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Abstract

The Gloserheia granite pegmatite, situated in the Precambrian Kongsberg-Bamble forma-
tion, contains eight different zones (core, intermediate zones I-V, wall zone, and border zone).
Apatite occurs in the core and in zones I and llI. Xenotime has been found included in apatite
from all three zones, and in other parageneses within these zones. The apatite close to
xenotime inclusions is depleted in REE. Zoningof xenotime is characterized by an enrrchment
of the light REE relative to the heavy REE, from the center towards the rim of the cryslal.
Xenotime crystals included in apatite from the outer zones show less relative enrichment in the
l ight REE than do those in the inner zones of the pegmatite. No such trend in REE fract iona-
tion is shown by xenotimes from other parageneses. The rare earth minerals included in
apati te are considered to have formed by exsolut ion, possibly accompanied by metasomatism.
Fractionation in the apati te-xenotime system was caused by processes bearing a simple rela-
tion to the crystallization of the zones where these minerals occur. ln contrast, the REE frac-
t ionation in the other xenotimes probably has a more complex relat ion to the sequence of
zones in the pegmatite.

Introduction

The Gloserheia granite pegmatite is situated in the
Precambrian Kongsberg-Bamble formation, in Fro-
land commune approximately 9 km N of Arendal
(8"43 ' ,36 '  E,  59.32 '20 '  N) .

The pegmatite has been briefly described by
Andersen (1926, l93l) and the geology of the
Arendal-Gloserheia ar ea by Bugge (19 43). According
to Bugge the rocks are of both granulite and
amphibolite facies. Radiometric dating of rocks in
the Arendal area has yielded ages from 850 to 1300
m.y.; ages for the pegmatites are from 875 to 1030
m.y.  (Broch,  1963).

The pegmatite is V-shaped and exhibits in general a
well developed and regular zoning. The following
zones (Cameron et al, 1949) can be distinguished:
core, intermediate zones I-V, wall zone, and border
zone. Table I shows the mineral composition of the
different zones.

This study concerns apatite and xenotime from
different zones in the pegmatite, with special
emphasis on rare earth geochemistry and the genesis
of REE-bearing inclusions in apatite.

Apatite

Apatite is among the most abundant minor
minerals in the pegmatite (Table l), especially in in-

termediate zone I, where it is found as roughly
equidimensional euhedral-to-subhedral crystals up to
a size of one meter. Commonly well developed forms
include a prism, pyramid (occasionally two sets), and
basal pinacoid, and crystals are sometimes doubly
terminated. The color is dominantly medium to dark
green, but sometimes grayish to reddish.

In the core, apatite is much less common, medium
to dark green in color, and generally smaller and bet-
ter developed than in intermediate zone I. The crystal
forms are the same. It is closely associated with
microc l ine per th i te  and sporadical ly  wi th lM
muscovite.

Apatite occurs in intermediate zone III as infre-
quent yellowish-green subhedral to anhedral crystals
from a few mm to several cm in length. Very rarely,
colorless euhedral crystals, several mm in size, are
found embedded in calcite (all later discussion refers,
however, to the first mentioned type).

In intermedi ate zone I, veins of colorless apatite-
some with calcite, small amounts of hematite, and
more rarely mm-sized xenotime crystals-cut the
earlier apatite crystals, these veins presumably
representing a late stage formation. It is not known if
these "veins" extend outside the apatite.

All apatite from the Gloserheia pegmatite contains
variable amounts of inclusions. Dissolution of 6.088
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kg of apatite from intermediate zone I in 6N HCI
yielded l.l5 wt percent insoluble inclusions identified
as xenotime, quartz, plagioclase (?), monazite, rutile,
pyrite, and geothite. Their habit varies from euhedral
to anhedral and from short prismatic to extremely
long-prismatic (Fig. l, I). Examination of apatite thin
sections with electron microprobe (semi-quantitative)
and optical microscope revealed, as additional inclu-
sions, calcite (?) in apatite from the core and from in-
termediate zones I and III, and thorite in apatite from
intermediate zone III.

Similar inclusions in apatites have been reported
by several investigators. Taborszky (1962) has found
zircon, hornblende, and mica oriented mostly parallel
to the apatite c axis in the granitic to gabbroic rocks
of the Odenwald province, West Germany.
McKeown and Klemic (1957) observed monazite,
bastnaesite, and hematite in apatite from the
magnetite deposits at Mineville, New York; Pigorini
and Veniale (1968) found monazite, xenotime,
plagioclase (?), and biotite (the long prismatic inclu-
sions oriented parallel to the apatite c axis) in the
granitic to granodioritic rocks of the Val Sessera
province, Italy.

Fractures in the Gloserheia apatites tend to be sub-
parallel to prism or base in accordance with the
reported parting for apatite (Tr6ger, 1959). Long-
prismatic crystals crossing a fracture in the apatite
showed no lateral displacement even on the pm scale.

