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Abstract

Accessory minerals are thought to play a key role in controlling the behaviour of certain trace elements such as REE, Y, Zr,
Th and U during crustal melting processes under high-grade metamorphic conditions. Although this is probably the case at
middle crustal levels, when a comparison is made with granulite-facies lower crustal levels, differences are seen in trace element
behaviour between accessory minerals and some major phases. Such a comparison can be made in Central Spain where two
granulite-facies terranes have equilibrated under slightly different metamorphic conditions and where lower crustal xenoliths are
also found. Differences in texture and chemical composition between accessory phases found in leucosomes and leucogranites
and those of melanosomes and protholiths indicate that most of the accessory minerals in melt-rich migmatites are newly
crystallized. This implies that an important redistribution of trace elements occurs during the early stages of granulite-facies
metamorphism. In addition, the textural position of the accessory minerals with respect to the major phases is crucial in the
redistribution of trace elements when melting proceeds via biotite dehydration melting reactions. In granulitic xenoliths from
lower crustal levels, the situation seems to be different, as major minerals show high concentration of certain trace elements, the
distribution of which is thus controlled by reactions involving final consumption of Al-Ti-phlogopite. A marked redistribution
of HREE—Y —Zr between garnet and xenotime (where present) and zircon, but also of LREE between feldspars (K-feldspar and
plagioclase) and monazite, is suggested.
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1. Introduction cently investigated by a combination of microanalyt-
ical techniques (electron microprobe, LA-ICP-MS)

The trace element behaviour of accessory and and textural studies (abundance, position, zoning via
major minerals during metamorphism is a topic re- CL, SEM), and deserves attention because of its
consequences in metamorphism and crustal melting.
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of REE-Y —Zr—Th-U during evelving metamerphic
cenditiens and, especially, during crustal melting in
high-temperature envirenments. The behavieur ef
accessery minerals and seme ether majer minerals
in granulite-facies cenditiens is peerly censtrained
and this centrasts with studies ef accessery minerals
in felsic magmatic series (e.g. Gremet and Silver,
1983; Wark and Miller, 1993; Heskin et al., 2000).
In seme granulite-terranes, an increase in grewth ef
menazite and zircen with increasing temperature and
metamerphism has been described (Franz et al., 1996;
Schaltegger et al., 1999; Rubbatte et al., 2001). In
ether granulite terranes, accessery minerals in peralu-
mineus granulites have been censumed (xenetime), or
their pepulatien has dramatically decreased with meta-
merphic grade (e.g. Ivrea-Verbane sectien, Bea and
Mentere, 1999; or in lewer crustal xeneliths, Reid,
1990). A change appears te eccur in the srewth ef
trace minerals during the amphibelite te granulite
facies transitien (Bingen et al.; 1996). Three majer fac-
ters may explain the behavieur ef accessery minerals
during high-grade metamerphism: (i) textural pesitien,
(ii) selubility in melt, and (iii) behavieur in metamer-
phic reactiens.

This werk presents a detailed study ef the behav-
ieur eof menazite, xenetime and zircen frem peralu-
mineus recks (metapelites te felsic metaigneeus
lithelegies) with increasing metamerphic grade. The
samples ferm a middle-te-lewer crustal sectien (frem
migmatite terranes te lewer crustal xeneliths). We
have investigated the cembined textural and geechem-
ical evelutien ef the main accessery minerals frem
well-characterized granulitic samples (Barbere, 1995;
Barbere et al., 1995; Villaseca et al., 1999, 2001,
Martin Remera et al., 1999).

2. Geological outline of the study area

The migmatitic terranes ef central Spain reached
peak metamerphic cenditiens during the secend Her-
cynian tectenethermal stage (M,) ef lew-P'high-T
cenditiens fellewing exhumatien (Barbere and Villa-
seca, 2000). Twe areas are representative ef these
migmatitic terranes: an anatectic area in the Guadar-
rama meuntains (Setesalbes) and the Anatectic Cem-
plex of Telede (ACT). In Setesalbes, the lew-pressure
migmatites and related anatectic granites have cerdi-

erite and bietite as mafic minerals and their peak
metamerphic cenditiens have been estimated te be
areund 750 + 50 °C and 4-5 kb (Martin Remera et
al., 1999). The clesely related Pefia Negra anatectic
area shews similar petregenetic characteristics (Bea et
al.,, 1994; Percira and Redriguez Alense, 2000). In
centrast, the ACT migmatites are characterized by
gamet and cerdierite as mafic minerals (bietite is mere
scarce) and their peak metamerphic cenditiens have
been estimated te be areund 800 + 25 °C and 4—-6 kb
(Barbere, 1995).

The third sample of granulitic material is a suite of
lewer crustal xeneliths. Permian pest-Hercynian ul-
trabasic alkaline dykes catry a varied pepulatien ef
peralumineus granulitic xeneliths with mineral para-
genesis indicative of equilibrium cenditiens (900—
950 °C and 9-11 kb) clese te the base ef the crust
(Villaseca et al., 1999).

Altheugh eutcrepping centinuity between the
groups of samples (migmatite terranes and xene-
liths) is missing, all ef the granulitic recks eriginat-
ed during the same eregenical cycle and are cem-
pesed eof equivalent peralumineus lithetypes, i.e.,
metasedimentary and felsic metaigneeus recks (Vil-
laseca et al., 1999, 2001). Hence, an evaluatien ef
the censequences ef the increase in metamerphic
cenditiens en accessery mineral assemblages can be
established.

The age of granulitic metamerphism in this crust-
al sectien is unreselved. U—Pb menazite ages frem
high-grade erthegneisses in the Guadarrama secter
give 337 +2 Ma as a prebable age eof the M,
metamerphic peak (Escuder Viruete et al., 1998).
In the Telede secter, U—-Pb menazite ages frem
anatectic graniteids give a yeunger but mere discer-
dant value of 310 =1 Ma (Barbere and Regers,
1999). Mere speculative is the age of the granulite-
facies metamerphism ef the xenelith suite but their
trapping by late-Hercynian alkaline lamprephyres
(283 + 30 Ma in age, after Bea et al., 1999) has
permitted a natural sampling ef the Hercynian lewer
crust. Altheugh there is an impertant diachrenism in
the age of high-grade metamerphism ef the studied
samples, the different granulitic assemblages presum-
ably beleng te the Hercynian metamerphic peak at
different crustal levels, as this diachrenism is similar
te that ebtained in tectenethermal medels (e.g.
Gerdes et al., 2000).



3. Petrographic features of migmatites, granulites
and related granites

A detailed petregraphic descriptien ef the materials
censidered in this werk can be feund in several
previeus papers (Barbere et al, 1995; Villaseca et
al, 1998, 1999, 2001), thus, enly a brief summary is
given here.

3.1. Sietva de Guadaryama migmatites and anatectic
granites

In the Setesalbes area, cerdierite-bearing gran-
iteids are related te partially migmatized ertheg-
neisses. These anatectic graniteids lecally centain
cerdierite-rich nedules, cerreded augen (megacrysts)
of K-feldspar, and erthegneissic xeneliths, sugges-
tive of their derivatien frem these felsic metaigne-
eus lithetypes (see alse Martin Remera et al., 1999).
The Setesalbes graniteid alse shews speradic mm-
scale bietite-rich enclaves that resemble regienal
melanesemes. Related cerdierite-bearing migmatites
usually display mafic nedules rimmed by leucecratic
halees that everprint the hest-reck feliatien. Seme
migmatites are lecalized in narrew shear zenes and
previde evidence that melt segregatien eccurred.
Typical meseseme—leuceseme pairs are rare as are
mafic selvedges. In general, in situ residual granu-
litic material is difficult te find in the Guadarrama
area.

Table 1 gives the medal cempesitien (in vel.%) of
the different units ef this migmatitic area. The leuco-
somes censist deminantly ef K-feldspar with quartz,
plagieclase, miner bietite and seme cerdicrite or
almandine—spessartine garnet (Table 1). Melano-
somes have a mere mafic character than the regienal
erthegneisses, being rich in bietite, plagieclase and
quartz, and alse in accessery minerals. K-feldspar and
cerdierite are rare. The Sotosalbos granite is a medi-
um-grained equigranular reck censisting ef quartz,
plagieclase, K-feldspar, bietite and cerdierite with
accessery teurmaline. Cerdierite centains miner inclu-
siens ef bietite and sillimanite. Feldspar alse centains
needles of sillimanite. The scarce biotite-rich xeno-
liths resemble bietite-rich felia ef the augen-gneisses.
The mest striking feature of these xeneliths is the high
centent eof accessery minerals that are usually
enclesed in bietite er plagieclase (Table 1).

3.2. Anatectic com plex of Toledo

In the Telede Cemplex (ACT), the metasedimen-
tary material mestly exhibits a strematic-banded mig-
matitic structure. The melanosomes are mainly
cempescd eof cerdicrite, sillimanite, and gamet, with
miner bietite, plagieclase, spinel and ilmenite (kinzi-
gites) (Table 1). Well-develeped cerenas ef cerdierite
appear areund gamet. Cerdierite cemmenly centains
inclusiens ef quartz, sillimanite, bietite, ilmenite, and
spinel. Bietite is scarce and is usually interstitial te
cerdicrite, suggesting that bietite dehydratien melting
reactiens had almest run te cempletien (Barbere,
1995). The leucosomes are characterized by a larger
grain-size than the melanesemes. They are essentially
cempescd of K-feldspar and quartz, with suberdinate
prepertiens ef plagieclase (Table 1). The presence of
large reunded gamet perphyreblasts (up te 7—8 cm)
with inclusiens ef sillimanite, bietite, and quartz is
very characteristic. Accessery minerals are rare in
cemparisen te the melanesemes. Twe types of leuce-
semes have been distinguished in this area en the
basis ef their geechemistry (Villaseca et al., 2001): (i)
nermal er N-type leucesemes with lew-REE (and
Th—Y—-Zr) centents and a pesitive chendrite-nermal-
ized Eu anemaly, and (ii) a high-REE leuceseme
(enriched eor E-type) with a negative Eu anemaly.

Related anatectic leucegranites (Cervates-type) and
restite-rich graniteids (Layes-type) appear in the ACT
(Barbere et al, 1995). The Layos granite is a suite
ranging frem quartz-rich tenalite te melamenzegran-
ite, characterized by a high medal prepertien ef
cerdicrite (up te 30%) (Table 1). The Cervatos leu-
cogranites eutcreps as vein-like or dyke-like cencer-
dant sheets, or clengated massifs, in mest cases
asseciated with the Layes granites. These leucegran-
ites have a medal eutectic cempesitien and display
centimetre-scale layering censisting of gamet-, cerdi-
erite- or very scarce bietite-bearing leucegranites.
Essentially all eof the mineral phases in beth the
anatectic granites and in the migmatitic granulites of
the ACT have similar cempesitiens (Barbere, 1995).

