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ABSTRACT

Contribution of grain-boundary REEs (rare earth elements) to the chem-
istry of the partia l melt was examined by in situ melting of a quartzose para-
gneiss sample. The paragneiss sample, consisting mainly of quartz, oligoclase,
biotite and muscovite, contains 24.3ppm La, 53.1ppm Ce, 16.9ppm Nd, 3.91ppm
Sm, 0.94ppm Eu, 1.44 Yb and 0.23ppm Lu. REE-bearing accessory minerals,
155.9mg zircon, 27.3mg monazite, 13.5mg apatite and 3.1mg xenotime per 1kg
sample, account for only 10-15% of the whole-rock abundances. Microprobe
investigation reveals that the unaccountable REEs, i f not all , reside at grain-
boundaries of constituent minerals. The paragneiss produces a partial melt of
40 vol.% through heating at 1350 C and 1 atm for 60 minutes. The melt is an-
desitic in composition, and contains REEs about twice as much as the whole-
rock abundances. The chondrite-normalized REE pattern of the melt is linear
and light REE-enriched, a typical pattern for granitoids. Since accessory mine-
rals , a t least zircon, monazite and xenotime, remain unmelted, most REEs in
the melt must originate from the grain-boundaries. The grain-boundary REEs
i n source rocks play a key role o n the dis tr ibu t io n o f REEs i n granitoids
formed through partial melting of crustal rocks.

INTRODUCTION

The geoche mis try o f REEs, e speciall y the chon dr i te -n or malized REE pa t -
t er n (M asuda-Cory el l d iagram), p rov ides a fundamental constraint o n t h e
interpretatio n o f th e origin and ev olutio n o f granitoids. T he RE E pattern s of
granitoids are light REE-enr iched and l inear. They occasiona lly comprise two
l in ea r segments with a turning point around Gd. Most g ranitoids are curren-
t ly accepted to be formed through partia l melting of crustal rocks (e.g. White
a n d Chapp e l l, 19 77 ) . A que st i o n, he r e a r i se s r e ga rd ing wh a t m e c ha nis m
gover ns the REE abundance s and REE patterns o f granitoids. Some workers
have sugg ested that the REE ab undance s are controlled mainly b y melting of
REE-rich accessory minerals in source rocks (e.g. Watson and Harrison, 1983
and 1984; Harrison and Watson , 1984; Rapp and Watson, 1986). We consider
that the lineari t y of the REE pattern canno t b e e xplained simply b y means of
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li near co m bi n ati o n o f REE-r ich a ccessory mi n era ls . Severa l s tudies , o n t h e
other hand , s uggested that R EEs i n rocks reside mainly a t grain-boundaries o f
constituent m in er als ( e.g . Masuda, 1969; Su zuki, 1981; Suzuki e t al. , 1990). I f
this i s the case, the grain-boundar y REEs may play a key role o n the distribu-
tion o f REEs i n granitoid melts formed through parti al mel ting, because g rain-
boundaries ar e the first t o melt; the RE E pattern o f the melts will inheri t REE
characteri stics from t he grain -bound aries. This paper reports the contribution
of grain -boundar y REEs t o th e melt o n th e basis o f p artial mel ting o f a sample
o f quartzos e paragneiss f ro m the Ryoke m etamorphic b el t , Southwest Japan.

SAMPLE DESCRIPTION

T he q uar tzose paragneiss selected fo r th i s st udy w as col lec ted f rom the
Cretaceous Ryo ke metamorphic bel t , centra l Japan (Shi ida ir a , 1 37 3 3'17"E,
3 4 57'50" N) . It occurs a s a n inters tratified lens o f about 60cm i n thickness
w i th i n al terat io n s o f pel i t ic a n d p sammi t ic gneisses metamo rp ho s ed under
the condi t ion o f t he a ndalusite-si ll imanite transit ion. Th e gn eis s spec imen
consists mainly of quartz (67.0%), oligoclase (24.0%), biotite (6.8%) and musco-
v it e (2.2%). We s e lec ted t hi s sample becaus e i t con ta ins l a rg e quanti ty o f
equigranula r quar tz . Tha t is , as mentioned later, melt derived by partial melt-
in g of t h is g n e i s s c o u l d b e ob s e rved c l e ar ly a t q u a r t z gra i n b o un d a rie s.
Q u a rt z g rai n s a r e i r r e g u l ar t o s u b ro u n d ed in s h ap e a n d ab o u t 0 .5 m m i n
d iameter. O l ig o clas e (A n 23-30) occupies interst i t ia l regions betwee n q u ar t z
grains . Biotite an d muscovite occu r as flakes o f 0.05-0.1mm in length. Some
bioti te f lakes alter into chlorit e along their cleavages .