Xenotime

Xenotime is the most abundant mineral found in
the apatite from all zones. Examination by scanning
electron microscope and polarizing microscope has

revealed euhedral-to-anhedral and short-to-long
prismatic xenotimes (Fig. l, I-IV). When viewed with
a binocular microscope (X 65), xenotime appears
colorless or light yellow.

Studies with the universal stage show that all long
prismatic xenotimes are oriented with their c axis
parallel to the apatite c axis (as is true of long
prismatic quartz crystals). Some inclusions
(plagioclase ?) have axes of elongation parallel to the
apatite c axis but show inclined extinction. Randomly
oriented equidimensional inclusions (both quartz and
xenotime) also occur. The long prismatic xenotimes
occur throughout the crystals but tend to be con-
centrated along planes or l ines (Fig. l ,  Vl) .
Equidimensional inclusions (mostly xenotime) also
tend to define such surfaces, which are not always
planar. Long prismatic and equidimensional inclu-
sions frequently occur together in highly varying
amounts in such distributions (Fig. 1, VI). The
apatite shows a weakly undulating extinction adja-
cent to these planes/lines. The features described
above are observed in apatites in all zones'

Xenotime also occurs as euhedral long prismatic
brown crystals, up to one cm long, on the faces of
apatites from the core and intermediate zone I. These
have their c axes parallel or subparallel to the apatite
prism face but are otherwise randomly orientated. In
intermediate zone I, xenotime is also found as
euhedral long prismatic mm-sized brown crystals in
calcite "veins" cutting apatite.

In the same zone, colorless euhedral mm-sized
xenotimes occur rarely bs the latest mineral formed
(growing on quartz, muscovite, and rutile) in the
replacement of microcline.

Xenotime has been found in only a few samples
from intermediate zone III. Two different associa-
tions are recognized; xenotime-euxenite-tourmaline-
rutile-muscovite and xenotime-euxenite-calcite-
muscovite. Muscovitization of the plagioclase is
much more pronounced in the latter paragenesis. The
xenotime from both parageneses occurs as up to ca 2
X 6 mm euhedral  crystals with brown color.
Microprobe analysis of anhedral inclusions (up to -

100 pm across) in the xenotime from the tourmaline
association showed Ca, Si, and Ti as the main ele-
ments. The inclusions are therefore assumed to be
sphene.

The colorless xenotimes have <.rp' = 1.713 + 0.004
and the yellow xenotimes <.rtq6 ) 1.713 + 0'004.

Monazite

Monazite has been found only as inclusions
apatite. It has been observed in matrix only
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RARE EARTH GEOCHEMISTRY OF APATITE AND XENOTIME

F Ic .  I ' I n c l us i ons inapa t i t e .  I :  Scann inge lec t r onm ic roscope (SEM)pho to (X400 )show inggene ra l t ypeso f i nc l us i ons .  I I :SEMpho to ( x
2000) showing a short prismatic xenotime. III and lV: SEM photo ( X 3500; X 3000) showing xenotimes with staircase-like terminations.
V: Photo (x 500) showing needles ofxenotimes oriented parallel to apatite c axis. VI: Photo (x 55) showing part ofa curved face or line
defi ned by parallel-oriented xenotimes.
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material from the quartz core, where it occurs as
colorless anhedral grains (up to -100 pm) in contact
with xenotime. It is also present, in amounts (l per-
cent, in the material dissolved out of the apatite from
intermediate zoneI. Here it occurs as anhedral yellow
grains up to t mm across, which are easily
distinguished from the xenotimes by their yellow
fluorescence under short wave ultraviolet light (not
filtered through cobalt-glass). The identification was
confirmed by X-ray powder pattern, chemistry, and
optics.

Analytical Methods

The analyses have been carried out using an AnL-
rvx microprobe with a 52.5" takeoff angle, housed
in the Central Institute for Industrial Research, Oslo.
The analytical methods and the empirical correction
factors used in this study were those described by
Amli and Griff in (1975).

The error bars in the figures (except Fig. 2) corre-
spond to the relative standard deviations quoted bv
Amli and Griffin (1975\.
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Frc. 2. Yttrium concentration profile (,1 c axis in axial plane) in
apatite 69-l from the quartz core. Note the low Y content for
apatite adjacent to rare-earth-rich inclusions. Anomalously high
and low Y values in the profile probably arise from interference by
xenotime and quartz respectively. A low yttrium content could also
be due to the analysis being taken near to a xenotime that has been
removed during the cutting. Error bars on a high and low Y value
indicate analytical precision. On the "growth face" apatite is in
contact with microcline. Simultaneous(?) growth of the two
minerals has resulted in an irregular surface probably composed of
an oscillatory combination of apatite prism and pyramid forms, as
have been seen on large apatite crystals.

Analytical Results

Analyses of xenotimes, monazites, and apatites
from the Gloserheia granite pegmatite are presented
in Table 2, and Table 3 gives a key to the analyses in
Table 2.