3.3. Granulitic xenoliths fiom lower crustal levels and
late Hercynian granites

Three types of lewer crustal granulites have been
described by Villaseca et al. (1999) in the Sierra de



Table 1
Granulite mineral assemblages

Modal analyses (vol%) by point counting methods

Anatectic Complex of Sotosalbos Anatectic Complex of Toledo Lower cristal xenoliths

Orthogneiss Btrich  Melanosome Sotosalbos N-leucosome N-leucosome Ieucogranite Melanosome Layos N-leucosome E-leucosome E-Cervatos Pelitic  Felsic

enclave sranite granite leucogranite metaigneous
Sample 60870 100562 101637 100563 101638 102181 102183 93198 39103 93201 93197 81926 77750 99185
Quartz 26 1 17 3 19 29 20 18 2 24 » 34 21 28
K-feldspar 27 -t - 19 46 52 49 24 15 60 59 27 38 24
Plagioclase 15 1%, 17 26 31 15 27 5 18 8 5 20 - 6
Biotite 25 73 42 10 3 1.5 3 21 19 [ 24 3 3 - [ 3]
Gainet 1 - - - - Tr - 5 - 2 5 g 30 40
Cordierite  Tr - 955 7 Tr = Tr 22 23 5 6 8 - -
Sillimanite 6 21 12 05 - - - 03 0.2 - - 04 12 -
Opaques  Tr 04 09 04 - - Tr 13 02 02 03 03 01 03
Apatite Tr 0.6 0.6 04 Tr I, Tr Tr Tr Tr Tr Tr Tr Tr
Other aces. Tr 161 03 [ 3] Tr Tx TR TR 01 Tr Tr 03 Tr 02
Tourmaline 3
Rutile 1.6 1.5
Others Ms (2%) Ms (1.5%) Ms 2%) Ms (1%) Spl (Tr) Ms

(3.7%)

Number of accessory crystals (per em?) by SEM counting

100560 93193 95148 99185
Apatite 25 97 13 10 1 18 22 1 3 1 - 2
Monazite 55 164 68 16 g 48 53 4 29 3 9 -
Zircon 56 454 200 46 4 170 156 19 44 17 55 21
Xenotime 11 10 - 6 1 4 4 — - - - —




Guadarrama. They are rare felsic te intermediate
chameckites (<0.01 vel.%), metapelites (5 vel%)
and cemmen felsic meta-igneeus types (95 vel.%).
These granulites are graneblastic and many exhibit
small-scale banding marked by gamet-rich bands
alternating with felsic-rich layers, but clear migma-
tite structures are net evident. The felsic meta-
igneeus granulites are quartze-feldspathic garnet-
bearing types, semetimes with erthepyrexene er
sillimanite as accesseries. The pelitic xeneliths have
prismatic sillimanite as a majer mineral (>8 vel.%)
(Table 1).

The granulitic xeneliths are interpreted as the
residual ceunterpart of the Hercynian granitic bathe-
lith ef the Spanish Central System (SCS) (Villaseca et
al., 1999). The bathelith is cempescd of dezens ef
plutens, mainly menzegranitic in medal cempesitien,
intruded during a time span ef areund 40 Ma (Villa-
seca et al, 1998). These granites intrude and generate
typical centact aureeles in the exhumed middle-crust
migmatite terranes previeusly described. A detailed
study of the mineralegy, gecechemistry and petregen-
esis of these Hercynian peralumineus granites can be
feund in Villaseca et al. (1998) and Villaseca and
Herreres (2000).

4. Analytical methods

Medcs of the recks frem the migmatite terranes
and xeneliths were derived frem peint ceunting ef
thin sectiens. Mere than 1200 peints were ceunted in
each 24 x 46-mm thin sectien. Because of the small
size and difficulty in eptical distinctien, accessery
mineral ceunting in a small area (1 cm®) was
perfermed using a scanning electren micrescepe
(SEM) (Table 1). Electren micreprebe analyses were
carried eut en thin sectiens at the Micrescepia
Electrenica CAI, University Cemplutense of Madrid.
Befere micrechemical analyses, mest of the thin
sectiens were studied using a SEM equipped with
an energy-dispersive spectremetric system. This
methed unambigueusly distinguished menazite frem
zircen and xenetime. Backscattered electren images
were used as a guide during micreprebe analysis.
Seme zircen and accessery cencentrates frem the
three granulite secters were alse ebtained using
standard heavy liquid and magnetic separatien tech-

niques, but mest ef the textural study was based en
the thin sectiens.

Majer element cencentratiens ef accessery miner-
als (menazite, xenetime, zircen) were ebtained by
wavelength dispersive electren micreprebe JE@®L
Superprebe JXA 8900-M cquipped with feur crystal
spectremeters. @perating cenditiens were between 15
and 20 kV, and a beam current eof appreximately 20 te
50 nA in spets ef2—5 jun in diameter. Abeut 24 min
was necessary fer each spet analysis. Abselute abun-
dances feor each element were determined by cempar-
isen with synthetic REE phesphates prepared by
Jaresewich and Beatner (1991), and natural minerals
fer Zr, Y, U and Th. Errer limits fer each element
depend strengly en the abselute cencentratien in each
phase but are significant fer the <1 wt% level (with
crrer >10%). Cencentratiens belew 0.2 wt.% are
merely qualitative.

Laser ablatien-ICP-MS analyses of gamets and
feldspars were ebtained using a Hewlett Packard
HP4500 Ceupled Plasma-Mass Spectremeter (ICP-
MS) equipped with a CETAC LSX-100 laser ablatien
micreprebe (LAM) at the University of Huelva.
@pcrating cenditiens were eptimised prier te analysis
by using a 10-ppb selutien ef “Li, **Y and 2*°TI.
Plasma Ar flew rate was 15.00 1 min~ '; gas carrier
and auxiliary flew rate were 1.25 and 0.5 | min™ ',
respectively. Ablatien craters were made using a
Nd:YAG laser with 266-nm wavelength eperating in
Q@-switch mede. The laser beam was eptimised te
preduce ablatien craters with diameters smaller than
70 pm. Selected isetepes were acquired by the Time-
Reselved Analysis (TRA) precedure, which allews
the variatien in cencentratien te be knewn at any time.
In this way, the presence ef either cempesitienal
zenatien er mineral inclusiens can be menitered
(Lengeritch et al., 1996). Cerrections and final calcu-
latiens ef cencentratiens were made fellewing Len-
geritch et al. (1996), using 2%Gj as an intemal standard.
Calibratien was perfermed using the glass standard
NIST RSM 612 which was analyzed feur times befere
and twe times after each mun ef 22 samples. The
precisien and accuracy were estimated using the
ATH@®-G standard, a MPI-DING reference glass (Jec-
hum et al,, 2000). Precisien is estimated te be between
2% and 10% fer mest ef the analyzed trace elements.
In general, an accuracy of + 18% can be claimed fer
the LA-ICP-MS analyses, but agreement of measured



Table 2

Sample suite accessory mineral assemblage

Samples Pescription  Sample Monazite (mnz)  Zircon (zm) Xenotime Ap Ilm Fe-S @ther Inclusions
suite in zircon
1000942-5 orthogneiss  Sotosalbos I-III? B-C (bt, fels) It gz) X X X
(fels, bt, m)
60870—62458  orthogneiss  Sotosalbos I (bt, fels, m) B-C?7-D (bt, m) I (fels) X X, X Gr
102175 melanosome Sotosalbos III (fels, m) B (bt, m) X X X ap, bt
100562 bt-rich Sotosalbos I-III (bt, ap, m) B?-C (bt, m) I(bttm) X X X Si-Y-REE
enclave carbonate?
101638102181 leucosome Sotosalbos I-III (bt, fels, m) A?-C-B II (m) X X
(fels—m)
102183 leucogranite  Sotosalbos II-III C (bt, m) 1T (bt) X X
(bt, fels, m)
100560-3 granitoid Sotosalbos II-III (fels, m) A?7-B-C I X X X Cheralite
(bt, fels, m)
100940-1-3 granitoid Sotosalbos III (bt, fels, m) A-B-C X X qrz, pl, bt,
(bt, fels, m) sil, ap
2708593198 melanosomes Toledo I-1I1 C (m, fels, bt, crd) I X X X
(m, fels, grt, crd)
93197 leucosome Toledo I-III (fels, bt, m) C-B X X X mnz
(fels, bt, grt, m)
31925-6-87202  leucogranite  Toledo I-III (fels, bt, m) B-C-B X X X
(fels, bt, m)
93193 Layos Toledo I-1II (fels, bt, m) A-B-C-B Imbdb) X X X qtz, sil
granitoid (fels, bt, m)
77750/U-46 pelitic Xenoliths  I-1II B-C-D X X X Rt, Gr sil
(qtz, fels, m) (qtz, fels, sil, m)
81846-95151 felsic Xenoliths  I-TIT (fels, m) A?-C-D X X X Rt
(fels, grt, m)
9514899185  felsic Xenoliths  III B-C-D X X X Rt
(fels, grt, sil, m)  (fels, grt, sil, m)
X: mineral identified in sample.
(bt, grt, crd. . .): accessory present as inclusion in biotite, gamet, cordierite.
fels: felsic mineral (feldspar or quartz).
m: accessory present as mawix (or interstitial) mineral.
7 indicates tentative identification only.
@ther mineral abbreviations after Kretz (1983).
and expected values was better than 10% fer mest ef S. Texture of the accessory phases with increasing

the REEs (Appendix A). Analyses of seme metals (Cr, metamorphic grade

Ni, V) are strictly qualitative as they shew larger

inaccuracies. Mere details en LA-ICP-MS analytical Detailed SEM and micreprebe analyses revealed
techniques are in @tamendi et al. (2002).

that REE-Y —Th—-U —Zr-rich accesseries in granulites

Fig. 1. BSE images showing pewographic features of accessory minerals. Scale bar in A to E is 18 yum. Scale bar in F is 20 pm, in G is 100 ym,
and in H is 50 yum. (A) Complex and irregular zoning in type-III monazite with bright high Th (low U) core and high U (low Th) rim. This
chemical zoning is the reverse of the common zoning in leucocratic migmatites. Sotosalbos granite 100941 (analyses 44 to 47 in Table 3). (B)
Idiomorphic zoning in type-II monazites showing also an increase in U contents from core to rim. Sotosalbos granite 100568 (analyses 11 and
10 in Table 3). (C) Complex zoning in type-III monazite showing bright interstitial cheralite (Cher). In this grain, chemical zoning is from low
Th-U core towards higher Th—U rim. Sotosalbos granite 100563 (analysis 17 in Table 3). (B) Type-II xenotime in leucosome 101638 from
Sotosalbos area. (E) Unzoned xenotime crystal (type-I) partially surrounding zircon. Layos granite 93193. (F) Rounded sillimanite inclusion in
unzoned zircon (type-B). Lower crustal granulitic xenolith 77750. (G) Type-A zircons with plagioclase inclusions in Sotosalbos granite 100943.
(H) Type-B zircons in Layos granite (M-3 concentrate).
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frem these migmatite terranes are apatite, zircen, me-
nazite and mere rarely, xenetime (Table 1). In lewer
crustal xeneliths, enly rare apatite in seme enclaves,
zircen and scarce menazite, are feund. The general
trend of a decrease in abundance of accessery minerals
in peralumineus granulites with increasing metamer-
phic grade is similar te that feund by Bea and Mentcre
(1999) in the Ivrea-Verbane sectien er by Pyle and
Spear (1999) with respect te xenetime in pelites. This

centrasts with the general trend of increased grewth of
accessery minerals usually feund in peralumineus
lithelegies frem greenschist te amphibelite/granulite
facies transitien (Franz et al., 1996; Rubbatte et al.,
2001). In general, accessery phases in the studied
samples appear as iselated crystals net defining clus-
ters or greups as feund in felsic igneeus recks (e.g.
Wark and Miller, 1993) er in accessery-rich metamer-
phic recks (e.g. Pan, 1997). They usually appear as
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Fig. 2. Variations in modal amounts and average large axis length of accessory minerals in granulitic samples. (A) Modal amounts of monazite,
zircon and xenotime in melt-rich migmatites (anatexites), residuum-rich migmatites and regional orthogneisses. Xenolith samples show a
marked decrease in abundance of accessory minerals with respect to restitic migmatites from granulite terranes. Xenotime is absent in xenoliths

and monazite is very scarce in some thin sections. Bata set from Table 1. (B) Average large axis length of accessory phases in granulitic samples

showing an increase in size from the smallest (xenotime) towards the largest (apatite) crystals irrespectively of the lithotype.
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Fig. 3. Plots showing monazite c1ystal size diswibution in samples
from the studied migmatite terranes. A larger crystal size and a de-
creased overall monazite frequency is characteristic of leucocratic
migmatites, best displayed in monazites from the Sotosalbos com-
plex. The legend shows the nunber of measured monazite crystals.

