) 0.3 2.0 |
Yb 29| 2.0 35 - Y, §, 3% 30 i.o ) 2.7
Lu o | o) - 06 = 63| - ol | o -
Y/ (Y+Ln)x100 - |(432)| = {(437)(35 L(‘) (31.3){(45.3 )| (21.5) | (22.1) ('32*0)-
Method - ¢l | KF — | m3| oS | 65 | XF | 05 | CH |
I =LatCetPr | 35| 254|354 | 3501356 | 357 3¢o|{d6.2{36¢4|367
La-Nd S68(s57.8 | ¢8| 527557572 s3] s5.1|5¢5]|5%6
Su-Ho 37| 3¢.o | 317 35 1| 207 | 30.9| 33.9| 07| 46.9{33.7
Er-Lu 351 ¢2| 3s |22 i0-61 (5.9 ¢l 32| 46 7.7
RE,0; 034 612 6.03 | 5.70 o-lo* o-Yo| 0.30|e.22| ©.5¢| 0 6i
La/Nd 631 6.28] 0.32 | 65| 6.27 ] 6.29| 6. 40| 6.33]037]| 037
* = 9 R.E. (91) Lyakhovich and Kasaeva (1968), Precambrian granite,

Eu+Gd calcd. as Gd

E. Transbaikal; (94) Starkov et al. (1973), granite, eastern Mugodzhar; (95) Mason (1975),

Bansan River canyon, Kabaridan-Balkar A.S.S.R.; (92) Vinogradov and
Elina (1968), granite, N.W. Kola Peninsula, U.S.S.R.; (93) Lyakhovich (1968), biotite granite,

gneiss, Godfhab region, W. Greenland; (96) Kholodnov et al. (1975a), biotite gneiss, Varlanov
complex, Urals, U.S.S.R.; (97) Yurgina et al. (1975), plagioclase pegmatite, Leveira, Karelia,
U.S.S.R.; (98) Lyakhovich (1962), granite, Konev massif, Urals; (99) Kholodnov et al. (197%a),
biotite gneiss, I1'men Mts., Urals; (100) Leonova and Elina (1969), muscovite pegmatite, White
Sea region, U.S.S.R.
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Table 1 -;Rare Earths in Apatite, atomic percent - continued

No. ~ fo(  fe2 103 ioY o5 (0€ 167 lo% Jjof o
La sl ci | ¢ 83| salizo| 0| 93| 7.4} ¢3
Ce 301 | 224 253 225|257 | 2i.0| 253 24.1 | 24.9| 27|
Pr - 31| Sof| 64| o] d2| - - 52| Yo
Nd 22.4| 32.2) 3¢5 | 232 234} 24¢| i5T| 265 25| 262
Sm 7.7 11.9 7.4 71 991 i3] 506 i05] j0o.0] 9%
Eu - - - o 2-6 i - - 69 66
Gd (-3] 15.06 - {101 o1 | 28] 150 7.9 | (2.0 B«é.
b - - ) 21 1.6 B - - .
Dy ¢o| 20| 1o €-¢ 671 591 79 7.5 6% 3.4
Eo 55| - | e3] s | 64| 08| 4| 2| v | v
Er 33| 67| 33| 33| 33| 20| q2] 5| 3x| 57
Tm 6.5 - - 2.5 1.3 o4| 5.8] o 0. Y -
b 9] o4 38| 4 2.7 - 1.3 | 2 41 23
Lu r— - - - 0.9 0.2 - - 02| o6
¥/(t+10)x100 | (%0.2)[(230)q (47.9) (30.¢)] = | (2D |(s5.3)|(50.9)(20.5)| (234
Method 68 | cd | o5 | cH | xF | xFl os | o5 | os [ os
I =LlatCetPr | 3C¢.T| 23¢.%3 | 370 | 37.2 | 2392 721372 | 374 | 3.4 374 -
La-Nd 588 ¢f0| 938 | 60.2] o6 | ¢ct2]|530 | 6295|636
Sm—Ho 355 206 1994 26¢] 31,2 3¢-1] 32 (] 2%5] 20.7| 27.8
Er-Lu 50 od| 69| (32] g2l 27 49| 8¢| 5% 3¢
RE,0, 0-6€3 1 — 0.45* c.i51o6.32 20| 6.92] 6-47|¢-272 O,cztg*
La/Nd 030 | 0. 19| 018 | 0.3¢ | 6.24|0.50 | 6.77| 032|028 | 62
* = % R.E. (101) Yurgina et al. (197%5:—£;;£5cf_0f microc]iﬁé: and

(a) Eu+Gd calcd. as Gd

(b) Tb+Y calcd. as Y

plagioclase-pegmatites, Kura-vaara, Karelia, U.S.S.R.;
(102) Afanas'ev et al. (1976), amphibole-pyroxene rock, Bolshaya
Laba River, Caucasus, U.S.S.R.; (103) Lee et al. (1973), hybrid granitoid, Snake Range, Nev.;
(104) Vinogradov and Elina (1968), granite, N.W. Kola Peninsula, U.S.S.R.,; (105) Ganzeev et

al. (1966), biotite gneiss, Vishnevye Mts., Urals; (106) Turovskii et al. (1968), hydrothermal
vein in granite, locality not given; (107-108) Yurgina et al. (1975), plagioclase pegmatites,
Karelia; (107) Malinovaya Varaka; (108) Khetolambino; (109) Kholodnov et al. (1975a), gneiss,
Taratashi complex, Ukraine; (110) same as (103).
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Table 1 - Rare Earths in Apatite, atomic percent - continued

No. — | [z (2 14 U5 (g (17 1T g  fz2o
La 18| 72| ¢l | g|ise| q.0| gafli2zdigg
Ce 228 252 232|203 280 20.3| 36.7| 26.7| 25-¢ | 252
Pr ¢4 52| %2 - 2.9 34 - 3 Y - 5.0
™ 225 | 259 H2.4 | Y16 | 274 | 35.0| (39| 24.9| 150 | 17.3
Sm sl 8¢ 9| ozl 370 133] 19| s.0| 10T (65
Eu ) 12| 62| 0% ~— - 0.7 - o1
Gd 6.7 lo6] &% ~ gq| L8| 212 jo.1 | 1TO| |iY
Tb - 2.4 - | - b - - - -
Dy 7.91 4.2 - - 1| 221 93| 74| 00| 109
Ho 1.7 2.2 - - [-¢ - 8. f q 2 {.0
- us| el - [ -1 aa] -1 - 43] a¢][ 22
Tm 6.5 ~ ~ - - - - - 6.5] 03
b . - - 271 2¢ - 0.3 3 | 3] LT |
Lu 65 - - 62 - — - 291 6.2 -
v/ (e#a)x100 | (24.2) (355 (3 4)| — (232 (1i.8)® (303)| (4.7)| (¢55) (305)
Method 6% - - NA | 0SS | e 05| o5 | o5 | 05
D= tawcertr | 375 [ 270 | 50 o | 396 | 377 | 377|278 378 [39.9 [ 300
La-Nd oM | 635) go0) 952} (S| 729 51.2)¢27{529]| 553
Sm-Ho 000332 ol 0% fe7l] 293 48.5] 277397 | 405
Er-Lu 6] 23 - Loy 17 - 031 9¢| 74| "2
82203 6.45 1 0-5 — o.(,o" o.’l’)* - 0.38 o.‘iz* 0.59 0\55*
La/Nd 03| 0-2%| 015 6.3( |8.25 | 02| 652|635 ]| 0:82] 6.5
* = % R.E. (111) Kho]odnov et al. (1975a), granodiorite, Chelyabi<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>