In addition to the elements in Table 2, Na, Mg, Fe,
Mn, As, Sr, U, and Th have been looked for in
several randomly selected samples of each mineral;
they are present only in very small amounts ((0.1 wt
percent) except for Na, which comprises approx-
imately 0.12 wt percent in apatites having abundant
amounts of rare earth inclusions. Ca contents are
(0.05 wt percent for xenotimes and monazites in-
cluded in apatite.

The poor precision for the REE in the apatiles
analyzed adjacent to REE-rich inclusions precludes
detailed discussion of REE distribution for these
apatites, since any variations are considered to be
within the analytical error. However, Figure 2 shows
that the apatite is zoned (asymmetrically?) with respect
to yttrium and that the yttrium content is definitely
lower for apatite close to the xenotime inclusions,
along roughly the same profile. Apatite 85 (anal. no.
8, Table 2), which has almost no REE-rich inclusions,

contains 0.71 percent YrOr, compared with a YzOs
content ranging generally between 0.09 and 0. l2 wt
percent for apatite adjacent to xenotimes. Deviations
from this pattern reflect excitation of xenotime inclu-
sions by fluorescence from the continuous spectrum
and/or by characteristic fluorescence, as in the case
of analyses no. l0 and no. 23 inTable 2.

The lower yttrium content is probably accom-
panied by a lowering in the content of the rest of the
REE, but this is only weakly indicated by the
analytical results, because of the poor precision of
these analyses.

Zoning is a common feature in all types of
xenotimes. Figure 3 shows the zonal variation in Y,
Yb, and Gd in a xenotime (68-13, see Tables 2 and 3)
included in apatite from intermediate zone III' Y and
Yb are enriched in the central parts of the crystal
while Gd is depleted. Figure 4 shows the core-
normalized REE distribution in the rim and an in-
termediate position, along the profile shown in
Figure 3. As can be seen, there is an increase (if most
weight is placed on the elements that have the best
analytical precision) in the ratio of the lighter to the
heavier REE from the core to the rim in the crystal.
Since no data have been obtained for La, Ce, Pr, and
Nd, it is not known if these elements show the same
relative enrichment in the rim. Cursory studies of
other xenotimes (whether included in apatite or not)
indicate the presence of the same type of zoning as
shown by xen. 68-13. Quite another type of zoning,
however, has been found for xen.29-2m (see Table 3
and Fig. 5). Figure 6 shows that this zoning probably
reflects first a decrease in the ratio of light to heavy
rare earths and then an increase, so that the REE dis-
tribution when crystallization ceased was nearly the
same as when it started.

The REE distributions for xenotimes included in
an apatite from the qvartz core are shown in Figure
7. Because the curves are smoother than the error
bars indicate they should be, and because all the
analyses were done in the same day, the analytical
precision is considered to be much better than is in-
dicated. The ratio of the light to the heavy rare earths
in the xenotime inclusions increases from the center
of the apatite towards the rim. The only pronounced
deviation is the depletion in Nd and Sm in the
xenotime located at or very close to the rim of the
apatite crystal. The trend seems to be unaffected by
the fact that xen. 5 and xen. 3 occur in contact with
monazite grains.

Figure 8 shows REE distribution patterns for ran-
domly selected xenotimes included in apatite from
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TenI-B 2. Electron Microprobe Analysis of Xenotimes, Monazites, and Apatites from Gloserheia Granite pegmatite
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different zones in the pegmatite. Also shown is the
REE distribution for a xenotime partly embedded in
the prism face of an apatite frorn intermediate zone I.
This pattern of increasing relative enrichment in the
lighter REE from the outer zone of the pegmatite

towards the core is analogous to that observed from
the center to the rim of a single apatite crystal and
shown in Figure 7. Xenotime 84 also fits this seheme,
as can be more easily secn from Figure 9, Frorn
Figures 7 and 8 it is furthermore seen that the degree
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Tnrr-e 3. Key to Analyses in Table 2

M i n e r a l ,
Renarks

6 1 3

l ight to heavy REE for these xenotimes (except 68-12)
relative to those included in apatite from the same
zones.

Discussion

This discussion will consider (a) origin of inclu-
sions of rare earth minerals in apatite, (b) rare earth
fractionation in the apatite-xenotime-monazite sys-
tem, and (c) rare earth fractionation for xenotimes
not included in apatite.