interstitial er matrix minerals butare alse inclusiens in
the majer phases (Table 2). Nevertheless, seme crystals
of accessery minerals eccasienally appear greuped,
mestly in seme accessery-rich samples (Fig. 1E).

5.1. Apatite

Apatite is the largest accessery mineral (>95 pm in
melt-rich migmatites) (Fig. 2). Its prepertien dimin-
ishes strengly frem samples of granulite terranes te
these of granulitic xeneliths (Table 1). There is alse a
medal decrease frem residuum-rich te melt-rich mig-
matites. Menazite may surreund apatite crystals er be
included in larger apatites. Mere rarely, xenetime and
zircen are situated at apatite rims (Fig. 1E). Due te
their larger size, altheugh there are few apatite crystals
in a 1-cm? sectien (Table 1), they usually censtitute
the mest abundant accessery mineral.

5.2. Monazite

The medal ameunt ef monazite diminishes signif-
icantly frem migmatites of granulite terranes te gran-

ulitic xeneliths (Table 1, Fig. 2). There is alse a marked
decrease of menazite abundance between leuceseme
and melaneseme pairs, as usually described in migma-
tite terranes (e.g. Watt et al, 1996; Nabeleck and
Glasceck, 1995; Bea and Mentere, 1999). A maxi-
mum cencentratien in bietite-rich enclaves of Setesal-
bes graniteid is ebserved, in agreement with the
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Fig. 4. Plots showing zircon crystal size diswibution from studicd
samples. As for monazites, zircons have a larger crystal size and a
higher heterogeneity of sizes in leucocratic migmatites. In the
Sotosalbos plot, vertical line at 30 pm approximates the modal
zircon length in melt-rich migmatites (e.g. leucosomes), whereas 20
pm is the modal zircon length in melt-poor migmatites (bt-rich
enclave and melanosome), and 18 pm is the modal zircon length in
regional orthogneisses. In the plot of Toledo zircons, vertical line at
20 um approximates the mode in melt-rich migmatites whereas
restite-rich migmatites have modal zircon lengths more displaced
towards lesser size (being 13 pm in average). n=number of
measured zircon crystals.



Table 3

Representative EMP analyses of monazites

Sample Anal La,0; Cex0s Pn0O; N0y Sm0; GdO; Dy,0y En0y YhyOp Y0y ThO, UQ, P.0s Si0, CaO  Total

Setesalbes Complex

100560  Granite 10 r 1312 2746 273 1185 192 2.36 0.59 030 0.1l 2.34 448 215 3078 006 134 10179
100560  Granite 11 ¢ 13.76 2792 288 1258 178 2433 0.53 028 012 246 401 029 3015 063 092 10020
100941  Granite 44 be 13.60 2537 270 920 127 1.86 0.47 029 013 120 1173 094 2734 1760 131 9953
100941  Granite 47 r 13.03 2691 315 1159 211 2.15 0.62 019 012 216 372 434 3019 005 156 10232
100563  Granite 17 Cheralite 874 17.23 207 844 125 1.42 030 032 015 143 2954 249 2196 596 144 103.07
100563  Granite 20 1 13.39 2592 297 1150 2609 2:33 091 039 015 292 443 246 3018 611 135 10137
100940  Granite 22 ¢ 1191 26600 310 1232 197 2.48 0.79 037 000 1.94 547 062 3078 019 113 9967
100940  Granite 98| & 1163 2590 3606 1231 197 2.17 0.36 034 015 1.95 553 068 3104 020 1.13 9950
60370  @rthogneiss IS unz 1164 2604 297 1187 200 2.34 1.02 047 017 412 643 070 3081 020 135 10271
60870  @rthogneiss 1 ¢ 911 2455 300 1098 240 224 0.96 043 020 3.43 953 191 3020 016 244 10210
100942  @rthogneiss 44 unz 1187 2558 280 1145 199 2.17 0.61 029 013 220 646 157 2836 020 169 97.69
100942  @rthogneiss 53 unz 13.05 2646 273 1156 194 236 0.72 031 013 236 526 234 309 017 147 10206
62458  @rthogneiss 20 unz 1258 2746 311 1254 204 2.26 032 036 014 3.38 487 046 3130 013 108 10305
62458 @rthogneiss 23 unz 1297 2767 309 12605 265 2.31 0.58 025 067 2.01 496 2.01 3134 004 152 10339
100945  @rthogneiss 19 c 1090 2381 282 1150 199 2:29 1.03 044 013 4.31 738 198 2892 073 124 16012
101638 Leucosome 25 i 1329 2582 277 1092 175 2.14 0382 044 010 293 497 3.1% 289% 011 160 10038
101638 Leucosome 26 bi 1323 2666 275 1094 173 2.19 0.43 038 002 233 740 192 287% 095 113 10134
101638 Leucosome 34 be? 1277 2499 259 1047 159 229 0.77 045 012 3.18 579 369 30600 012 138 10122
101638 Leucosome 45 unz 1374 2701 279 1075 137 222 0.53 036 0.1l 2.06 674 122 2856 095 112 9985
102183 Leucogranite 31 ¢ 1266 2522 292 1113 19§ 2.35 0.69 049 015 182 520 345 3078 016 172 10123
102183 Leucogranite 32 i 1313 2621 289 1139 191 2.47 0.60 038 010 1.71 468 258 2924 011 146 9946
102183 Leucogranite 30 ¢ 1244 2522 286 1093 204 2.16 0.63 053 012 1.63 471 474 2979 013 186 10039
102183 Leucogranite 29 r 1233 2497 283 1117 2606 245 0.67 054 016 187 441 394 2911 007 165 9887
102181 Leucosome g < 1009 2423 295 1103 234 232 0.77 047 010 1.56 856 278 2942 021 234 99382
102181 Leucosome 9 o 1265 2564 304 1230 198 225 0.61 052 010 137 537 164 2951 @10 154 992]
102178 Leucosome 16 unz 1352 2662 318 1355 185 1.88 041 047 010 1.53 480 025 2971 015 1600 9936
102178 Leucosome IS unz 13.59 2615 287 1151 194 2123 0.62 052 010 172 493 155 2985 011 143 9958
102175 Melanosome 29 ¢ 13.39 2731 302 1263 173 2.03 0.64 049 013 295 462 040 2892 016 103 9992
102175 Melanosome 30 r 12.40 2633 290 1254 179 223 078 049 012 3.66 547 055 2896 024 124 10011
102175 Melanosome 31 ¢ 1342 27608 292 1314 180 213 0.58 049 0.1l 2.73 427 054 2917 010 106 10000
102175 Melanosome 82 ¥ 1316 2697 3.3 1300 176 217 058 046  0.11 312 478 040 2903 017 102 10026
100562 Bt-rich enclave 10 ¢ 1328 2733 306 1305 171 2.00 0.46 051 008 1.73 449 067 2911 0609 125 9923
100562 Bt-rich enclave 11 r 13.06 2652 3606 1276 192 215 070 053 00 273 311 143 2936 007 103 9912
100562 Bt-rich enclave 18 unz 1354 2755 304 1279 184 2.14 064 046 015 3.01 3.40 130 3042 005 1.01 10190
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162
1.51
1.10
1.60
1.74
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1.91
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1.88
2.08
1.79
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1.59
1.38
1.40

278
2.49
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1.40
1.64
282
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2.15
1.34
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1.81
1.99
1.80

3.13
2.9
3.26
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1.60
1.68
2.9
1.65
224
0.66
077
1.5
2.09
2.02
1.67
1.90
1.92
252
2.44
1.96
2.14
262
223
1.65
2.13

2.10
2.05
1.99
0.61
0.67
1.93
095
0.40
003
000
22
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052

088
000
0.69
018
0.67
0.46
1.04
095
072
020
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042
0.35
018
032
038
017
042
0.39
0.48
0.51
0.61
035
012
0.56

000
004
000
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00]
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0.00
000
(X 1}
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0.26
0.06

000
000
0.39
0.65
0.50
035
0.34
0.37
0.25
0.29
029
035
0.18
003
0.16
000
0.19
009
0.31
0.16
0.15
022
0.06
0.11
0.17

000
000
000
004
0.30
005
0.11
(X}
el
003
0.06
0.06
007

0.61
002
0.40
0.30
014
0.14
010
010
(X 1]
(X}
[ WL ]
012
004
002
0.7
000
07
013
012
0.11
005
013
003
000
0.11

020
012
004
015
012
[ X}
07
013
005
005
0.11
003
007

3.17
0.16
2555
062
217
136
2159
215
134
0.41
0.43
134
1.55
0.68
0.54
092
0.71
.81
143
1.20
1.99
1.61
070
0.43
2.14

004
(X}
0.03
001
0.04
0.24
.16
000
003
002
0.23
0.36
000

4.47
4.82
2.45
2.46
4.30
4.03
3.84
4.20
3.56
5.87
6.00
5.64
6.52
7.51
900
6.13
9.93
5.80
5.0l
8.61
5.74
3.45
6.48
8.56
4.73

5.02
6.02
4.72
5.26
5.29
1.01
6.51
13.70
15.24
15.59
4.83
3.99
10.25

053
0.58
0.51
0.43
097
0.830
0.68
1.e2
196
092
092
1.22
1.49
1.31
0.67
3.06
1.14
1.8
0.77
2.94
122
0.96
2.03
0.41
1.51

070
0.39
0.39
0.31
0.37
0.24
0.73
094
120
129
1.20
097
081

30.02
29.77
30.11
2961
31.78
31.63
30.28
2998
30.26
29.79
30.13
29.84
3022
30.13
2952
30.02
29.26
2921
2945
29.59
2952
2991
30.63
2850
27.26

