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ABSTRACT

The distribution of the rare earths and other trace elements in calcic amphiboles from the Njurundukan mafic complex,
northwestern Baikal region, in Russia, depends on metamorphic grade. Both total REE and L&Y b in amphiboles decrease with
decreasing temperature of metamorphism. Consistent partition-coefficients for trace elements in amphibole and coexisting gar-
net, suggestive of equilibrium, are best developed in granulite-facies rocks. Such a consistent distribution of the REE is disturbed
in amphibolite-facies rocks owing to incipient metasomatism. Amphiboles from metasomatic rocks show REE distributions that
differ from those in amphibol es bel onging to the metamorphic culmination, and commonly are inherited from precursor minerals.
This property leads to the establishment of the sequence of mineral formation in metasomatically altered rocks. Comparison with
amphiboles from the high-pressure Lapland granulite complex, Baltic Shield, suggests that pressure does not affect REE abun-
dance and distribution in amphiboles.
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SOMMAIRE

Ladistribution desterresrares et autres éléments traces dans | es amphibol es cal ciques du complexe mafique de Njurundukan,
dans e nord-ouest de la région de Baikal, en Russie, dépend du degré de métamorphisme. Lateneur en terres rares et |e rapport
La/Yb des amphiboles diminuent & mesure que diminue la température du métamorphisme. Des coefficients de partage
conséquents pour |es éléments traces dans |’ amphibole et le grenat coexistant, indications possible d' un équilibre, sont les mieux
dével oppés dans les roches sujettes & un métamorphisme dans le faciés granulite. Une telle distribution conséguente des terres
rares est dérangée au cours d’ épisodes de métamorphisme dans le faciés amphibolite & cause d’' un début de métasomatose. Dans
|es amphiboles des roches métasomatiques, |a distribution des terres rares différe de celle des amphibol es dével oppées menant &
laculmination métamorphique; elle est apte a étre héritée de minéraux précurseurs. Cette propriété mene al’ établissement d’ une
séquence de formation des minéraux dans desroches altérées par métasomatose. Une comparaison avec |es amphibol es provenant
du socle granulitique de haute pression en Lapponie, Bouclier Baltique, nousfait penser que lapression n’ affecte pas|’ abondance
et ladistribution des terres rares dans |les amphiboles.

(Traduit par la Rédaction)

Mots-clés: éléments traces, terres rares, amphibole calcique, complexe mafique de Njurundukan, Baikal, Russie.

INTRODUCTION

In spite of important advances in analytical tech-
niques applied to the rock-forming mineras, there is
very little information in the literature about distribu-
tions of the rare-earth elements (REE) in metamorphic
calcic amphiboles; amphibolesfrom igneousrocks (e.g.,
Cortesogno et al. 2000, Zanetti et al. 1995) and eclogites
(e.g., Sassi et al. 2000) are better understood. Only a
few determinations of the REE in amphiboles from
granulite-facies rocks have been reported (Loock et al.
1990, Pride & Muecke 1981), and data on REE abun-
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dance in amphiboles from amphibolite-facies rocks are
virtually absent (Kretz et al. 1999, Sorensen &
Grossman 1989).

In this article, we examine patterns of trace-element
distribution, including the rare earths, in calcic amphi-
boles (hornblende) from the Njurundukan mafic meta-
morphic complex, northwestern Baikal region, in
Russia, where amphibol e crystallization took place over
awide range of pressure and temperature (Table 1). In
addition, amphiboles from the Lapland granulite com-
plex and metasomatic amphiboles from the Belomorian
complex, in the Baltic Shield, were investigated.
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ANALYTICAL METHODS

Trace-elements abundances in amphiboles were de-
termined by theinstrumental neutron activation method
(INAA) at the Institute of Precambrian Geology and
Geochronology, St. Petersburg. Amphibole grainswere
separated by use of ajaw crusher, aceramic mortar and
pestle, plastic sieves (to obtain particlesin the sizerange
0.12-0.24 mm), a Frantz magnetic separator, heavy lig-
uids, and final removal of foreign particlesusing thetip
of aneedle.