Anal ,
no , Smple

1 B1-n EuhedTal xenot ine (m- Analysfs retresents averaEe
s l z e d ) ,  a s s o c i a t e d ' w i t h  o f - i 6 - T ;  ; ; 5 i ; - i ; ; ; " ; ; ; - ; F -
t o u r m a l i n e ,  r u t i l e ,  a n i r r e g u l u i n l i o n o g e n i t y )
e u e n i t e  e d  n u s c o r i t e  f o r  e a c h  e l e m e 4 t  o n  a  c r o s s
i n  i n t .  z o n e  l I L  S p h e n e  s e c t i o n  n e a r  t h e  c e n t e r  o f

_______r!_!9}!g_ gE__rtglgtl9!!:-__ !!g_sryg!el.__________-_____
2 - +  6 a - 1 1 ,  ^  C o r e ,  i n t e r m e d i a t e  a n d  O r i e n t e d  w i t h  t h e  c - d i s

x e n .  r - J  r a m  r e s p e c t i v e l y  o f  a  I ) a r a l l e I  t o  t h e  a p a t l t e
subhedral  xenot ime c_dis.  Shows posit lve
(-5OxeO,,a),  included in . t -* iur.o".
a anhedTal apat i te fron

_ _ _ _ - _ i n t , _ z o n e  I I I .

5 6a43, ap. ap"i i l"- .a;"""; ;- ; ;------; ; ; ; ; ; ; ; ;- ; ; ; ; ; ; i - ; ; ; ; ;---
xen.  68-13 .  in  a  reg ion  ru15r  f r6n

-___!!9_=9!9!rsg-i49lgEi9!:_____
6 P3/68-1 2 Euhedral xenotime Analyses are from m area

( !x i  m)  assoc ia ted  o f  approx .  5x5A ,  asswed
wi th  nuscov i te  euen i te  to  be- f ron  near  the  center
i ld calci te in int . v a  u r r s  r r , y - u d a .

_ __ __ _29!9 _ I_rI: _ _ __ ___ _ __ __ _
7 A+ Xuhedral xenotine (ro- Average of B anafyses (,trn1i &

slzed) ^fron the prism Griff in, 1e7s) . Ea;h ardfysis
face of a apatlte from are from the sane are. oi

-lll_ llll l_ _iiitita lli?lfialitiiliil
8 8 5 Arl thnet ic mea of three

analyses of graing taken out
o f  a p p r o x .  1 / 4  c m )  a p a t i t e .
T h e  i i e t i t a  | . e  v 6 ? v - f 5 v '

nuhedral dark green
apat i te  f ron  ln t .
z o n e  7 .

___ _l !9_199t9t9:-__-_________ _____
9 69-52 n, Xuhedral  xenot ime Oriented with c-ryis

xen.  4 i n c l - d e d  i n  a p a t l t e  f r o m  p a r a l l e l  t o  E h e  a p a t i t e
inl. z,one I. c_axis. 4.27y'. apatite is

____!B!lr?e !9q_!r9s_grsly!19.____
1 0  6 9 - 5 2  m ,  A p a t i t e  a d j a c e n t  t o  C o w t s  f T o m  s e v e r a l  s p o t s
----_-_ep.-4-_______69:9?_s._r9rr:_4:______ ____!L24__!r_gg-lbs_srys_tai.______
11 P5/69-11-1 xuiedral  xenot ime (m- The malysis is asswed to

s i z e d )  f r o n  a  f r a c t w e  b e  f r o n  n e d  t h e  c e n t e r  o f
an apat i te with newly the crystal  md are from
f o r n e d  a p a t i t e ,  p l u s  a n  m e l  o f  a p p r o x .  5 x 5 A .
c a l c l t e  m d  h e n a t i t e .

_ _ _ _ _ _ I n t : _ z o n e  f .

12-18 q/2e-2 n rur"arl i - ; ; ; ; ; ;-?;:---- i l - ; ; ; ; ; ; ;- ; ; ; ; ; ;- ;------
L o .  1 - 1  s i z e d )  a s s o c l a t e d  , ; i t h  c r o s s  

" " 6 t i o n  
( - t l + " t / i  * )

quartz,  muscovite md near the center of the
r u t l l e  i n  a l t e r e d  p a r t s  c r y s t a l ,  N o .  1  i s  a t  t h e
o f  . i n t .  z o n e  I  m i c r o c l i n e . c e n t e r  a n d  n o .  T  a t  t h e

r in of the crystal ,  The
d l s t a n c e  b e t w e e n  t h e  a a l v s e d

____ps+l!e_9rg_Iggcblx_s ggel:_-__
1 9  6 9 - 1 ,  S u b h e d r a l  x e n o t i m e  X l o n g a t i o n  i s  p e r p e n d i c u l i l

xen, 5 (-1OOx2OOr) included in to t ;e apat l te c_dis.
a eu.hedral  apat l te Direct ion of the xenot ine
( t , 4 * t . g  c m ) - f r o n  t h e  c - d i s  h a s  n o t  b e e n  d e t e r -
quartz core. ( t_11 the mined because of inter_
fol lowing are fron the ference from wderly lns
sme apat i te).  monazi ie.  The xenoi in;  is

located in the centex of the
apat l te md approx. 8000,r
fron the pr isn face, taal-
y s i s  i s  f r o n  t h e  c e n t e r  o f
t h e  x e n o t i m e .  O , 1 6 y ' "  a p .  i E

__ __ _ _:5: i r_ I  yt :  s_::y! t_ i  L1: _ glJg1Jp_j! :

of enrichment in light rare earths from intermediate
zone III to the core of the pegmatite is much greater
than from the core to the rim of the apatite crystal
from the quartz core.