2927
2856
2956
30.06
30.54
30.80
29.61
29.61
26.08
25.20
30.31
29.19
2973

015
0.42
013
011
010
002
015
017
004
003
000
.08
018
0.32
0.64
013
0.36
030
015
0.23
el
0.06
007
1.00
Sa8

0.65
062
0.45
021
019
0.06
015
0.48
2.46
2.23
0.20
0.15
.50

1.08
087
0.68
058
1.13
098
103
1.10
108
143
1.47
1.44
1.75
1.80
1.69
1.91
2.26
1.51
122
238
160
094
1.85
1.24
1.42

087
0.29
.39
1.13
106
0.31
1.44
2.79
1.27
1.26
083
0%
1.93

9921
100.29
98.99
98.46
100.06
100.68
97.79
96.65
98.74
100.39
10172
99.47
100.00
100.40
100.03
100.69
99.42
98.99
99.04
99.75
2%.00
9991
100.79
99.24
9425

9952
98.26
98.31
101.00
100.13
101.9¢
100.55
100.55
100.29
9982
101.42
9838
99.73

r=rim, c=core, i= intermediate zone, unz=unzoned crystal, b =bright, in-mineral = included mineral.



general ebservatien ef bietite being the main hest
mineral fer accessery phases in migmatite terranes
(e.g. Bea et al,, 1994; Jehannes et al., 1995). Never-
theless, in the ACT terrane where bietite was nearly
censumed during dechydratien reactiens (Barbere,
1995), the accesseries are distributed elsewhere in
the majer minerals of the migmatite, especially in
these generated in the incengruent melting reactiens
i.e., K-feldspar, cerdierite and gamet (Table 2). This
has been ebserved in ether migmatite areas (e.g. Watt
et al., 1996). Menazite has few inclusiens, and enly
bietite, apatite and zircen have been identified.

The average grain size of menazite is appreximate-
ly 30— 100 pum in diameter and remains similar in all
the studied granulites, in centrast te ether crustal
sectiens where its grain-size decreases with metamer-
phic grade (Bea and Mentcre, 1999) (Fig. 2B). In
detail, seme slight centrasts in shape and size appear
in menazites frem the migmatite terrane samples.
Menazite frem the anatectic graniteids eof Setesalbes
are slightly mere idiemerphic and larger than in the
surreunding erthegneisses er restitic ceunterparts.
Leuceseme-hested menazites are characterised by
being lenger and having a wider range ef crystal
sizes than these frem erthegneiss (preteliths) er frem

residuum-rich migmatites (i.e., melanesemes) (Fig.
3). This pattern is alse ebserved in the size distribu-
tien of zircen (Fig. 4) and has been attributed te
grain cearsening via @tswald ripening (Nemchin et
al., 2001). Altheugh the crystal size distributien
estimated in this werk is based en measured maxi-
mum length in thin sectiens, which underestimates
the real greatest radius ef the crystal, fer cemparisen
purpeses it may be censidered as a geed estimate.
Menazites in melt-rich migmatites shew mere
cemplex cencentric er patchy zening than these in
their preteliths (erthegneisses) (Fig. 1A—C). Larger
crystals with mere euhedral shape and cemplex zen-
ing appear in melt-rich migmatites (i.e., leucesemes)
than in the residual fractiens (Fig. 3). Grewth ef
menazite is suggested during the migmatizatien event.
Three textural types of menazites can be distinguished
(Table 2): (i) type-L, unzened equant grains ef small
size, (ii) type-II, equant grains with simple and regular
(idiemerphic) zening, and (iii) type-III, mere irregular
grains with a mere diffuse and cemplex zening,
semetimes cencentric er patchy. @ccasienally, seme
type-III menazites in restite-rich graniteids (Fig.
1A,C) shew cerreded ceres with reactien rims, but
truncatien ef zening er cuspate beundaries have net
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Fig. 5. U@, and Th®, variation in monatize. Compositional ficlds of residuum-rich migmatites (melanosomes, bt-rich enclaves) are depicted.

Chemical zoning is also marked by arrows firom core to rim compositions (see data from Table 3). In the plot of xenoliths, the compositional
ficld of monazite from outcropping migmatite terranes is also shown for comparison.



been ebserved in any menazite, as eccurs in ether
granulite terranes (e.g. Zhu and @’ Niens, 1999).

Type-I menazites are typical of erthegneisses frem
Guadarrama, but alse appear in different granulitic
samples tegether with type-IIl grains, which are the
mest cemmen type (Table 2). These twe menazite
varieties are alse feund in granulite xeneliths. Type-II
menazites with regular zening have enly been feund
in the Setesalbes graniteid.

5.3 Xenotime

Xenotime is the least abundant ef the studied
accessery minerals. It dees net appear in the granulitic
xeneliths and is very scarce in the granulitic migma-
tites (Table 1). Hence, its medal abundance decreases
rapidly with increasing metamerphic grade until tetal
censumptien, as eccurs in ether crustal sectiens with
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peralumineus lithelegies (Bea and Mentcre, 1999;
Pyle and Spear, 1999). It appears as equant grains,
variably cerreded and lecally asseciated with apatite
or zircen grains (Fig. 1E). Xenetime crystal size rarely
exceeds 50 ym in diameter (Fig. 2). Sieved textures
have been ebserved, censtituted by inclusiens ef
majer minerals. Twe types of xenetime crystals are
ebserved: (i) unzened er (i) with patchy er regular
cencentric zening. This latter type usually appears in
Setesalbes leucesemes (Fig. 1D).

5.4. Zircon

Medal prepertiens ef zircen decrease frem granu-
litic terrane samples te the xenelith suite (Fig. 2). A
slight increase in zircen length is ebserved between
melt-rich and residuum-rich migmatites (Fig. 3), sim-
ilar te the menazite size distributien. This zircen
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Fig. 6. Ca® vs. Th®, and HREE vs. Y,@; variation in monazite. Monazites included in gamet (gt) or in their cordierite aureole (crd) from
kinzigite sample are marked (see data from Table 3). Same symbols as in Fig. S.



Table 4
Representative EMP analyses of xenotimes

Sample Anal Ces0; Pr0O; NdbO; Sm0; GdyOs ThyO; Dy,0; Hoy0: Br0p YhyOs LusO; Y,0; ThO, UO, Si0, CaO P,0Os Total

Setesalbes Coemplex

60870  @rthogneiss 3 034 006 054 015 1.85 120 469 08 452 387 094 4301 044 082 025 005 3471 9830
60870  @rthogneiss 4 ¢ 032 006 050 021 1.91 124 478 091 440 358 094 4316 046 062 022 006 3443 9779
60870  @rthogneiss S 035 006 050 020 1.90 1.17 475 087 456 384 095 4306 021 069 014 010 3552 99.2]
100945 @rthogneiss 13 dz 0.19 006 030 0.04 1.50 148 439 1.06 481 454 1.07 4174 015 142 033 0603 3392 9742
100945 @rthogneiss 14 bz 025 006 030 012 1.62 148 438 102 452 435 1.00 4102 047 357 072 007 3430 99.69
100560 Granite 3 unz 023 000 032 000 1.77 139 4383 1.07 449 428 108 4214 006 102 016 007 3521 9847
100560 Granite 4 unz 031 003 052 018 186 152 491 1.16 454 415 1.01 4243 031 069 023 007 3468 9398

101638 Leucosome 27 ¢ 026 005 028 011 169 292 426 076 343 347 149 4239 020 283 041 037 3344 9875
101638 Leucosome 28 r 026 000 032 012 180 238 470 030 340 347 1.58 4170 006 155 020 014 3364 9695
102183 Leucogranite 28 dz 022 0.01 026 0.15 194 295 403 0.66 3.68  3.09 1.69 4304 004 154 027 014 3399 9312
102183 Leucogranite 27 dz 020 002 026 011 210 284 400 067 367 291 1.67 418 008 255 035 017 3340 9726
102183 Leucogranite 26 bz 027 004 035 014 188 272 38 062 348 286 154 4034 039 643 099 027 3207 9380
102183 Leucogranite 35 r 023 002 034 019 203 262 427 066 366 3607 1.59 4270 008 251 042 016 3322 9817
102183 Leucogranite 33 ¢ 036 000 059 028 200 262 403 0.63 3.51  3.00 1.46 4038 050 429 039 024 3290 9875
100562 Bt-enclave 1 unz 022 0601 032 065 1.91 099 479 093 407 426 1.16 4225 003 146 131 012 3400 9323
100562 Bt-enclave 2 unz 022 000 038 006 205 109 499 0% 421 472 127 4230 0600 138 0.15 013 3579 10012

Tolede Complex
93193 Layosgranite 1 unz 030 008 050 019 1.70 1.5 433 095 453 481 1.07 4290 011 116 017 022 3594 10047
93193 Layos granite 16 unz 0.30 0.00 0.50 020 1.83 1.13 471 1.07 433 462 111 4136 003 086 029 024 3298 9602

r=rim, c¢= core, i=intermediate zone, unz=unzoned crystal, dz= dark zone, bz=bright zone.




cearsening in melt-rich migmatites has been alse
ebserved in ether migmatite terranes (Tanner and
Behrmann, 1997; Nemchin et al., 2001).

The scarcity of igneous A-type zircens (after Watt
et al., 1996), with cemplex and cencentrically regular
zening, in the studied granulitic samples is remark-
able. Nevertheless, A-type zircens (>100 nm) with
aspect raties >2.0 and escillatery zening (witheut
truncatiens er evergrewths) have been feund in
melt-rich migmatites (Fig. 1G), and rarely in xeneliths
(Table 2). Granulitic samples usually have mere
irregular grains eof the ether three mere cemmen
zircen-types. These are: (i) irregular grains with
cerreded cerc-zening, usually truncated by unzened
rims (type-B of Watt et al, 1996) (Fig. 1H); (i) equant
grains with miner vague zening, semetimes truncated
by the cerreded cdge of the crystal (type-C of Watt et
al., 1996); and (iii) unzened small zircen crystals
(type-D) (Fig. 1F). These three types appear in xen-
eliths and migmatite varieties (Table 2), altheugh
seme leucesemes are very peer in accessery phases
(Table 1, Fig. 2). The three types have a similar
equant, usually cerreded shape, rarely exceeding
100 pum in size.

Altheugh zened zircens with residual ceres sur-
reunded by evergrewth rims (A- and B-types) are net
abundant in melt-peer migmatites (e.g. melanesemes,
bietite-rich xeneliths), their presence suggests expe-
sure er interactien with a melt fractien (Watsen,
1996), even when the zircen is hested in bietite.

Zircens rarely centain inclusiens, altheugh in cer-
tain cases reunded inclusiens ef mest ef the reck
majer minerals, particularly these invelved in bietite-
breakdewn reactiens have been ebserved. Sillimanite
inclusiens are cemmen in samples frem lewer crustal
xeneliths (Fig. 1F), but inclusiens ef quartz, bietite,
sillimanite, plagieclase, and alse apatite are ebserved
in ether samples (Table 2). As with menazite, zircen
may display rims ef sieved appearance, or be intersti-
tial te ether majer minerals.