One zoned amphibole was studied by secondary-ion
mass spectrometry (SIMS) at the Institute of Microel ec-
tronics, Yaroslavl. A Cameca |M S—4F ion microprobe
was used to determine REE concentrations. Information
on the procedure is provided by Smirnov et al. (1995).

GEOLOGICAL SETTING AND METAMORPHISM

The Precambrian Njurundukan mafic complex inthe
northwestern Baikal region comprises tectonically jux-
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taposed of two-pyroxene garnet-free schists, first meta-
morphosed at the granulite facies (770-850°C , 5-6
kbar), and repeatedly migmatized amphibolites and
metagabbros (Skublov 1993). The age of the granulite-
facies metamorphism was determined as 617 Ma
(Amelin et al. 2000). A low-pressure, high-temperature
amphibolite-facies metamorphism (650°C and 4-5
kbar) was superimposed on the entire Njurundukan
complex except along the bordering Sljudanka shear
zone (Fig. 1). The latter is situated at the contact of the
complex with the low-grade Olokit complex, where
minera assemlages mark atransition to high pressures
(580°C and 9-10.5 kbar). It isonly within the Sljudanka
shear zone that amphibolitized granulites, feldspathic
amphibolites and metagabbros are transformed into gar-
net amphibolites, anong which bodies of eclogite-type
rocks are found. Retrograde metamorphism at 550°C
and 6-7 kbar, accompanied by extensive metasomatism,
were superimposed on the effects of high-pressure meta-
morphism.

TABLE 1. COMPOSITIONS OF METAMORPHIC AMPHIBOLE, AS DETERMINED BY
ELECTRON-MICROPROBE AND INSTRUMENTAL NEUTRON-ACTIVATION ANALYSES

Granulite-grade amphibole

Kaersutite Brown hornblende

3/4 411 483 522 632 Lap-12 Lap-13 C-7

High-T amphibolite- Low-T amphibolite- Metasomatic
grade amphibole grade amphibole amphibole
Green and brown-green Blue-green Blue-green
hornblende homblende hornblende

487 499 23 54/3 12/3 75 133 14b 82d

SiO, wt.% 40.72 4071 4201 43.66 4049 4095 4224 40.69
TiO, 4.83 552 212 1.88 199 243 2.38 2.17
Al,O, 13.62 13.17 11.12 11.00 1323 11.60 13.41 1187
FeO* 994 1132 1386 1571 1812 2178 16.19 2095
MnO 0.13 nd. 022 nd 0.21 019 022 0.16
MgO 1271 12.06 1343 1128 9.35 6.50  9.18 8.01
CaO 12.18 11.19 1142 1140 1123 1075 1094 10.56
Na,O 2.46 2.58 1.79 1.44 1.50 1.98 1.92 2.29
K,0 1.75 1.59 112 1.18 1.88 1.84 1.52 130
Total 9834 98.14 97.09 97.55 9800 98.00 98.00 98.00
La ppm 11.7 29.6 546 256 30.2 30.3 183 8.3
Ce 572 110 130 63.7 756  63.8 41.9 18.3
Nd 62.3 86.2 71.3 43.6 597 414 281 9.5
Sm 18.6 222 194 109 18.5 9.38 7.38 22
Eu 5.65 5.88 5.4 2.95 3.85 24 1.94 0.78
Tb 374 453 437 216 293 1.14 0383 036
Yb 10.0 12.4 13.2 6.28 122 4.06 281 08
Lu 1.49 1.84 1.57 096 1.85 0.6 0.4 0.1
Sc 83.8 81.1 81.9 562 825 529 53.1 583
Cr 58 148 97 78 71 <5 144 29
Co 40.6 48.0 506 555 540 655 723 75.9
Hf 5.1 6.5 38 4.0 38 5.1 3.1 3.0
Ta 1.18 1.94 093 0.68 037 0.63 0.55 0.083
Total REE 170.7 2727 299.8 1562 2048 153.0 101.7 403

La/Yb** 0.79 162 281 277 1.68 507 442 7.05

4366 44.06 4445 4203 4232 4021 4351 4234 4455
1.70 1.29 091 146 034 051 0.69 0.79 0.41
977 1062 1411 13.13 1504 1917 1546 1789 15.86