Considering the REE distribution patterns ob-
tained for the xenotimes not included in apatite (see
Fig. 9), it is obvious that the regular fractionation
trend seen in the xenotimes included in apatite is ab-
sent. Other deviations are the decrease in the absolute
amount of the lighter REE and the lower ratio of
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TlsI-r 3, Continued

.Anal,
no ,  Sample

Minera l ,
paragenes is  e tc . Renarks

2 0  6 9 - 1 ,
m o n . 5

2 4  6 9 - 1 ,
*.en. 3

Anhed.Tal nonazite
(-100x1O0,1) in contact
w i t h  5 9 - 1 ,  x e n .  5 .

Ar*red.ra1 xenotine
(ry20x30rr).

Ana lys is  i s  f rom app lox '
t h e  s i l e  s p o t .  1 . 3 9 h
apatite has been sub-

;i--'--e;:1-,*------;;;;;;;-;;;;;;;;;;-a:;-iiffiil;tli';ili;il-iiiti'-
a p . 5  x e n . / m o n . 5 .  a p p r o x .  l S A f r o n . t h e

- - - - - I9 ! :1  99 ! : - ] !9199]91 : - - - - - - -

22  69-1 ,  Subhedra l  xenot ime Or ien ted  w i th  c -ax is
xen.  4  ( -2ox2001) '  paxa l1e1 to  the  apat i te

c -ax is .  D is tance f rom
aPat i te  Pr isn  face  is
25OAt \ .  0 .61% apat i te  i s
subt rac ted  f ron  the

;t-' - -'z;:;-,'--- ----;;;;;;-;;;;;;;-;;- - 3l*tiii';;-;;;;;i-;il;--
ap '  4  69-1 '  xen ,  4 '  approx ,  1 ) ,1 /  i ron  lne

xen.  inc lus ion .

or ien ted  w i - th  c -ax is
para l le l  to  the  aPat i te
c -ax is ,  D i8 tance f ron
aDat i te  l r i sm face  i . s
loOOra .  

-0 .49F 
apat l te  i s

subt rac ted  fTom the
-319lYgi9:----

Anhedral monazite Analysis is from applox.
( '1ox30A) in contact  the sme spot .  1.9ry
vi i t f r  e9-t ,  xenr 3.  apat l te subtracted fTon

------lhg-enclxgl9r-------
26 69-1 ,  Apat i te  ad iacent  to  Cowt lng  on  severa l  spo ts

-------li:-l--------ll:l:-l:::1::::-::--------iEllzil;-llfiiiiE'lli-------

25  69 -1 ,
m O n , 7

69-1 '
xen.  2

Anhedral xenotine
(. lox8oA) .

69-1 ,
ap, 2

Apat j . te  adJacent  to
6 9 - 1 ,  x e n ,  2 ,

C-ax is  i s  no t  para l fe l  to
a .pa t i te  c -ax is .  loca ted
very  c lose  to  the  apat i te
pr isn  face ,  p robab ly  less
tha  5oA ( the  wcer ta in tY
is rel-ated to renoval of
apatite drfing cutting
and po l i sh ing) .  Ana1ys is
is  f fom center  o f  the
grain in an area of approx.
5 x 5 p . ,  0 . 1 4 F  a p a t i t e
cubt rac ted  f ron  malys is .

Couhted at sevefal spots
approx .  lSAf rom the
xen.

Origttt of Inclusions of Rare Earth Minerals in Apatite

A simplified approach to the problem of formation
of inclusions of rare earth minerals in apatite is given
by the following models:

I. The rare earth minerals formed before the
apatite that locally surrounds them, and were
deposited on the growing faces.

ll. The rare earth minerals crystallized simul-
taneously and in contact with the growing apa-
tite.

IIL The rard 6arth minerals formed after the apatite
by a. exsolution, or b. exsolution * meta'
somatism.

These three models have been considered partly
because inclusions in minerals (with a mutual orien-
tation of the two crystal structures) can oliginate
from growth of the "included crystals" on the faces
of the host minerall various examples are sum-

marized by Seifert (1953). Staircase-like crystal
morphology due to simultaneous growth of two
minerals (irr contact) has been described by Haynes
(1959), and the forms observed on some of the
xenotimes (III and IV, Fig. l) could have originated
irr such a way. On the other hand, oriented
"irtclusions" in minerals ate often considered to be
exsolution phenomena; for instance vein perthites
(Laves and Soldatos, 1963) and orthopyroxene lamel-
lae in clinopyroxene (Bown and Gay, 1960),

If the xenotimes, in accordance with model l,
formed separately from the apatite, the low content
of rare earths in apatite adjacent to xenotime inclu-
sions (see Fig. 2) cannot be explained. If, however,
the xenotimes formed very close to the growing
apatite, and very rapidly, this could deplete the
mineral-forming fluid in REE, and lower the REE
content ofthe apatite. According to Jahns (1953) and
Schneiderhdhn (1961), giant crystals (such as some of
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the apatites) are believed to have formed in a volatile_
rich silicate melt of very low viscosity, with rapid
diffusion of components and formation of few cryrtal
nuclei. If this is true, it seems likely that the liquid
would reequilibrate (at least on the scale in discus_
sion) faster than the apatite could grow and hence the
apatite would show no depletion in the rare earths
around the xenotimes. Furthermore, Jahns' (1953)
and Schneiderhiihn's (1961) proposal that very few
nuclei were formed has definitely not been the case
for the xenotimes. For these reasons it is assumed
that model I cannot explain the formation of the rare
earth minerals included in apatite.