6. Variations in chemical composition of the
accessory assemblages with increasing
metamorphic grade

Monazite shews variatiens in Th, U, Y and HREE
centents with the metamerphic grade similar te ether

peralumineus granulites (Watt and Harley, 1993; Bea
and Mentere, 1999). The granulitic xeneliths have
menazites rich in Th (up te 15 wt.% in Th@,), but
markedly depleted in Y, HREE and U, in cemparisen
te these menazites frem migmatites of granulite
terranes (Figs. 5 and 6). As a censequence, menazites
of granulitic xeneliths have Th/U raties in the range of
13—20 (Table 3), very similar te the values feund by
Bea and Mentere (1999) in the deepest crustal gran-
ulites of Ivrea-Verbane zene. The eppesite chemical
trend is shewn by pelitic menazites frem secters ef
increasing metamerphic grade (greenschist te upper
amphibelite facies) (Franz et al., 1996; Heinrich et al,,
1997).

In residual granulitic xeneliths, menazites are alse
rich in Ca (Fig. 6), displaying a large range eof
cempesitiens (up te 2.8 wt% Ca®), even at thin
section scale (sample 81846 in Fig. 6). It is remarkable
that such high-Ca menazites remain residual in lewer
crustal levels, as it has been stated that Ca@® increases
menazite selubility in granitic melts (Welf and Len-
den, 1995). The high ASI values of the xeneliths and
their cerrespending melt ceunterparts (SCS granites)
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Fig. 7. U®,, Ca® and Th@®, variation in xenotime. Arrows show the
typical zoning of decrease in U, Th and Ca contents in some crystals
from leucocratic migmatites of Sotosalbos complex.



Table S

Representative EMP analyses of zircons

Sample Anal Er0:  Yh,0: Lun0O; Y,0, ThO, UQ, Zr0, HfO, Si0O, P,0; FeO Total
Setesalbes Coemplex

100560  Granite 60 ¢ 015 005 0.00 000 000 000 6646 095 3107 006 001 2900
100560  Granite 61 r 021 015 000 022 002 000 6652 093 3071 034 004 9942
100941  Granite 52 046 057 005 225 014 025 6418 112 30608 185 028 10129
100941  Granite 53k 5 017 020 0.05 036 0.01 003 6736 146 3087 041 052 10146
100563 Granite 34 ¢ 014 013 0.04 017 013 014 6754 137 3116 004 007 10119
100563 Granite 38 r 020 022 001 049 002 004 6712 167 3122 062 002 10167
100563  Granite 3% 018 018 002 068 0.00 000 6563 146 3078 071 024 100.11
100563  Granite 36 ¢ 052 048 0.06 356 0.05 005 6205 1.05 2897 293 021 10080
100943 Granite 10 ¢ 015 019 0.01] 018 004 000 6626 105 3217 004 001 10048
100943 Granite 11 r 021 021 0.05 023 004 036 6380 239 3159 011 000 99322
62458  @rthogneiss 17 i 024 004 000 005 000 000 6658 168 3161 008 034 10086
62458  @rthogneiss 19 c 024 020 0.01] 035 000 003 6540 165 3130 043 031 10011
62458  @rthogneiss 2L ¢ 010 o010 0.0] 0.15 002 000 6622 145 298 025 035 9904
60870  @rthogneiss 6 i 018 015 0.05 034 001 001 6467 152 3070 040 005 9330
60870  @rthogneiss 12 r 019 00 0.01] 009 001 000 6524 113 3159 021 018 9899
60870  @rthogneiss 13 ¢ 024 010 004 034 007 014 6536 099 3172 011 016 9955
100945  @rthogneiss g @z 010 015 002 003 001 000 6731 083 3075 026 015 9983
100945  @rthogneiss 9 bz 000 010 0.00 013 013 007 6659 062 3080 009 018 9900
101638  Leucosome » c 016 016 0.01] 031 000 002 6556 140 3146 036 000 9964
102178  Leucosome 1w © 012 004 002 000 001 000 6632 125 3115 003 002 9916
102178  Leucosome 13 r 022 016 0.5 0.17 000 003 6514 153 3167 026 002 9943
102181 Leucosome 11 unz? 008 003 0.0] 000 000 025 6428 355 3108 0605 000 9954
102181 Leucosome 4 ¢ 008 004 0.00 001 003 000 6713 112 3158 066 012 10045
102181 Leucosome il 010 014 .00 019 002 007 6594 162 3126 026 017 100.05
100562 Bt-rich enclave 8 ¢ 015 000 001 010 000 000 6673 084 3111 009 036 9972
100562 Btrich enclave 9 r 013 o010 002 008 001 006 6611 154 2975 022 041 9863
100562  Btrich enclave 14 ¢ 0l 0.1l 0.0] 004 011 001 6656 168 3055 004 042 9990
102175 Melanosome Il 005 013 0.05 028 001 000 6553 152 3191 035 0609 1002]
102175 Melanosome 2 001 014 004 020 000 007 6566 159 3126 039 018 9975
102175 Melanosome 26 ¢ 011 0.l 0.06 036 004 002 6586 115 2978 037 020 9826
102175 Melanosome 27 F 010 015 0.04 039 000 006 6593 141 2957 044 021 9852
Toledo Complex

93198  Melanosome 2 026  0.05 000 002 002 011 6635 114 3085 000 007 904
93198  Melanosome 3 017 010 0.00 014 002 005 6665 071 3046 000 013 9390
93198  Melanosome 4 014 006 0.05 005 004 000 6671 076 3032 000 013 9855
93198  Melanosome 6 017 010 0.65 000 015 028 6636 082 3083 000 012 9920
81926  Leucogranite 11 ¢ 012 014 0.04 021 017 016 6576 073 3230 0600 015 10020
81926  Leucogranite 13 r 034 0.0 0.00 006 003 003 6567 082 3267 000 023 10035
87202  Leucogranite 56 ¢ 002 006 0.01] 0.06 001 000 6527 125 3218 0.09 002 9940
87202  Leucogranite §7 i 007 004 0.00 000 000 018 6431 193 3205 012 002 %3
87202 Leucogranite S8 r 023 002 0] 000 000 014 6610 130 3260 009 005 10145
93197  E-leucosome 34 ¢ 004 020 0.00 019 001 030 6447 140 3183 039 011 9942
93197  E-leucosome 35 031 014 0] 011 000 053 6473 173 3196 034 004 10040
93197  E-leucosome 44 in-Mon 020  0.07 003 012 007 023 6279 164 3129 047 001 9816
93193  Layos granite * unz 025 015 0.00 053 015 011 6305 114 3139 069 064 9856
93193  Layos granite 10 ¢ 013 016 0.0] 032 005 000 6417 122 3164 049 054 9902
93193  Layos granite 11 r 005 007 0.00 003 003 010 6181 159 3200 020 129 9875
93193  Layos granite 15 unz 023 007 0.00 005 005 001 6403 155 3164 020 024 9829
93193  Layos granite 20 ¢ 020 024 0.0] 071 020 033 6284 125 3130 087 038 9873
93193 Layosgranite 27 unz 0l 0.l 003 038 004 010 6382 124 3153 042 6010 9859




Table S (centinued)

Sample  Anal Ern0y  Yh,0O, Luw0Oy, Y0, Tho, U0, ZrD, HO, 8i0, P.0; FeO Total
Xeneliths

77750 Pelitic 2 ¢ 015 015 000 000 015 011 6512 054 3365 077 0602 101.0°
77750 Pelitic 31 001 0.06 000 000 002 012 6655 075 3349 000 000 1091
77750 Pelitic 4 r 003 003 0.00 000 000 000 6555 072 3443 000 001 10095
95148  Felsic 2 ¢ 0.13 010 00l 006 005 015 6558 177 3252 011 013 10049
95148  Felsic B* I 0.13 007 004 000 003 001 6698 130 3302 0606 024 10167
95148 Felsic 7 r 0.13 0.06 0.00 000 001 000 6631 145 3192 010 006 10024
95148  Felsic g ¢ 0.14 0032 001 012 001 023 660% 167 31.17 021 004 9995
95151  Felsic 11 ¢ 010 0.21 004 067 014 013 658838 083 3032 034 020 9932
95151  Felsic 12 r 009 005 0.00 000 000 003 6581 134 3071 003 031 9868
95151  Felsic 14 ¢ 0.13 002 004 027 002 000 6605 076 3032 005 015 9319
95151  Felsic 15 r 010 0.06 0.00 000 000 001 66837 134 3094 6010 013 10001
81846  Felsic 22 014 006 002 012 004 005 6610 103 3104 017 029 9935
81846  Felsic 23 004 004 001 002 001 015 6647 138 3125 004 069 10037
81846  Felsic 25 unz 020 015 003 049 015 036 6478 132 3026 040 000 9332
99185  Felsic 20 unz 020 021 0.06 042 006 029 6476 123 3066 041 058 9930

r=rim, c=core, i=intermediate zone, unz=unzoned crystal, dz=dark zone, bz=bright zone, in-Mon=included in monazite.

ceuld explain in part the incemplete disselution ef
menazites during melting events (Mentel, 1993).

Menazites in leucesemes eof beth migmatite ter-
ranes (Setesalbes and Telede) shew a similar trend
tewards lewer Y (and HREE) centents, and higher Th
and Ca centents, than in their cerrespending melane-
semes, but the tetal variatien range is mere restricted
(Fig. 6). It is alse remarkable that seme menazite
ceres in the leucesemes are richer in Th—Ca—U than
their rims; this is a reverse zening cempared te that
ebserved in ether migmatite terranes, where nermal
zening is interpreted as residual ceres with magmatic
rims (Watt and Harley, 1993). These ceres (or inter-
mediate zenes when escillatery zening is present,
93197 ne. 46-47-48, Table 3) carmet be interpreted
as residual menazites as residuum-rich migmatites and
metamerphic wall-recks de net have menazites with
high Ca, U and Th centents (Figs. 5 and 6). We
suggest that the scarce menazite that appears in
leucesemes and leucegranites is essentially new. This
kind ef zening is semetimes ceupled with increas-
ing Y (and HREE) tewards the rim. It seems that
the newly grewn menazite rims tend te cenverge
with menazite cempesitiens frem the residuum-rich
ceunterparts.

In melt-rich migmatites and leucegranites, mena-
zites have higher U centents than their residual
ceunterparts (melanesemes, preteliths). Th/U raties
have the lewest values in seme leucesemes, apprex. 1
(Table 3). Menazites in leucesemes cemmenly shew a

marked zenatien ef decreasing U centents frem cere
te rim (Fig. 5 fer Setesalbes). The ACT melt-rich
migmatites shew a mere heteregeneeus pepulatien ef
menazites, i.e., menazites with the U impeverishment
trend ceexisting with menazites shewing a reverse er
escillatery zening. The same is feund with respect te
Th—Ca behavieur.

In restite-rich anatectic graniteids (Layes er Sete-
salbes types), it is alse pessible te find a similar
heteregeneeus chemical pepulatien ef menazites, ei-
ther unzenecd er with reverse er cerrelative Th—Ca
and Th—U zenings. Seme menazite ceres are chem-
ically similar te these of the melanesemes suggesting
a restitic erigin (Fig. 5).