16.86 1337 1372 1987 1698 971 1403 1560 11.73

0.36 nd. nd. nd. nd. 0.03 nd. 0.17 0.01
11.17 1349 1152 7.07 951 1360 1144 981 1236
1140 1192 1021 1143 1056 978 1035 1050 1127

1.61 220 264 217 251 352 206 nd. 0.72

124 110 0.31 086 073 012 030 0.50 nd.
97.77 9805 9787 98.02 9799 96.65 97.84 98.00 9691

63 29 26 23 2.0 19 <05 13 <05
16.2 6.9 103 13.2 15.6 89 <50 <50 <50
12.5 6.8 16.8 9.8 14.5 92 <30 <30 <30

4.53 1.89 298 31 297 198 039 054 0.26

1.57 1.00 074 052 1.61 0.76 <0.05 0.58 0.13

091 0.61 054 08 069 047 013 0.59 0.46

3.93 2.65 22 177 28 2.00 1.47 915 232

0.61 0.39 032 026 041 029 027 15 0.37

71.7 576 519 697 71.1 50.1 54.6 795 68.7
225 702 38 439 118 <10 29 495 448

64.3 652 473 1039 323 46.8 589 61.4 139.0

20 <05 072 36 18 <05 1.0 19 21

0.25 0.093 0026 0.12 010 0064 <0.01 023 0.064

46.6 231 36.5 31.8 406 255 <108 <21.7 <120
1.09 074 080 088 049 065 <023 0.10 <0.15

Amphibole from the Njurundukan complex (samples 3/4, 411, 483, 522, 487, 499, 23, 54/3, 12/3, 75, 133), the Lapland complex (samples
632, Lap-12, Lap-13, C-7) and the Belomorian complex (samples 14b, 82d). * Total Fe as FeO. ** The ratio La/Yb is chondrite-normalized.

n.d.: not detected.



TRACE-ELEMENT DISTRIBUTION IN METAMORPHIC CALCIC AMPHIBOLES

Calcic amphiboles are virtually ubiquitous in the
Njurundukan complex, and thus important in unravel-
ling the metamorphic history of the complex. These
amphiboles are compared with hornblende from the
Lapland granulite complex, which underwent metamor-
phism at a much higher pressure (up to 11-12 kbar).
The petrology and mineralogy of rocks from the
Lapland complex, including those used in this work,
have been extensively treated by Perchuk et al. (1999)
and Skublov et al. (2000). Metasomatic events in the
Njurundukan rocks from the Sljudanka zone are diffi-
cult to distinguish from low-temperature regional meta-
morphic processes. In this connection, we also
considered amphiboles from the Belomorian complex,
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whose origin is unambiguously metasomatic, asisclear
from features such as structure, coarse texture, and com-
position of polymineralic rocks (Drugova et al. 1998).
P-T parameters of metasomatic amphiboles from the
Belomorian complex are determined to be 500-600°C
and 6-7 kbar (Drugova et al. 1998).

CoMPOSITIONAL FEATURES OF THE AMPHIBOLES

Amphiboles presented in Table 1 are subdivided into
two large groups, as a function of Ti content (Fig. 2):
granulite-facies amphiboles and amphibolite-facies
amphiboles. Two amphiboles from the Njurundukan
two-pyroxene schists (samples 3/4, 411, Table 1) have
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avery high Ti content, and are referred to as kaersutite,
and seem to be relics of a magmatic protolith. Other
amphiboles are referred to magnesiohornblende and
ferrohornblende according to Leake et al. (1997). Fig-
ure 2 shows these amphiboles clearly separated from
other granulite-facies amphiboles. The TiO, level and
the Fe/(Fe + M) values permit discrimination between
granulite- and amphibolite-facies amphiboles (Fig. 2).
Titanium content is a useful parameter in semiquanti-
tative geothermometry based on amphibole (e.g., Ernst
& Liu 1998). An appreciable decrease in Ti content is
noted in going from the granulite-facies amphiboles to
those of the high-temperature amphibolite facies and
further, the low-temperature amphibolite-facies amphi-
boles and metasomatic amphiboles.