Accessory minerals are zircon , monazite, apa tite, xenotime, pyrite, pyrrho-
tite, i lmen it e and rutile . Most zircon grain s occur a s faceted euhedral prism s
o f 0.1-0.2 mm i n length, however, some a re well rounded. Monazite forms sub-
hedral t o anhedral gra ins of 0.06-0.15mm in s ize . Apat it e, about 0.1mm i n
size, i s anhedral, an d x enotime forms anhedral grain s o f 0 .1 -0 .3mm i n s ize .

I n order t o de termin e t he a mo un t o f accesso ry m inerals present a s pre-
cisely a s possibl e, w e separ at e heavy minerals (density > 3.0 g/ cm ) from a
chip of 718.3g following the procedure described by Suzuki e t al. (1990) . After
removing pyrrhoti t e wi th a magne t, a nd biot it e , i lmenit e and l igh t m inerals
w it h a n i sodynami c magne t ic separator and a heavy liqui d, t he he avy m in -
e rals, zircon, monazite, apatite , xenotime, pyrite and rutile, amount t o 337.7 mg .
T hey were mount ed o n a glass slide with an epoxy r esin , p olished and ana-
lyzed modal ly o n an electron micro probe; e ac h ac cessory minera l was i r radi-
a te d electron beam an d could b e disti nguished b y chara cteristic X-r ays . Th e
analysis enables us t o calculate th e am ount of each accessory mineral p er 1
k g sample: 155.9mg zircon, 27.3mg monazite, 13.5mg apatite, 3 .1mg xenotime,
270 .0 m g pyri te an d a tra c e amount o f ru ti l e . T h e mo d al composi t ion w a s
checked b y m eans o f point counts coupled with microprobe identifica tion o f
mineral s over a l arg e surfac e a re a and a large number o f points (19,038 points
w e re co u n t e d o v e r 1 0 t h i n s e c t io n s ). T his a l t er n at i v e an a l y s i s s h o w s
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about 0.01 vol.% zircon, namely ca. 170mg zircon per 1 kg. Since both analyses
g ive nearly identical results with respect to the amounts o f zircon and mona-
zit e, we believe t hat the mode i s a ccurat e wi th an un certain ty o f ±1 0%.

REEs IN ACCESSORY MINERALS AND GRAIN-BOUNDARIES

The REE contents of the accessory minerals were determined on a JXA-5A
e lec tron microprobe. The ope ra ting conditi ons were 15 kV accelerating volt-
a ge , a bo ut 5 µm beam diameter, 0 .01-0. 1 µA beam curren t a nd 40 -2 00 sec.
count ing t ime. T h e me as u rem en t o f X- ray in tens i ty fo r t h e l ine p e ak a n d
backgrou n d w a s repea ted tw i ce or th ree times , a n d t h e ar i thmeti c a v erage
was taken. D etails o f the analytical procedure including corr ection o f spectral
inter ferences a re discussed i n Suzuki et al. (1990). The detection l imits a t the
2σ confidence l evel a re 0.01 wt.% for most RE E oxid es , an d the r elative error
in the determination is abou t 10% on the 0.1 wt.% level and less than 5% on the
1 w t.% level. Repr esenta ti ve m icroscope analyse s o f indiv idua l accessory
m in er als a re listed i n Tab le 1 .

Table 1. Selected electron microprobe analyses (wt.%) of accessory
minerals in the quartzose paragneiss from the Shitara area
of the Ryoke metamorphic belt , central Japan.