In metapelitic granulites (kinzigite 87085 frem
ACT), seme menazites inside gamet are clearly richer
in Y-HREE than these ef the cerdierite-rich aurcele
areund it (Fig. 6 and Table 3) er elsewhere in the
matrix. This chemical equilibrium between gamet and
menazite has been ebserved elsewhere (e.g. Pyle et
al,, 2001).

Xenotime shews alse an enrichment in U and Ca
centents in melt-rich migmatites (e.g. leucesemes,
Table 4) in cemparisen te residual migmatites, i.e.,
xenetimes reach U@, centents up te 6.5 wt.% in
leucesemes whereas these frem residuum-rich mig-
matites have <1.7 wt.% of U@, (Table 4). This leads
te a change in their Th/'U raties frem an averaged
value of 0.5 (ceres of xenetimes in erthegneisses) te
values as lew as 0.03 in leucesemes (Table 4) (Fig. 7).



This enrichment in U centents ef xenetimes frem
leucesemes cerrelates with that shewn by menazites
frem the same samples, and is alse ceupled with Ca
enrichment. In fact, the zening in xenetimes frem
melt-rich migmatites is similar te that in menazites,
i.e., there is a marked decrease in U and Ca centents
frem cere te rim (Fig. 7). Xenetimes frem ertheg-
neisses alse shew a zenatien ef decreasing Th cen-

tents but net te such an extent in Ca and U centents.
Xenetimes of the Setesalbes granite plet in the same
chemical fields as these frem erthegneisses (Fig. 7).

Zircon chemical variability is mere restricted (Ta-
ble 5). The lack eof variatien in REE-Th-U-Y
cempesitien ef zircen in plutenic recks has been alse
addressed (Heskin et al., 2000), altheugh miner differ-
ences have been used in sedimentary recks te dis-
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criminate seurce regiens (Heskin and Ireland, 2000).
The lew LREE-MREE-Th-U centents in zircens
(qualitatively determined by EMP techniques) make
the estimation of trace element differences in zircen
chemistry in granulites difficult, altheugh such differ-
ences have been suggested by recent studies (e.g.
Rubbatte, 2002). Zircens shew the same slight zening
frem ceres rich in Th-U- (Y-HREE-P) tewards
rims with lewer abundances in mest ef the sampled
granulites (Fig. 8). Nevertheless, seme lew-Th zircens
frem leucesemes frem beth migmatite terranes (usu-

ally A-type zircens) shew the eppesite trend te U-rich
rims (Fig. 8). It is difficult te interpret the high-Y (and
HREE) centent in seme zircen ceres frem melt-rich
migmatites (usually B-type zircens) as being residual
ceres, because zircen ceres in wall-reck preteliths
(and these frem residual migmatites) de net shew
such high Y centents (Fig. 8).

Y and Hf are usually anticerrelated as zircen dis-
plays zenatiens te Hf-rich rims. Nevertheless, when
zircen ceres are peer in Y (<0.2 wt% Y,@®;), the
eppesite sense of zening with Y- (and Hf-) rich rims

Table 6
Major (wt%, EMP analyses) and trace element composition (ppm, LA-ICP-MS analyses) of gamets and feldspar from granulites

Grt-93198 Grt-93198 Kfs-93198 Grt-99185 P1-99185 Kfs-99185 Grt-77750 Kfs-77750
n g 1 2 9 2 1 S 2

rim

Si@, 3753 37.44 65.35 39.02 61.32 63.63 38.13 64.55
Ti®, 0.05 002 002 0.11 000 003 012 007
AlL®, 21.77 21.53 19.44 2273 24.08 2035 22.01 19.57
Fe® 3342 34.37 0.11 2497 000 003 30.06 0.06
Mg@® 5.40 4.59 0.0] 11.57 0.0] 000 322 001
Mn@ 077 1.01 0.0] 0.43 0.0] 000 0.34 003
Ca@® 1.04 1.00 009 1.28 5.01 149 1.30 0.54
Na,® 0.00 = 2.63 0.0] 7.21 3.9 = 2.84
K,® = = 12.52 - 2.48 9.75 = 11.39
P,®; nd nd 0128 nd 0128 018 nd 022
Total 99.93 99.94 100.17 9999 100.21] 99.15 100.07 99.02
\% 551.5 560.2 2.00 9299 2.0 25 481.2 6.4
Cr 7273 972.6 3.4 772.8 3.8 37 9393 5.8
Ni 6.6 S 3.2 9.5 (K 1.3 543 1.3
Rb 4.6 1.8 335.5 4.4 83.7 60.8 239 2975
Sr 34 31 379.7 11.6 784.3 635.2 2.7 426.4
Y 751.4 639.0 2.0 6528 1.8 5.5 563.1 1.4
Zr 140.4 2063 4.24 4923 324 421 439.7 389
Ba 33 1.8 1661.5 35.8 2358.0 1795.8 9.0 20263
La 128 085 4.87 254 22878 116.90 0.6l 8838
Ce 3.62 1.12 838 17.50 541.48 177.19 3.64 185.46
Nd 3.13 1.10 2.19 14.75 57.99 53.38 14.60 5.95
Sm 6.22 5.44 0.24 30.95 5.20 5.84 49.42 1.17
Eu 0.61 0.06 2.69 0.59 5.02 592 1.58 4.23
Gd 48.57 50.93 072 75.57 2.10 2.19 34.00 0.43
Dy 118.04 102.75 010 104.35 022 0.66 100.22 .13
Yb 50.72 2086 0.24 20.28 022 0.39 53.89 021
Lu 6.99 1.86 002 11.23 002 .15 7.99 0.0]
Hf 3.16 5.86 1.07 10.39 1.11 1.49 834 0.64
Pb 2.62 2.19 76.16 377 37.10 23.85 162 30.52
Th 092 0.34 092 .55 0.30 0.64 0.05 0.28
U 0.43 012 0.20 053 033 0.51 0.49 0.11
LREE t 14.25 8.51 15.68 65.74 833.44 353.30 68.26 280.97
REEt 239.17 184.97 19.59 387477 841.02 362.21 315.94 285.97




appears. This reverse zening is alse cemmen in
zircens frem erthegneisses and residuum-rich migma-
tites of the Setesalbes area.

In granulitic xeneliths, zircens shew a marked
zening tewards rims which are extremely depleted
in Y-HREE-Th-U centents (Fig. 8 and Table 5), as
has been ebserved in zircens frem ether lewer crustal
xeneliths (Hanchar and Rudnick, 1995).

7. Variations in trace element composition of some
major minerals of the granulitic assemblage

Gamets in granulitic xeneliths beleng te the al-
mandine-pyrepe series (apprex. Almys_sePyrys_ss,
with slightly mere Fe-rich gamets present in pelitic
xeneliths: AlingePyrss) with cempesitienal zening
almest absent in garnet ceres (Villaseca et al,
1999). This is net the case fer migmatite samples
frem Telede Cemplex which have gamets with pre-
neunced reverse zening (Barbere, 1995) and are
pyrepe-peer in cempesitien, indicating shallewer
equilibratien depths. Mereever, there is a slight chem-
ical difference between garnets in leucesemes
(Alm,s_gPyri4_21Spsz_7Grs;_4) and these of mela-
nesemes (Alingg_ssPyrs_»1Sps;_3Grsz_3) inthe ACT
(Barbere, 1995).

Plagieclases in all granulite types are mestly in the
range of An,, te Anss, but these frem granulitic
xeneliths lack albite-rich rims and have a netably
higher @r-cempenent (in the range 10-23 mel%
instead of <35 mel% in granulite terranes), indicative
of a higher temperature of equilibratien (Villaseca et
al, 1999). K-feldspars in all granulite types are mestly
in the range @r7e te @req shewing a high An-centent
(up te 10 mel%) in these frem granulitic xeneliths
(always <1 mel% in migmatitic terranes). Feldspars
frem granulitic xeneliths alse shew a slightly higher
P,@®;s centent, never <0.14 wt.%, ie., a 20-30%
greater than in feldspars frem migmatite terranes
(Table 6).

ACT meseseme—leuceseme pairs have plagie-
clases with An centents mestly in the range eof
Anys—Anss whereas related anatectic granites (Cerva-
tes leucegranites and Layes graniteids) have plagie-
clases with An;» te Anse cempesitiens. In Setesalbes
area, the cerdierite-bearing granite have feldspars with
a slightly higher P,@s centents (average 0.12 wt.% in

plagieclase and 0.18 wt% in K-feldspar) than in
related metamerphic ceuntry recks (0.12 and 0.13
wt.%, respectively), as eccurs in ether granulite ter-
ranes (Pan et al, 1999).

Table 6 lists trace-element centents of seme majer
minerals in the granulite assemblages: garnet, plagie-
clase and K-feldspar, whereas REE patterns fer the
varieus minerals analyzed are given in Fig. 9.

Chendrite-nermalized REE patterns ef the ana-
lyzed gamets (Fig. 9) exhibit a marked Eu negative
anemaly (up te 0.015) and an alnest flat HREE
pattern. The general REE-patterns ef these minerals
are similar te these feund by Reid (1990) in lewer
crustal peralumineus granulites, but markedly differ-
ent te these feund in gamets fiem mafic granulitic
xeneliths (Leeck et al., 1990). The flat HREE pattern
of the gamets is censistent with their lewer crustal
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Fig. 9. Chondrite normalized REE patterns of garnets and feldspars.
Note progressive increase in MREE in gamets with increasing
metamorphic grade. The increase in LREE in K-feldspars from
xenoliths is also evident.



derivatien as the increase in the Gd/Dy ratie seems te
be centrelled by lead pressure (Bea et al., 1997). It is
interesting te nete that analyzed gamets have LREE
centents higher than chendrite levels, alse in agree-
ment with the scarce previeus data en felsic granulitic
xeneliths (Reid, 1990). Gamets frem peralumineus
granulites of migmatitic terranes have much lewer
REE centents (see alse Bea et al., 1994, 1999; Harris
et al., 1992; Watt and Harley, 1993), in tbe range of
50-250 ppm whereas granulitic xeneliths have a
range of 300—400 ppm (Table 6). @ther trace ele-
ments greatly cencentrated in these granulitic gamets
are Y (usually in tbe range of 550—750 ppm) and Zr
(up te 500 ppm). The high Zr centents efthese gamets
are enc erder of magnitude greater than the previeus
published data (Fraser et al., 1997). Nevertbeless,
seme of these high frace elements centents in gamet
may be spurieus as very small accesseries (<2 um)
are difficult te detect in the thick sectiens used in LA-
ICP-MS measurement.

Trace element zening in analyzed gamets is min-
imal in cemparisen te ether gamets frem granulite
terranes frem which well defined bell-shaped zoning
(@tamendi et al., 2002) eor inverse zening (Bea et al,,
1994) have been described. This is in agreement with
the decrease in trace element zening in gamets at
higher metamorphic grade ebserved by Schwandt et
al. (1996).