Two high-temperature amphibolite-facies amphi-
boles (samples 487, 499, Table 1) are derived from the
main portion of the Njurundukan complex, where the
effects of high-pressure metamorphism are absent. Two
other samples from the same group (samples 23, 54/3),
aswell asall thelow-temperature amphiboles and meta-
somatic amphibole (sample 133) are from high-pressure
garnet amphibolite of the Sljudanka zone. Amphiboles
from the high-pressure zone exhibit high Al content (in-
directly indicative of increasing pressure according to
Ernst & Liu 1998), and higher Na than the granulite-
faciesamphiboles. Amphibolesfrom the Sljudanka zone
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Fic. 2. TiO, content versus 100Fe/(Fe + Mg) value in
amphiboles. Fields: |I: granulite-facies amphiboles, I1:
amphibolite-facies amphiboles. Symbols here and in other
figures are kaersutite (1), granulite-grade amphibole (2),
high-T (3) and low-T (4) amphibolite-grade amphiboles,
and metasomatic amphibole (5).
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have, in contrast, lower levels of K than do other am-
phiboles in the suite investigated.

Amphiboles from the Njurundukan complex show
considerable variation in Fe content asafunction of both
the heterogeneous nature of the complex and host-rock
composition [Fe/(Fe + Mg) value] (Skublov 1993).
Amphibolesfrom the Lapland complex arericher iniron
than those from the Njurundukan complex. The amphi-
bole groups aso differ in trace-element abundances
(Table 1). The behavior of Cr and Co shows an incon-
sistent pattern; their content in amphibole is as a rule
highly dependent on host-rock composition (Drugova
et al. 1998). A negative correlation of Cr and Co with
Na, and positive correlation of Cr with Cain amphibole
have been revealed. Low-pressure amphiboles usually
show higher Sc than amphiboles from garnet-bearing
assemblages. The temperature dependence of Scis un-
clear, though a weakly positive correlation of Ti with
Sc in amphibolesis observed (Table 1).

Apart from the REE (which will be considered be-
low), the high field-strength elements (HFSE) Hf and
Ta, proved to be most informative, as they enable usto
distinguish granulite- and amphibolite-facies amphi-
boles (Fig. 3). The lowest Hf and Ta contents occur in
low-temperature amphiboles, the highest in kaersutite.
The abundance of these two elementsin amphibolefrom
the Sal’nye Tundry, Lapland complex (sample C-7,
Table 1), indicates that despite the high Ti, it resembles
alower-temperature amphibole. Petrographic evidence
(the appearance of green spotsin brown hornblende) and
lower Mg content of coexisting garnet (Skublov et al.
2000) suggest incipient retrogression of the rock, which
isreflected in the rare-element abundancesin amphibole.
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Fic. 3. Ta (ppm weight) versus Hf (ppm weight) in
amphiboles.



TRACE-ELEMENT DISTRIBUTION IN METAMORPHIC CALCIC AMPHIBOLES

Abundance and pattern of distribution
of the REE in amphiboles

The abundance of the REE in amphiboles unambigu-
ously depends on metamorphic grade (Table 1). The
average abundance of the REE in the granulite-facies
amphiboles is 194 ppm, with the exception of retro-
graded amphibole from sample C-7; amphibolite-facies
amphiboles contain an average of 34 ppm; the metaso-
matic amphiboles contain, on average, ca. 15 ppm. The
abundance of REE in amphiboles thus markedly de-
creases with a lowering of the temperature of forma-
tion. The investigation of a zoned amphibole from the
Njurundukan complex by ion microprobe has reveaed
the same consistent pattern within a single grain
(Skublov 2001). Inthe core of the grain, whichisbrown
hornblende rich in Ti, the REE abundance is 4-5 times
higher than in the rim, which is predominantly blue-
green (Fig. 4).

The abrupt decrease in total REE abundance in the
metasomatic amphiboles may be due more to a modifi-
cation of the mineral assemblagesthan to atemperature
drop. Metasomatic rocks commonly are enriched in
rutile, titanite, apatite and epidote, in which light and
middle REE are concentrated (Sassi et al. 2000).