S i O 2

Z r O 2

H f O 2

Y 2 O 3

D y 2O 3

E r 2O 3

Y b 2O 3

P 2 O 5

To t a l

Z ir c o n A p a t it e

S m 2O 3

G d 2O 3

D y 2O 3

E r 2O 3

C a O
P 2O 5

F

To t a l

32 .8
64 .8

1 . 6 0
0 . 117

-
0 . 0 15
0 . 0 26
0 . 1 00

32 .9
64 .9

1 . 2 8
0 . 3 45
0 . 0 26
0 . 0 51
0 . 0 81
0 . 0 98

3 2 . 7
6 4 . 5

1 .98
0 .21 0

-
0 .02 3
0 .04 5
0 .19 5

9 9. 4 9 9 . 6 9 9. 65 8 8 1 53

0 . 0 20
0 . 0 57
0 . 0 81
0 . 0 28

5 5. 0
4 2. 1 0

3 . 6 6

0 . 0 1 7
0 . 0 5 4
0 . 0 6 3
0 . 0 2 5

5 5 . 3
4 2 . 1

3 . 6 5

10 0 . 9 1 01 .24 6 0 9

S i O 2

T h O 2

U O 2

Y 2 O 3

L a2 O 3

C e 2O 3

P r 2 O 3

N d 2O 3

S m 2O 3

G d 2O 3

T b 2O 3

D y 2O 3

H o 2O 3

E r 2O 3

T m 2O 3

Y b 2O 3

L u 2O 3

P b O
C a O
P 2 O 5

To t al

-
4 . 9 7
0 . 2 10
2 . 9 1

1 4. 9
2 6. 8

2 . 7 6
11 .0

1 . 3 4
1 . 4 3
0 . 1 71
0 . 7 97

-
-
-
-
-

0 . 0 89
1 . 1 5

3 0. 9
9 9. 4

0 . 119
4 . 6 3
0 . 1 50
1 . 0 0

1 6. 5
2 9. 5

2 . 8 0
1 0. 6

1 . 7 2
0 . 9 66
0 . 0 53
0 . 2 73

-
-
-
-
-

0 . 0 21
0 . 8 54

3 0. 2
9 9. 3

2 . 0 2
1 2 . 1

0 . 6 2 6
0 . 9 0 5

11 . 5
2 6 . 0

2 . 8 8
1 2 . 1

2 . 3 9
0 . 8 1 5
0 . 0 4 2
0 . 2 5 3

-
-
-
-
-

0 . 0 5 6
0 . 7 0 0

2 7 . 0
9 9 . 3

2 . 9 2
1 8. 2

0 . 6 86
1 . 3 0

1 0. 1
2 4. 0

2 . 7 2
1 0. 1

1 . 9 4
0 . 9 66
0 . 1 69
0 . 2 29 4
0 . 0 61

-
-
-
-

0 . 2 01
0 . 8 21

2 5. 4
9 9. 8

0 . 6 6 9
9 . 6 1
1 . 2 9
1 . 1 6
7 . 8 7

2 6 . 0
3 . 0 2

1 3 . 3
2 . 9 6
1 . 2 6
0 . 2 0 9
0 . 3 2 2
0 . 0 5 6

-
-
-
-

0 . 9 3 0
1 . 6 4

2 8 . 9
9 9 . 12 7 8 6 87 7 8 9 6

0 .10 0
-

0 .50 9
43 . 4

0 .011
0 .11 3

-
0 .43 8
0 .49 2
1 .78
0 .54 2
5 .15
1 .48
4 .47
0 .80 9
4 .39
0 .54 9

-
-

35 . 1
99 . 333

M on a z i t e X e no t i m e
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Zircon contains small amounts o f Y and heavy REEs, whereas light REEs
su c h a s L a , C e and N d c a n n ot b e u s uall y detected o n th e electron micro-
p robe . Figure 1A illu strates the frequency distribution o f the Yb2O3 content in
62 zircon grains . The Yb2O3 contents range from 0.01 to 0.17 wt.%, and concen-
tra te a t aroun d 0.07 wt.%. The ari thmetic average o f zirc on analyse s g ive s
0.020±0.009 wt.% Dy2O3, 0.036±0.050 Er2O3 and 0.075±0.047 Yb2O3. The chond-
rite-normalized REE pattern shows heav y REE-entichmen t with a norm alize d
Dy/Yb ratio of 0.17 (Fig. 2).

Fig. 1. Frequency distribution diagrams for the Yb2O3 content of
6 2 z i rc o n g rai n s (A) a n d fo r t he La 2O 3 c on t e n t o f 36
monazite gra ins (B) in the quartzose paragne iss from the
Ryoke metamorphic belt .
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Fig. 2. Chondri te -no rmalized patte rns for the average REE abun-
dance s o f zircon, monazi te , apat i te and xenot ime i n the
q u ar t zo s e p aragnei s s . C h ondr i te abundan c es a r e af t er
Masuda et al. (1973) and Masuda (1975).