Chendrite-nermalized REE patterns ef feldspars
shew great LREE enrichment (semetimes clese te
X 1000 the chendritic values), with (La’Yb)n raties
as high as 411 being similar in betb alkali-feldspar
and plagieclase (Fig. 9). Plagieclases have higher La
and Ce centents than K-feldspars but similar Eu and
HREE centents. The maximum pesitive Eu anemaly
(up te 31) is feund in a K-feldspar crystal (granulite
77750). LREE centents ef feldspars in granulitic
xeneliths range frem areund 835 ppm in plagieclase
te 280-360 ppm in K-feldspar (Table 6). Such a high
LREE centent of feldspars has never being previously
reperted in granulitic recks (Pride and Muecke, 1981;
Reid, 1990; Watt and Harley, 1993; Bea et al., 1994;
Bea and Mentere, 1999) (Fig. 10). The LREE cen-
tents eof feldspars in granulites frem migmatite ter-
ranes are markedly lewer (Fig. 10). LREE data frem
feldspars frem the twe migmatitic terranes of central
Spain shew centents in the range of areund 25 -5 ppm
(plagieclase and K-feldspar frem the Pefia Negra

:': 29165
S ;'
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Fig. 10. Comparison of total REE in feldspars and whole rock
granulites from migmatite terranes and xenolith suites. Feldspar
composition from Toledo migmatite (melanosome 93198) and
xenoliths (77750 and 99185) are taken from Table 6. Bata from
xenoliths are those of Kilboume Hole (Reid, 1990). Bata from
migmatite terranes are: Pefla Negra (Bea et al., 1994), Ivrea-Verbano
(Bea and Montero, 1999) and E-Antarctic Shield (Watt and Harley,
1993). Compositional field of feldspars from felsic igneous rocks is
taken from Reid (1990).

cemplex, Bea et al, 1994) er 16 ppm (K-feldspar
frem the ACT, Table 6).

8. Discussion
8.1. Trace element residence sites in granulites

The trace element centents ef majer minerals and
their medal prepertiens can be used te calculate whele-

reck cempesitiens fer cemparisen with the whele-reck
analyses, in erder te evaluate by mass balance the



prepertien ef clements that reside in majer minerals.
Whele-reck analyses are listed in Appendix B.

The 93198 melaneseme frem ACT has REE-Th-
Y —Zr trace element bulk-reck centents that are mainly
explained by their accessery mineral assemblage, as is
usuval in igneeus and mest metamerphic recks. The
majer minerals in this sample (medal cempesitien in
Table 1) de net have appreciable centents ef these
elements, tetalling < 5% ef the LREE—Th—Zr whele-
reck cencentratien (Fig. 11). Mest of the LREE—
MREE-Th-U in the granulite whele-reck are cen-
tained in menazite (and alse REE in apatites, Bea et al.,
1994), and cerrelatively, Zr in zircen and Y-HREE in
xenetime. This data is in agreement with previeus
reperts in the nearby Pefla Negra cemplex (Bea et al,
1994), where is alse shewn that bietite er cerdierite
have even lewer REE centents than feldspars. Never-
theless, seme exceptiens te this are shewn in Fig. 11.
Gamet is an impertant hest ef Y in migmatitic gran-
ulites and feldspars have high P centents, tee.

In lewer crustal granulitic xeneliths, trace element
distributien is clearly different. In samples 77750 and
99185 (see medes in Table 1), the majer minerals are
the hest of an impertant fractien ef the REE—Y —Zr of
the granulites. The higher LREE centents ef their
feldspars significantly centribute te the LREE (and

alse P, Rb, Sr, Ba) centents ef the xeneliths, whereas
gamet is the main hest of Y—HREE and a substantial
part ef the Zr whele-reck centent (Fig. 11). The very
high Zr centent ef the gamets ceuld explain up te the
50% eof the Zr in ene sample (Fig. 11).

Altheugh seme difficulties arise when using medal
appreaches, and semetimes there are sums >100%
(e.g. xenelith 77750 with 0.30Grt with averaged 54
ppm ef Yb centents give 16 ppm in reck, much
greater than the analyzed 4.3 ppm ef whele-reck
centent), the general picture is censistent with a higher
trace element sequestering by the majer phases of the
granulites with increasing metamerphic grade, and
therefere with a diminished centributien ef accessery
phases te the trace element budget of the granulites.
This is in agreement with the preliminary cenclusiens
of Reid (1990).

8.2. Limited dissolution of accessory minerals in
granitic melts

The retentien ef accessery phases (menazite, xen-
etime and zircen) in melanesemes during partial
melting led te the generation of lew-REE—-Th-Y -Zr
melts with disequilibrium chemistry, as has been
described in many migmatite terranes (Watt and Har-
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Fig. 11. Relative conwibutions of the major minerals phases to some #race elements (P—REE—Y —Zr— Th) budgets for some studied granulites.
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Note the progressive importance of feldspars and gamet in hosting most of the REE-Y (P—Zr) of the wholerock with increasing metamorphic
grade.



ley, 1993; Nabeleck and Glasceck, 1995; Jehannes et
al., 1995), and alse in the studied area (Barbere et al.,
1995; Villaseca et al., 2001). There is a marked REE
fractienatien (usually ceupled with Zr—Th-Y frac-
tienatien) between leucesemes and melanesemes with
the twe reck types eccasienally shewing cemplemen-
tary trace element patterns (Fig. 12). The cencentratien
of accesseries in the mafic assemblage of the melane-
semes (Table 1) ceuld explain this fractienatien.

The grewth ef new menazite, xenetime and zircen
inthe leucesemes and leucegranites peses the questien
of the limited disselutien of accessery phases in the
melt fractien. Leucesemes in migmatite terranes usu-
ally de net represent pure melt fractiens (e.g. Jeharmes
et al., 1995; Selar and Brewn, 2001). Chemically, the
leucesemes present a shift frem ‘“‘experimental mini-
mum’’ selidus cempesitiens in @tz— Ab—@r raties, and
their heteregenceus geechemical features suggest the
centributien ef different precesses in leuceseme fer-
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Fig. 12. Chondrite normalized REE patterns for migmatites from the
two studied granulite terranes. Note the low REE content and
positive Eu anomaly of some leucocratic migmatites of Sotosalbos
and Toledo complexes (N-type leucosomes, leucogranites) whereas
E-type leucosomes have almost coincident REE pattens than
residuum-rich migmatites except by their lower HREE contents.
Complementary REE patterns between melanosomes and N-
leucosomes are also shown.

matien: equilibrium/disequilibrium melting, entrain-
ment ef residual material, fractienatien (including
escape of evelved melts) during crystallizatien, etc.
(see review by Selar and Brewn, 2001). In any case,
leucesemes are (er have been) richer in melt than
melanesemes during migmatizatien. The REE-Th-
Y —Zr centents usually displayed by the leucesemes
(and asseciated leucegranites) are lewer than these
estimated by disselutien medels using reasenable tem-
perature values (700 te 800 °C), even using high (4-6
wt.%) water centents in the melt (Barbere etal., 1995;
Villaseca et al., 2001). Therefere, enly limited disse-
lutien ef accessery phases in the melt fractien has
eccurred. The mere enriched-REE varieties of leuce-
semes (E-types), usually ceupled with their higher
transitien metal centents (Fe, Mg, Ti, Cr, V), have
been explained by a higher restitic cempenent (Villa-
secaetal., 2001).

An impertant difference between the twe studied
migmatite terranes is the fact that the ACT migmatites
have been equilibrated under mere extreme cenditiens
than these ef the Setesalbes area, as the bietite
dehydratien reactien has been clearly everstepped
clese te its tetal censumptien in the ACT (Barbere,
1995). As the bietite is the main hest fer accessery
minerals in peralumineus lithelegies, its breakdewn
liberates inclusiens te react and participate in partial
melting. In migmatites of the Setesalbes area, acces-
series had fewer eppertunities te saturate granitic
melts, as a substantial ameunt is armeured in the
restitic bietite. No enriched REE—Zr—Th-Y melt-rich
migmatites (e.g. E-leucesemes) have been feund in
Setesalbes area.

Menazites grewing in granitic liquids depleted in
LREE will tend te shew mere ienic substitutiens ef
the kind (e.g. Zhu and @ Niens, 1999):

Th*+ 4 Ca?* = 2LREE** 1)
U* + Ca’* = 2LREE*" (2)
Th** + Si** = LREE*" 4+ P°* 3)
U* + 8i** = LREE** + P53+ (4)

These substitutiens are very cemmen in the studied
migmatites as illustrated in Fig. 13 where (Th+ U) is
linearly related te (Si+ Ca), suggesting the everall
existence of the ceupled substitutiens (Eqgs. (1)—(4)).
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Nevertheless, the intreductien ef Ca is significantly
mere marked than Si; suggesting a majer rele ef
substitutiens (1) and (2). Individually, Si dees net
shew any cerrclatien with (Th+U) centents. The
intreductien of Ca and U in menazites is in agreement
with the undersaturatien in REE ef the melt-rich
migmatites. In the mere REE-saturated melt-rich
migmatites of Telede (E-leucesemes, E-leucegran-
ites), menazites shew ceres that are less enriched in
U than these of Setesalbes area (Fig. 5). Mercever,
substitutiens (1) and (2) are less marked in these
samples (Fig. 13).

Peralumineus granites of the SCS bathelith are
alse undersaturated in trace elements. They always
have <250 ppm ef tetal REE er Zr, much less than
cencentratiens ebtained using reasenable cembina-
tiens eof parameters invelved in selubility medels of
accessory phases (Villaseca and Herreres, 2000).
Small accessery grains weuld be expected te have
disselved if they had been in equilibrium with gra-
nitic melts. Fer instance, mest of the small zircens
(<120 nm) weuld be disselved in granitic melts at
high temperature (>850 °C) (Watsen, 1996), but they
survive in granulitic xeneliths (Fig. 2). Twe pessibil-
ities arise te explain the lew REE—Zr disselutien in
the SCS granitic melts: (i) the granulitic xeneliths
were net equilibrated with granitic melt, and (ii) if the
xeneliths underwent partial melting, the granitic

melts were net equilibrated with zircen/menazite
disselutien. The granulitic xeneliths have been inter-
preted as restite materials as they are mere mafic than
their pelitic er erthegneissic parents as weuld be
expected frem a mass balance ef partial melting of
metasediments (er metaigneeus recks) frem which a
granite melt was remeved (Villaseca et al., 1999).
Majer and trace element medelling indicates than an
average of 30% ef peralumineus granitic melt was
extracted. The isetepic (Sr, Nd, @) data are alse
censistent with the suggested genetic relatienship eof
the granulitic xeneliths being melting residua after
the extractien of liquids similar in cempesitien te the
SCS granites (Villaseca et al., 1999; Villaseca and
Herreres, 2000).

If granulitic xeneliths were the residuum eof a
melting event, the survival ef small zircen and men-
azite crystals implies a lew selubility in the peralu-
mineus granitic melts (secend hypethesis). Trace
minerals have net been armeured in reactant minerals
(mest ef accesseries are in the new granulitic miner-
als: feldspars or gamets) and they have unequivecally
grewn during peak metamerphism. As P—T cendi-
tiens were mere extreme than in granulitic terranes
and perhaps the thermal event ceuld alse have been
lenger, the mere reasenable selutien te this limited
accessery-phase disselutien in granitic melts might be
that they were included in the newly crystallizing



minerals and alse by the cempetition of this new
granulitic mineral assemblage (feldspars and gamet)
in sequestering trace elements, as will be discussed in
mere detail belew.