The amphibole groups differ in their chondrite-nor-
malized REE patterns. Kaersutite samples exhibit a
gentle negative slope from middle to heavy REE, witha
positive Nd anomaly (Fig. 5). The granulite-facies am-

Amphibole/ Chondrite
100

10

LaCe Nd SmEu Dy Er Yb

Fic. 4. Chondrite-normalized REE patterns of zoned
amphibole (sample 538) from the Njurundukan complex.
Chondrite-normalization factors are taken from
McDonough & Sun (1995).
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phiboles exhibit significant depletion in the heavy REE.
Patterns of REE distribution in amphiboles from the
Njurundukan complex and the L apland complex (Fig. 6)
are virtually identical. Amphibole from the Sal’nye

Amphibole/ Chondrite
1000,

0.1

LaCe Nd Sm Eu Tb YbLu

Fic. 5. Chondrite-normalized REE patterns of amphiboles
from the Njurundukan complex.
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Fic. 6. Chondrite-normalized REE patterns of granulite-
grade amphiboles from the Lapland complex.
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Tundry (sample C-7), which is similar to the amphibo-
lite-faciesamphibolesin itstotal REE abundance, shows
the same heavy REE-depleted distribution pattern asthe
unretrograted granulite-facies amphiboles.

The amphibolite-facies amphiboles from the
Njurundukan complex, in contrast to the granulite-fa-
cies amphiboles, show arather flat pattern of REE dis-
tribution, 1040 times higher than chondrites (Fig. 5).
Variations in REE of these amphiboles are shown only
by the middle REE. The greatest variationsin REE abun-
dances are observed in amphiboles from metasomati-
cally atered rocks (Fig. 7): positiveanomaliesin Ceand
negative anomaliesin Sm and Eu are developed. All the
metasomatic amphiboles exhibit overall similar patterns
of distribution and differ only in total REE content.

Tribuzio (1992) found regular patterns of REE dis-
tribution in garnet and clinopyroxene of eclogites char-
acterized by equilibrium assemblages of minerals. The
curve of heavy REE enrichment in garnet (La/Yb < 1)
intersects the curve of light REE concentration in
clinopyroxene (La/'Yb>1) intheareaof the middie REE.
The same pattern of distribution is shown by garnet and
amphibole from granulite-facies mafic schist (sample
632) from Lapland (Fig. 83).

Such a consistent pattern of REE distribution be-
tween coexisting minerals, similar to that noted in
granulites, is only rarely observed in the Njurundukan
complex, where the assemblage garnet + amphibole
occursin amphibolite-faciesrocks (Fig. 8b). Patterns of
REE distribution in the garnet—amphibol e pair of sample
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t ¢
7 1 S
LaCe Nd SmEu Tb YbLu

Fic. 7. Chondrite-normalized REE patterns of metasomatic
amphiboles from the Njurundukan complex (sample 133)
and the Belomorian complex (samples 14b and 82d).
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23, inwhich the amphibole formed at temperaturestypi-
cal of the amphibolite facies, showsawesk trend of light
to heavy REE depletion, which roughly coincides with
that of garnet in the range of the middle and heavy REE
(Fig. 8c). Garnet occurs in this rock as large porphyro-
blasts with inclusions of an earlier amphibole. Anoma-
lous distributions of the REE observed in calcic garnet
from the amphibolite-facies rocks and petrographic evi-
dence suggest the formation of garnet after amphibole
(i.e., by replacement), with a pattern of REE distribu-
tion inherited from the latter. Chemical equilibrium be-
tween these two minerals is unlikely to have been
attained.

The REE distribution in amphibole from the meta-
somatic rock (sample 133) followsthat of garnet, witha
pronounced Eu anomaly and enrichment in the heavy
REE (Fig. 8d). Evidently, the amphibole replaced gar-
net, with an inherited REE distribution (Skublov 2002).
A similar inherited distribution of the REE from a pre-
cursor in amphibole developed from a garnet or
clinopyroxene has been found in studies of superposed
metamorphism of eclogites and oceanic gabbro
(Cortesogno et al. 2000, Rodriguez et al. 1999, Sassi et
al. 2000).