Monazite contains 4.4-12.1 wt.% ThO2 and 0.05-1.3 wt.% UO2. Composi -
t iona l variation o f monazi te is mainly d ue t o the di fferent c oncentration of
ThO2 and UO2; the relative abundance among REEs does not change signifi-
cantly from grain to grain as well a s within individual grains. The frequency
distribution of the La2O3 content in 36 monazit e grains i s illustrated in Fig. 1B.
Monazi te analyses average 13 .6±1.8 wt.% La2O 3, 27.9±1.4 C e2O 3, 2.82±0.23
Pr2O3, 11.5±0.9 Nd2O3, 2.02±0.32 Sm2O3, 0.992±0.254 Gd2O3, 0.143±0.060 Tb2O3

and 0.369±0.175 Dy2O 3. The REE pattern shows a sharp decrease toward the
heavy REE end (Fig. 2).

Apat i te is f luoapati t e w it h c a . 3 .6% F, and conta ins 0.021±0.002 w t. %
Sm2O3, 0.057±0.003 Gd2O3, 0.058±0.025 Dy2O3 and 0.025±0.002 Er2O3. The REE
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pattern i s a convex with a broa d maximum a round Gd (Fig. 2) .
Xeno t im e c on centrates mi dd le t o heavy REEs wit h average 0.015 ±0 .00 4

wt . % La2O 3 , 0 . 09 8± 0. 0 15 Ce2 O3, 0 . 40 0± 0. 0 38 N d2 O3, 0 . 45 8± 0. 03 3 Sm 2O3,
1 . 7 4±0.04 Gd 2O 3, 0 . 5 3 8±0. 0 1 4 Tb 2O 3, 5 . 0 8±0.07 Dy 2O 3, 1 .47±0.01 Ho 2O 3,
4.50±0.03 Er2O 3, 0.809±0.05 Tm2O3, 4.43±0.04 Yb2O3 and 0.564±0.014 Lu2O 3.
T h e R E E patern i s a co n vex w i th a b road maxim u m a rou d T m ( Fi g . 2) .

We now consider th e fraction o f REE contained i n the ac cessory mineral s
o n t h e bas i s of t he ave rag e R E E contents a n d t h e mode . O n t h e elec t ron
microprobe , La , C e a nd N d are detecte d on ly f rom monazi te and xeno t ime .
The weighted sum o f monazit e and xenotime provides 3.2ppm La, 6 .5 C e and
2.7 Nd; the two monerals share 13 , 12 and 16% of the whole-rock La , Ce and Nd,
r e s p e ct i v e l y. S m i s d e t ec t e d f r o m m o naz i t e , a p at i t e an d x e n ot i m e; t h e
w eighted su m o f t hes e minerals pro vides 0.49ppm S m wh ich correspond s to
13% o f the whole-rock abundance. Zirco n and xenotim e provide 0.23ppm Yb,
i.e. 16% of the whole-rock abundance. Lu contained in xenotime amounts to 0.02ppm,
about 8% of the whole-rock Lu.