Model II is rejected for the obvious reason that the
apatite on one side of the xenotime must have crystal_
lized before the inclusion, and hence is not likily to
be depleted in REE (as shown by Fig. 2) even if the
apat i te crystal l iz ing simultaneously with the
xenotime was depleted.
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Ftc. 3. Electron microprobe scans showing y, yb, and Gd dis-
tribution in a profile,l_ c axis for 68-13/xenotime I included in
apatite from intermediate zone III. The more irregular curves for y
and Yb are due to increased recorder sensitivitv.
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Flc. 4. Spot analyses in the core, intermediate region, and rim of
68-13/xenotime I (along the same profile as shown in Fig. 3) nor-
malized to the core composition. In this and the following com-
parison diagrams, ionic radii are for REE8+ in 8-coordination
(Shannon and Prewitt, 1969).

If we now consider model IIIa, it is quite clear that
rare earth minerals starting to exsolve from the
apatite could deplete the surrounding apatite in REE.
Exsolution could take place as temperature fell, and
be due to oversaturation of the apatite with rare
earths. However, several authors (Rass, 1964;
Lindberg and Ingram, 1964; Young et al, 1969:
Young and Munson, 1966; Lyakovich, 1962; Denisov
et al, 196l; and Omori and Konno, 1962) report
apatites that have total REE contents similar to, or
higher than, those in the Gloserheia apatites and yet
contain no rare earth mineral inclusions. Of these
apatites, only that described by Omori and Konno is
enriched in the heavy REE; the others are enriched in
the light REE. In view of the REE distribution of the
apatite described by Omori and Konno, and the
presence of monazite inclusions in the Gloserheia
pegmatite, it is assumed that any exsolution is not
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controlled primarily by the distribution of the rare

earths. The apatites with no rare earth mineral inclu-

sions may have cooled under conditions which did

not promote exsolution.
For an exsolution model several mechanisms, each

involving non-stoichiometry, can be considered'
According to Cruft, Ingamells, and Muysson

(1965), apatite has the following structural positions:

l (Ca,REE.  .  .  .  . ) ,  B(P,S i  .  .  .  . ) ,  C(O) ,  D(F 'CI ' ' ' ' )
with the stoichiometric proportions: AuBgCnDr If

xenotime or monazite exsolve from a stoichiometric
apatite, elements in the A, B, and C positions are

remoued in the atomic proportions I : I :4. The result
will be an apatite with vacant sites in the A, B, and C
positions. Exsolution of the other phases identified in

the apatite would enhance this non-stoichiometry.
The following schematic reactions can thus be set

tr

A

o
Xc ore F___-1_oo4_f

Frc. 5. Variation for some selected rare earth oxides (those with

best analytical precision) from the core to rim in a cross sectton

(-t/a X Vz mm) near the center of a xenotime (29-2m, see Ta6le 3;

associated with muscovite, quartz, and rutile in replacements of

microcline in intermediate zone L Error bars for Sm, Gd, and Dy
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Frc 6. REE distribution patterns (for some selected rare earth

oxides) in a cross section (-V4 x l, mm) near the center of a

xenotime (29-2m, see Table 3) associated with muscovite' quartz'

and rutile in replacements of microcline in intermediate zone I.

Numbers in parentheses refer to Table 2.

f'rc. l. ngn, distribution patterns of xenotimes included in an

apatite crystal (69-1) from the quartz core. Xenotime 5 is located

approximately in the center of the crystal, xenotime 2 at the rim or

vlry close to the rim, and the others in intermediate positions (see

Table 3 for further details). The analyses are normalized to the

composition of the xenotime in the core of the apatite'
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of xenotime,/mcinazite from

A 6_18 s_ rcn_nrD, * A rB rD 4,
non-8tolchlometr lc xenoi lme_

apai l te monezlte

- AsBsCnDr + A,B,D4,
stolchlometr lc xenot ime_

a p a t l t e  m o n a z l t e

6 t 7

up for the exsolution
apatite:

( l )  A|BsCnDt +
Etolchlometrlc

apattte

(2) A6+"Bs+,Cr"*o,D,
non - stolchlometrlc

apailte

I

I
l .8t

(3) AsBsarCnaa,Dl- AsltrBr,gCr2*",Dt r A,B,Da,
n o n - s t o l c h l o m e t r l c  n o n _ B t o l c h l o m e t r l c  x e n o r l m e _

apat l te apai l te monaztre

The principles would be the same if exsolution of
qxaftz and plagioclase is taken into account. Ob_
viously one could compl icate the picture by
postulating non-stoichiometry in the exsolved phases
as well, but adjustment of a high-temperature non_
stoichiometry in the apatite by exsolution at lower
temperature seems to offer a satisfactory explanation
of the inclusions. Unfortunately the precisi,on of the
analytical data does not allow distinction among pos_
sibilities (l)-(3).
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Frc. 9. REE distributions for xenotimes 
"", 

t,lll"to.l"'t"""tour,t".
For comparative purposes the REE distribution for xenoiime 5
(included in apatite 69-l from the quartz core) is also shown. See
Table 3 for further details on the occurrence of the different
xenotimes. Lines connect the rare earth values (excluding y) for
each xenotime.

Exsolution is assumed to take place preferentially
at crystal defects (Rast, 1965). Irregular distribution
ofsuch defects could then explain the spatial distribu-
tion of the inclusions.

A xenotime exsolving from the apatite would
prefer the heavy, rather than the light, REE. The
surrounding apatite would be steadily enriched in the
light relative to the heavy REE, so that during its
growth the xenotime would have access to a con-
tinuously increasing ratio of light to heavy REE.
Model IIIa is therefore in accordance with the zoning
actually observed in the xenotimes (see Fig. 3).

The most probable explanation for formation of
the monazites is that monazite started to grow after
the adjacent xenotime was formed. This is supported
by the fact that, after the xenotime was formed as
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mentioned above, the apatite would be enriched in

the light rare earths, which are preferentially taken up
by monazite. Another fact supporting this explana-
tion is the occurrence of monazite only in contact
with xenotime.

Model lIIb implies that the REE in the xenotime/

monazite have been supplied by a combination of (l)

extraction from the apatite and (2) supply by solu-
tions in microfissures in the apatite. It thus conforms
to the observed depletion in rare earths in apatite ad-
jacent to xenotime / monazite.

The "advantage" of postulating a metasomatic
process in addition to the exsolution process is that
the phases present before and after exsolution could
be completely stoichiometric, because transport of
mater ial  in and out of the "apat i te- included
minerals" system is allowed. A metasomatic process

might also explain why previously reported apatites
that have total contents of rare earths similar to, or
higher than, those in the Gloserheia apatites do not
contain inclusions of rare earth minerals.

The zoning in the xenotimes cannot be explained
by the metasomatic process alone, whether this is of a

diffusion or an infiltration type, in the terms used by
Korzhinskij (1965). According to Korzinskij 's model'
the solid solution series would remain close to con-
stant in composition in each metasomatic zone during
infiltration metasomatism. It also seems unlikely that
a diffusion metasomatism, allowing compositional
variations for solid solution series, could produce the
large variations in REE fractionation from the core
to rim in a single xenotime crystal while also produc-
ing the smaller variations found between xenotimes
at the core and rim of a single apatite crystal (see

Figs. 4 and 7). The zoning in the xenotimes, at least, is

therefore considered to be caused by a mechanism
such as that proposed under model IIIa.

Some of the inclusions are found crossing minor
cracks in the apatite (Fig. t, VI), thus supporting
model IIIb. However, many of the xenotimes are
found isolated in the apatite. If material transport
along fissures was important for the formation of
these xenotimes, the fissures must have healed at
some later time.

The data are insufficient to decide whether the in-
clusions have formed in accordance with model IIla

or IIIb. The following discussion considers model
IIIa and shows it to be consonant with several ex-
planations for the REE fractionation found for
xenotimes included in apatite from different zones in
the pegmatite. An attempt to explain the fractiona-
tion in accordance with model IIIb is considered to

be too speculative since even

controlled.

Rare Earth Fractionation in

Monazite System

more variables are un-

the Apatite-Xenotime'

In the previous section the zoning in the xenotimes

was explained in light of an exsolution model for

their formation. The next question that arises is what

rim of apatite) (see Figs. 7 and 8).

It is assumed that the apatites formed successively

from the outer towards the inner zone, and that

apatite formation was completed in each zone before

if began in the next inner zone (cf Fersman, 1952,

Cameron et at, 1949 Schneiderh6hn, l96l; and Jahns

and Burnham, 1969).
If the pegmatite was an open system at least during

the formation of the apatites, the REE fractionation

could be explained by a continuous increase in the

ratio of light to heavy REE available to the apatites

during their formation. As crystallization proceeded,

the apatites would incorporate increasingly lighter

REE, a trend which then would be reflected in the

xenotimes which exsolved afterwards.