Recurring distribution-coefficients for the trace ele-
ment and REE between garnet and a coexisting mineral
(clinopyroxene, amphibole, biotite) for different
samples from rocks similar in composition can be used
asaindication of equilibrium between thetwo minerals
(e.g., Kretz et al. 1999, Loock et al. 1990, Tribuzio
1992, Yang et al. 1999). As has been shown by Kretz et
al. (1999), distribution coefficients of the rare earths
between coexisting minerals are mainly thermodynami-
cally dependent, and a close match for similar rocks
suggests attainment of, or approach to, equilibrium. The
greater the variations in distribution coefficients, the
greater the deviations from equilibrium. Distribution
coefficients for the REE between amphibole and garnet
(Kp) are close to values of the Lapland granulites
(Fig. 9). Vaues of Kp for granulites reveal a regular
two-order reduction from light to heavy REE. Such dis-
tribution coefficients for the REE have been reported
for coexisting garnet and amphibole from the Scourian
complex, northwestern Scotland (Pride & Muecke
1981). Among the analyzed Laplandic samples, thereis
a single exception (sample C-7), which has observed
Kp valuesfor thelight REE similar to those of minerals
from the amphibolitefacies (Fig. 9). Thisfeature, along
with a lower total REE content in amphibole (sample
C—7, Table 1), suggests that a lower-temperature, dis-
equilibrium metamorphism took place.

Distribution coefficients for the REE between am-
phibole and garnet for the Njurundukan complex are
characterized by significant scatter (Fig. 9), suggesting
considerable deviation from equilibrium in most of the
amphibole—garnet pairs in amphibolite-facies rocks. It
is notable that no correlation in the distribution of Sc
between garnet and amphibolein the amphibolite facies
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Fic. 8. Chondrite-normalized REE patterns of coexisting amphibole and garnet (black squares) from samples 632 (a), 54/3 (b),

23 (c), 133 (d).

has been found (r = 0.18), whereas the pattern of Sc
distribution in granulites approachestheidea (r = 0.94,
Fig. 10).

Discussion oF ResuLTs
Asearlier established, the Njurundukan complex has

been subjected to several successive episodes of meta-
morphism at progressively lower temperatures and at

different pressureswithin different parts of the complex.
All the episodes, from the granulite facies to low-tem-
perature amphibolite facies, are recorded in the compo-
sition of the amphibole with respect to major and trace
elements.

Kaersutite and brown hornblende from the Njurun-
dukan granulite-facies rocks exhibit a higher Ti content
and a total REE content that is 100 times that of chon-
drites. The distribution pattern of the REE in kaersutite
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isdifferent from that in brown hornblende. The uncom-
monly high Ti content in kaersutite, coupled with oc-
currence of similar amphibolesin the Njurundukan dyke
rocks, suggest that the kaersutite grains are relics of the
igneous emplacement of the Njurundukan complex
(Skublov 1993). It is pertinent to note that amphiboles
from the Njurundukan granulites show adistribution and
total content of REE very similar to the granulite-facies
amphiboles from the Lapland complex, where pressure
of the granulite-facies metamorphism was much higher
than in the Njurundukan complex. It may be inferred
that REE distribution and content as well as the ratio
La/Yb in amphiboles are dependent upon temperature,
but not pressure of metamorphism.

Amphiboles of the second episode of metamorphism
(high-temperature amphibolite facies) are characterized
by alower total REE content, 10-30 times higher than
chondritic, as well as sharply lower La/'Yb value, both
within the Sljudanka zone of high-pressure metamor-
phism and outside it. Still lower REE content marksthe
final episode of metamorphism. These amphibole com-
positions seem to reflect formation at low P-T condi-
tions of metamorphism. Amphiboles from episodes of
amphibolite metamorphism exhibit more-or-less flat
patterns of REE distribution and great variability in the
range of light and middle REE, with positive and nega-
tive anomalies (Fig. 5). As most significant deviations
from a uniform distribution occur in metasomatic am-
phiboles, thedistribution pattern of REE in the amphibo-
lite-facies amphiboles are likely to reflect incipient

Kp Amphibole / Garnet
100

0.01

LaCe Nd Sm Eu Tb YbLu
Fic. 9. REE distribution coefficients for coexisting

amphibole and garnet.
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metasomatic transformations related to abundant fluids
in shear zones.