Fig. 3. X- ray coun ts a t C e Lα d e te c ti o n po sit i on v s . SiKα f o r g r a in -
boundaries between quartz grains (solid circle) and for interior s
o f q uar tz grains (ope n ci rcl e) m easured o n th e el ec tron m icro-
probe. The variation in SiKα counts for interiors of quartz grains
i s due to the drift o f beam current during a long span of the ex-
perimental run. The X-ray counts a t CeLα detection position for
gra in- bo und a ri e s a r e hi g he r t ha n t ho se f or i nter ior s of q uar tz
grains (e.g. backgrounds), suggesting concentration of Ce at grain-
b oundar ies.
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The unaccountabl e R EE s (whole-rock minus s um o f accessories) amount
t o 21.1ppm La, 46.6 Ce, 14.2 Nd, 3.42 Sm, 1.21 Yb and 0.21 Lu, about 85-90% of
the whole-rock REE s. Because the main constituent m in er als , quartz, oligo-
c lase, biotite and muscovite , contain little REEs (e.g . Fourcad e and Al legre,
1981; Gromet a n d Si lver, 1983; M it t lefe ld t a n d M il le r, 1983) , m os t of t h e
unaccountable REEs ar e considere d to r eside at grai n-boundaries o f the con-
s t i t uen t m i n e ra l s . To t e s t t he g ra i n - b o un d a ry e n ri ch m e n t o f R E E s , w e
measured X-ray intensities at CeLα-detection position o n interio rs o f quartz
grains a nd boundaries betwee n q ua rtz grains (Fig. 3 ) . X- ra y count s (back-
g r ou n d p lu s C eLα and po ss i bl e B a Lβ l i ne s ) f o r t he gra in-bo u ndar ies a r e
systematical ly higher than those fo r the interiors o f quartz g rains, sugges ting
considerable concentrat io n o f C e a t the grain -boundaries . The grain-boundary
concen tra t io n o f Ce i s ne i th er d u e to an increas e i n t h e C e co nt ent i n t h e
lattice o f quartz nor to the p resence o f minute c rystal l in e phases. We b el iev e
that th e g rain-boundar y Ce forms a thin surface film.

CONTRIBUTION OF THE GRAIN-BOUNDARY REEs
TO THE PARTIAL MELTING PRODUCT

Th e g ra in-bou ndary c oncentra tion o f REEs s ug gests that part ial me lt ing
product en ri ch e d i n REEs c an b e fo rmed through in s i tu m el t ing a t g ra in -
b o u nd a ri e s wi th o u t a n y cont r ibut io n o f R E E-r i c h a c ce s so r y m i nera l s . To
evaluat e this possibili ty chips (15X15X5mm) o f the gn eiss were h eated a t 1
a tm in an electric furnace. The temperature was 1350 C, and the heating dura-
t ion w as 60 min. Quenching wa s done b y dippin g the sample into disti l led
water, The heating was conducted three times. After each run , the chips was
halv ed lengthwise and repeatedl y washed with disti l led w ater. One half was
impregna ted with an epoxy resin, ground and prepared as a poli shed thin sec-
tion for the mic roprobe observation and microprobe analysis. The other half
was crushed with an agate morta r only to the exten t necessary for i solation of
glas s part icle from u nmelted minerals and p reserved for separati on o f glass .

Oligoclase , bioti t e a nd muscovit e disappeared by heating, a nd a 4 0 vol .%
glass (melting product) was formed among quartz grains throughout all heat-
ing runs. Since quartz gra ins became well rounded, they were partly molten.
Of accessory minera ls , zircon , monazite and xenotime were recognized in the
quenched g lass of the experimental products, but apati te was not, despite i ts
i n i t ia l c o n c en tr a t i o n . A l t h o u g h th e mo d al an a l y s i s o f th es e a cc e s s o ry
m i n eral s was never f easible owing t o the smal l co unting a rea , we consider
that most zircon, monazite and xenotime grains , i f not all , remain unmelted.
Preservat io n o f well-fa ceted euhedral zircons supports this interpretation.

The major elemen ts of the quenched glass were analyze d o n the electron
microprobe with 15 kV accelerating voltage , 0.0125 µA beam current and 10
µm beam diameter. T h e glass is h o mogeneous in compos i ti o n throughout
i nd ividual experimental charges, and the composi t io n i s r eproducib le in all
experiments a t 1350 C . The average composition i s co mp ar ed i n Table 2 witho

o
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Table 2 . We t chemic a l and ins t rum enta l n e utro n ac t iva ti o n ( IN A )
a nalyses o f th e quartzose p aragneiss an d t he cl ass formed
thro ug h partia l m elting a t 1 35 0 C and 1 a tm .

M a j o r e l e m e n ts
( wt .% )

G n e i s s G la s s

S i O 2

Ti O 2

A l 2 O 3

F e a s F e O
M n O
M g O
C a O
N a 2O
K 2 O
P 2 O 5

I g . l o s s
H 2 O ( - )