According to Mineyev (1963), however, the same

fractionation can be obtained even if the REE dis-

tribution was constant during the formation of the

apatites. Mineyev suggests from theoretical, ex-

perimental, and geological evidence that REE frac-

iionation can be caused by changes in the pH of a

solution that carries the REE as complexes, with F-,

Cl-, COB'-, POot-, e/c as possible l igands. Changes in

the pH of this solution may cause a selective

breakdown of the REE complexes and hence a selec-

tive incorporation into the solid phases.

According to this model the REE fractionation

observed in the xenotimes from Gloserheia implies

that the pH ofthe fluid phase increased as crystalliza-

tion of the apatites proceeded. This would agree with

the interpretation of Yermakov (1964) that a stage

with an increase in the pH of the solutions appears

below the a-B quattz transformation temperature'

The mechanism proposed by Mineyev (1963) for

REE fractionation is also partly supported by

Khomyakov (1967), who, however, favors only a

"weak" pH control on this fractionation. Schilling

and Winchester (1967) also point out the possibil i ty
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that REE fractionation during late stage differentia_
tion (pegmatites) is controlled by REE complexing in
a volati le-rich environment.

The takeup of REE by other quantitatively impor_
tant minerals in the pegmatite (euxenite and allanite
in intermediate zone III, and allanite in intermediate
zone I) would be an additional complication, if these
crystallized simultaneously with the apatites. Because
of the regular trend and rather small absolute varia_
tions in the observed REE distributions, and since
euxenite and allanite, judging from rough estimates,
must contain the bulk of the total REE in the
pegmatite, it is reasonable to infer that these minerals
did not crystallize during the same period as the
apatites.

The REE fractionation can also be explained if the
pegmatite was a cloied system during tire formation
of the apatites. Apatite, forming successively from
the outer towards the inner zone, may have preferen_
tially incorporated heavy REE and thereby enriched
the mineral-forming fluid in the light npp. ff,"
xenotimes exsolving from these apatites would inherit
this fractionation trend (Figs. 7, 8), provided the par_
tition coefficient for REE between apatite and
xenotime was more or less constant during exsolu_
tion. The mechanism of Mineyev (1963) would be in
accordance with this explanation, provided there was
an increase in the pH as crystallization of the apatites
proceeded.

The fit of the REE distribution for xenotime g4
(not included in apatite) to the trend for the
xenotimes included in apatite may indicate that any
differences for rare earth partition between (a) liq-
uid-apatite and apatite-xenotime and (b) l iquid-
xenotime more or less balance out.

Rare Earth Fractionation of Xenotimes
not Included in Apatites

The trend in rare earth fractionation shown by
xenotimes included in apatite is not observed in the
other xenotimes (Fig. 9).

Assuming the pegmatite to be a closed system (dur_
ing the format ion of  these xenot imes) ,  the absence o i
this trend could show that the xenotimes formed at a
later stage or stages (the pneumatolytic-hydrothermal
stages of Schneiderhcihn, 1961, and others) than the
apatites. This may have been during or partly during
the same period when euxenite (and allanite in in_
termediate zone III?) was formed and later altered,
with accompanying variations in the REE distribu_
tion in the residual fluid. Late formation of these
xenotimes is also indicated by their mode of occur_

rence and their characteristic association with
muscovite, rutile, and calcite. Schneiderhdhn (1961)
considers euxenite to form during a pneumatolytic
stage, and to be altered during a hydrothermal stage
with release of Ti. This titanium could have been the
source of the rutile found in the pegmatite, very often
associated with the xenotimes in question.

The possibility of a pH-control on the REE takeup
by the xenotimes (Mineyev, 1963) could also be con-
sidered. Changes in pH might be caused by crystal-
lization of OH-bearing phases, such as muscovite and
biotite, in the local environment around the different
xenotimes. This could happen whether the pegmatite
was an open or a closed system during formation of
the xenotimes. This hypothesis is supported to some
extent by the observed changes in REE-fractionation
in the xenotimes that formed together with muscovite
and quartz during replacement of microcline (Figs. 5
and 6).

Other studies on REE fractionation in similar
mineral systems are unsatisfactory for a comparison
with this work. In general, too little is specified about
the mineral parageneses, the homogeneity of the
analyzed minerals, the location of the analyzed
material within the crystals, and other important fac-
tors.

Any conclusions on mechanisms and causes for
the rare earth fractionations observed must be
speculative. However, it seems probable that frac-
tionation in the apatite-xenotime-m onazite system, as
defined by the observed fractionation for the
xenotime inclusions, was caused by processes related
only to the continuous crystallization of the apatite-
bearing zones towards the center of the pegmatite.
This is in accordance with the proposed sequences of
crystallization for similar mineral assemblages in
other zoned granit ic pegmati tes (Jahns, 1953;
Schneiderhdhn, 1961, etc).In contrast, the rare earth
fractionation in the other xenotimes probably has a
more complex relation to the sequence of the zones in
the pegmatite.

In light of the data obtained in this work, it seems
clear that careful analytical work in microscopic do-
mains can contribute significantly to our understand-
ing of pegmatite genesis.
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