In their investigation of the geochemistry of miner-
als from eclogites, Sassi et al. (2000) drew attention to
the fact that changes in patterns of REE distribution in
amphibole are related to those in its precursor mineral,
from which the amphibole developed. Enrichment in
heavy REE occurs in the case of amphibole formed at
the expense of garnet. These observations are consis-
tent with data on amphiboles from the Njurundukan
complex. We have established in some cases that gar-
net replacing amphibole exhibits a one-to-one corre-
spondence in REE distributions in the range of the
middle and heavy REE.

Patterns of REE distribution in the metasomatic
amphiboles differ markedly from those in amphiboles
belonging to the main metamorphic assemblages. Data
by ion microprobe confirm thisfinding (Skublov 2002).
In addition, it is in metasomatic assemblages that am-
phiboles commonly show REE distributions unambigu-
ously inherited from those of the garnet from which the
amphiboles formed. Analysis of such correlations fur-
nishes an opportunity to establish a succession of min-
eral formation.

The recent development of precise methods to de-
termine small quantities of trace elements, particularly
therare earths, in minerals offers considerabl e scope for
the petrological investigation of polymetamorphic com-
plexes. Through a combination of techniques of REE
determination in garnet-group minerals, major- and
trace-element patterns are found to be useful in deci-
phering the metamorphic evolution of particular com-
plexes (e.g., Hickmott et al. 1987, Hickmott & Spear
1992, Schwandt et al. 1996).

Like garnet, amphibole-group minerals exhibit high
abundances of trace elements. The wide distribution of
amphibole in various rocks ranging from greenschist to

Garnet

100{

Sc ppm

|

}

10! ey Amphibole

10 100

Fic. 10. Partitioning of Sc between coexisting amphibole and
garnet in granulite-facies rocks.
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granulite facies makes them especially attractive in re-
solving the succession and nature of metamorphic pro-
cesses. However, amphiboles have found but limited use
in petrological modeling owing to their mineralogical
and crystallochemical complexity. Reported mineral
thermometers and barometers for amphibole-bearing
assemblages are empirical and inconsistent with ther-
modynamic data (Dale et al. 2000). Experimental de-
terminations of some REE distribution coefficients
between amphibole and melt, combined with theoreti-
cal calculations, revealed disagreements with those in
natural assemblages (Bottazzi et al. 1999). In addition,
the REE were shown by some authors to occupy more
than one crystallochemical site in amphiboles, which
may be responsible for the varying mobility and am-
biguous behavior of these elementsin petrological pro-
cesses (Bottazzi et al. 1999, Tribuzio 1992).

CONCLUSIONS

Several conclusions may be derived from a study of
REE distribution in metamorphic calcic amphiboles
from the Njurundukan mafic complex:

1) The total content of REE and the La/Yb value
allow discrimination between amphiboles from the
granulite and amphibolite facies, regardless of pressure.

2) Metasomatic amphiboles differ from metamor-
phic onesin abnormally low total REE contentsand L&/
Y b values, and in anomal ous and inconsistent REE pat-
terns.

3) Comparison of REE patterns in amphiboles and
coexisting minerals, especially in garnet, reveals a suc-
cession of mineral-growth episodes due to the capacity
of the secondary mineralsto inherit the REE content and
distribution pattern from the earlier, primary mineral.

4) Equilibrium in trace- and rare-earth-element
distribution in mineralsis best attained in the high-tem-
perature granulite facies, as evidenced by similar distri-
bution-coefficientsfor mineral pairsfrom composition-
ally similar rocks. In regimes of lower-temperature
retrograde metamorphism and shearing, equilibrium is
rarely attained, owing to the relatively higher rate of
superimposed processes, the high permeability of such
zones to metamorphic fluids, and differential mobility
of the REE.
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