To t a l

83 . 6 2
0 .26
9 .58
1 .18
0 .03
0 .37
1 .30
2 .38
0 .30
0 .01
0 .72
0 .09

99 . 8 4

6 1. 4
0 . 3 8

2 2. 9
3 . 0 2

-
1 . 1 0
3 . 0 2
5 . 3 0
1 . 1 6

-
-
-

9 8. 2 8

R E E s ( pp m ) I N A I N A C a l c .
* * * *

L a
C e
N d
S m
E u
T b
Y b
L u

24 . 3 ± 0 .1
53 . 1 ± 1 .8
16 . 9 ± 4 .6

3 .91 ± 0 .02
0 .94 ± 0 .12

-
1 .44 ± 0 .08
0 .23 ± 0 .02

5 4. 7 ± 0 . 3
1 09 .9 ± 0 .6

4 5. 3 ± 3 . 7
8 . 1 7± 0 . 0 2
1 . 3 7± 0 . 0 6
1 . 1 5± 0 . 1 9
2 . 1 4± 0 . 0 4
0 . 3 3± 0 . 0 1

5 3
1 2 0

3 6
8 . 6

-
-

3 . 0
0 . 5

*Uncertainties due solely to γ-ray counting errors in 1σ.
**See text .

m el t

whole-rock

100

10

1
La Ce Nd Sm Eu Tb Yb Lu

Fig. 4. Chondr i t e-normal i ze d RE E pa t er n s o f t h e qua r tz o s e p ar a -
g neiss and glas s f ormed through 40% partia l melt ing .
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the whole-rock composition of the gneiss, determined with a wet chemical
method including gravimetry, EDTA titration, colorimetry and atomic absor-
ption photometry. The glass composition clearly differs from the whole-rock
composition of the gneiss and also from the ideal compositions of oligoclase.
It is andesitic in composition and is characterized by a high proportion of
normatitive corundum, about 7.5%.

The glass was hand-picked from the crushed samples and analyzed for
REEs by the instrumental neutron activation analysis method. The details of
analytical procedure is described in Tanaka et al. (1988). The result is given
in Table 2 together with the whole-rock REE abundance of the gneiss, and the
REE pattern is illustrated in Fig. 4. The glass contains REEs about twice as
much as the whole-rock abundances. Since REE-rich zircon, monazite and
xenotime, as described above, remain unmelted, REEs in the glass are inter-
preted to have originated from the grain-boundaries.

In the light of the result of our study, we now consider the balance of REEs
between te grain-boundaries and the g lass. The grain-boundary L a (th e
whole-rock abundance minus the weighted sum of accessories), for example,
amounts to 87% of the whole-rock abundance. This provides about 53ppm La
in the melt formed by 40% melting (approximately 40 vol.% = 40 wt.%) of the
gneiss without any contribution of REE-rich accessory minerals. This calcu-
lated La abundance is in good agreement with the observed abundance of
54.7ppm in the glass. The same calculation was carried out for other REEs,
and the result is listed in Table 2. The overall consistency between the calcu-
lated and observed abundances confirms the view that REEs in the partial
melt may originate mainly from grain-boundaries.

The chondrite-normalized REE pattern of the glass is logarithmically linear
with a negative Eu-anomaly and a normalized La/Lu ratio of about 10 (Fig. 4).  
Strictly speaking, the REE pattern is composed of two linear segments with
turning point around Gd. This type of REE pattern has been recognized from
many granitoids (see discussion in Suzuki et al., 1990). Partitioning of REEs
between REE-rich accessory minerals and melts can not explain the linearity
and the break, because the partition coefficients for any minerals give a para-
bola-shape or a part o f parabola-shape with no substantial discontinuity:
modeling of REE behavior based on mineral phase alone, a common practice
i n th e pas t, i s n ot valid. We emphasize t hat th e REE characteristics o f
granitoids formed by partial melting are governed essentially by the grain-
boundary REEs in source rocks.

CONCLUSION

(1) The quartzose paragneiss from the Ryoke metamorphic belt in South-
west Japan contains 155.9mg zircon, 27.3mg monazite, 13.5mg apatite and
3.1mg xenotime per 1 kg. The sum of REEs of these accessoroy minerals
accounts for only about 15% of the who-rock REEs. The rest of REEs are
considered to reside at grain-boundaries of the constituent minerals, possibly
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forming a surface film.
(2) The gneiss yields a 40 vol.% glass of andesitic composition among

quartz grains through heating at 1350 C and 1 atm for 60 mines. Although
most REE-bearing accessory minerals remain unmelted, the quenched glass is
concentrated in REEs twice as much as the gneiss abundance, suggesting the
derivation of REEs from the grain-boundaries.
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