8.3. REE-Y—Zr compatible character of feldspars
and gainets in extreme granulitic conditions

Sequestering of trace elements by majer minerals
in peralumineus high-grade granulites has been pre-
vieusly described. Bea and Mentere (1999) shew an
inverse relatienship between the medal abundances of
xenetime and gamet which, cembined with the high
HREE-Y centents in gamet, has been interpreted te
indicate that xenetime was censumed in gamet-ferm-
ing reactiens. Reid (1990) alse feund high-LREE
feldspars and high-HREE gamets in peralumineus
granulites frem lewer crustal xeneliths. She suppesed
twe alternatives te explain the lew activities of acces-
sery minerals in the trace element budget: (i) the
stability ef a REE-bearing phase(s) may have been
exceeded with increasing temperature and was preb-
ably related te bietite dehydratien reactiens, er (ii) the
partitien ceefficients of REE-rich accessery phases
weuld have te decreased differentially with respect te
these of the majer mineral phases by a facter ef at
least twe. The first facter ceuld be argued fer xen-
etime but net fer zircen er menazite which partici-
pated centinueusly in metamerphic reactiens in these
xeneliths.

Bea et al. (1994) give an estimate of mineral/melt
partitien ceefficients fer reck-ferming minerals under
cenditiens ef mid-crustal anatexis in peralumineus
systems (Pefia Negra cemplex). Their data shew that
feldspars (especially plagieclase) ceuld have high-
LREE partitien ceefficients during granulite-facies
cenditiens, suggesting that LREE beceme clearly
cempatible in the feldspar structure. They prepese
mineral/melt K5 values in feldspars (plagieclase
and K-feldspar) areund 10 times greater than these
estimated fer felsic granitic magmas (Nash and Cre-
craft, 1985). With respect te gamet, Bea et al. (1994)
alse prepese much higher HREE—-Y partitien ceeffi-
cients than these based en pure magmatic systems.
Cerrelatively, menazite/leuceseme raties are alse an
erder of magnitude higher than these estimated fer
magmatic systems (Bea et al., 1994). Nevertheless,
these high K4 values are censequence of their estima-

tien frem simple nermalizatien te their migmatitic
cempenent (leuceseme) which is severely depleted in
REE-Th-Y —Zr centents and assumed te be pure and
equilibrated anatectic melts. In fact, the relative min-
eral/mineral REE-partitien ceefficient between mena-
zite and feldspars in Pefia Negra migmatites decs net
change significantly when cempared te these deter-
mined in magmatic systems (Fig. 14). This is net the
case for eur data en ACT migmatites (Fig. 14). Fer
this cemparisen, we have calculated mineral/mineral
partitien ceefficients as the average menazite/mineral
ratie for each RE element (see alse Kretz et al,, 1999).
The LREE partitien ceefficients ebtained are areund
the half ef these determined in the Pefia Negra ana-
tectic cemplex (Bea et al., 1994) er these ebtained
frem magmatic systems (Bea, 1996) (Fig. 14).

E Felsic melts
Peiia Negra migmatite
+ Alburquerque pluton
@ Melancsome 93198
8 Xenaolith 77750
Xenolith 99185

Kd Mnz / Kfs

Fig. 14. Monazite—K-feldspar partition coefficient from different
granulites and felsic igneous rocks. Individual samples from studied
Toledo granulitic terrane and xenolith suite are indicated. Bata for
felsic melts is calculated by dividing monazite/melt partition
coefticient from Yurimoto et al. (1990) by K-feldspar/melt partition
coefficient from Nash and Crecraft (1985). Baw for Alburquerque
granitic pluton are taken from Bea (1996) (monazite analysis 2 from
Table 7 and Kfs analysis 2 from Table 4). Bata for Pefia Negra
migmatite are taken from melanosome ms-1 of Bea et al. (1994).
Note the progressive lowering of partition coefficients with in-
creasing metamorphic conditions.



Fig. 14 alse shews the estimated REE partitien
cecfficients between menazite and K-feldspar in the
lewer crustal xeneliths. It suggests a significant
change in the behavieur ef REE between beth
minerals as a censequence eof their pregressive chem-
ical change with increasing metamerphic grade.
LREE in feldspars beceme pregressively mere cem-
patible whereas menazite reduces its activity in
centrelling REE geechemistry. The reduced activity
of accessery phases in centrelling trace element
geechemistry in lewer crustal scenaries cannet be
related te their disselutien in the granitic melts
generated during the different partial melting events.
Their decrease might be related te their partial
censumptien during participatien in dehydratien
(melting) reactiens. As an example, if we use Eq.
(3) of Spear and Kehn (1996) te medel changes in
trace element cencentratiens in a K-feldspar when
menazite is being censumed, we ebtain that with just
a 0.0005 mel% ef censumptien ef menazite (suppes-
ing D-REE menazite-K-feldspar areund 30,000 frem
Tables 3 and 6; whereas a value of 107,000 is
ebtained frem data of Bea et al, 1994) K-feldspar
ceuld increase their LREE centents by 15 te 50 times.
This is a difference efthe same magnitude as we ebtain
when cemparing LREE centents in feldspars frem
granulite terranes te these ef granulitic xeneliths
(Table 6).

8.4. Transfers of REE, Th, U, P and Zr among
granulitic minerals

Crystallizatien ef menazite and zircen during pre-
grade metamerphism is usually related te the presence
of pre-existing accessery minerals (Bingen et al,
1996; Pan, 1997). This is supperted net enly by
textural relatienships ameng accessery minerals but
alse by the immebile behavieur of many trace ele-
ments during metamerphism that weuld require their
transpert ever shert distances. Fermatien ef mena-
zite and zircen frem the breakdewn er recrystalli-
zatien ef pre-existing REE—P—-Th-U-Zr-rich trace
minerals requires enly very lecalized remebilizatien
of these frace elements and therefere is faveured
(Pan, 1997). The censumptien and medal decrease
of accessery minerals with increasing metamerphic
grade in the studied crustal sectien is in agreement
with this statement. Nevertheless, twe situatiens

ceuld be envisaged in eur study. In migmatite
terranes, the grewth and recrystallizatien ef mena-
zite, xenetime and zircen is mainly centrelled by
the previeus accessery assemblage ef the recks
(amphibelite te granulite facies transitien related
te the beginning ef the bietite dehydratien melting
reactien). In lewer crustal xeneliths, the exhaustien
of accessery minerals is se extensive that the majer
silicate minerals receive a significant pertien ef the
REE and Zr liberated by their breakdewn (meta-
merphic cenditiens clese te tetal censumptien ef
bietite, in fact an Al-Ti-rich phlegepite in cempe-
sitien, Villaseca et al., 1999).

In the absence eof ether REE-rich accessery
minerals (e.g. allanite, titanite), recrystallizatien ef
menazite in peralumineus granulites is usually as-
cribed te apatite breakdewn as demenstrated beth in
experiments (Welf and Lenden, 1995) and in de-
tailed mineral studies (Pan, 1997; Simpsen et al.,
2000). The pesitive cerrclatien between the medal
decrease of apatite and the majer intreductien ef Ca
and U in menazite (substitutiens (1) and (2) abeve)
suggests a key rele eof apatite in transferring net
enly Ca, U, (Th) but alse P and REE te menazite
(Fig. 15). The same situatien eccurs in xenetime,
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Fig. 15. Schematic wansfers of REE, Th, U, P among minerals of
migmatites from granulite terranes (breakdown of biotite or first
biotite-out isograd) and granulites from xenolith suite (close to Ti-
phlogopite-out isograd or second biotite-out isograd).




which alse shews a marked increased in Ca and U
in its crystal ceres (Fig. 7). In beth cases, apatite
ceuld be invelved ceupled with the general bietite
breakdewn reactien:

(U, TH, REE) + bietite + plagieclase -+ sillimanite
in-apatite
+ quartz — (Ca, Th, U, LREE)
in-monazite-core
+ (Ca, U, Th, Y,HREE) + K-feldspar + gamet
in-xenotime-core

/cerdierite + melt

The chemical centrel of menazite when hested in
gaimet er cerdierite suggests the invelvement of these
minerals in seme trace element transfer.

In the case of zircen, the presence of P—Y -HREE-
rich ceres suggests the invelvement of a phesphate in
their fermatien and/er recrystallizatien. The centents
of Y, Ca and P in these granulitic zircens are greater
than these in granitic recks (Heskin et al., 2000). A
plet of Y +REE (atem) vs. P (atem) reveals that fer
mest granulitic zircens there is a (REE,Y)/P substitu-
tien of 1:1 (Fig. 16) suggesting that xenetime is
clearly invelved in their genesis transferring seme
HREE-Y —-P cempenents (Fig. 15).

The main rele of accessery minerals in centrelling
REE-Y-Th-U-Zr geechemistry of migmatite gran-
ulites changes drastically in lewer crustal scenaries
where accesseries are pregressively censumed in
metamerphic reactiens. The tetal censumptien ef
xenetime, as manifested by its absence in the xen-
eliths and the high Y (and Zr)-HREE-centents in
restitic garnet, suggests the invelvement ef these
accesseries (xenetime, zircen) in their fermatien:

(Y,HREE)P@®, + (HREE)Z:Si®, + AlTi-phlegepite

xenotime Zircon
+ plagieclase + sillimanite + quartz
— ('Y,HREE, Zr) + K-feldspar + melt

in-garn et

@ther minerals in the xeneliths (e.g. sillimanite,
quartz er rutile) de net shew appreciable centents eof
these trace elements. REE-P-rich feldspars (plagie-
clase and K-feldspar) are related te menazite and
prebably apatite breakdewn, as their medal decrease
in these granulites is very neticeable (Table 1). A
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Fig. 16. Plot of Y+REE vs. P of zircons from studied samples.
Zircons from lower crustal xenoliths (crosses) are included in the
shaded ficld. A one-to-one ratio of REE to P indicates xenotime
substitution. All elements are in at.%. Symbols as in Fig. 5.

general mica censumptien reactien with participatien
of accesseries weuld be as fellews:
( LREE)P@, + apatite + Al-Ti-phlegepite

monazite

+ plagieclase + sillimanite + quartz

— (LREE, Na, K)A1Si; @ + gamet + rutile + melt

K -feldspar

the residual plagieclase being alse enriched in LREE
cempenents (Fig. 15).

9. Conclusions

Altheugh accessery minerals may eccur as newly
crystallized phases, evergrewths and re-grewths during
high-grade metamerphism, there is a marked decrease
of their medal abundance in lewer crustal xeneliths
under mere extreme granulite facies cenditiens.



The existence of crystal cearsening, the grewth ef
idiemerphic and semetimes cemplex escillatery zen-
ing (e.g. A-type zircens er type-IIl menazites), and the
appearance of new chemical features in menazite and
xenetime crystals (zircen remains mere censtant), lead
te the suppesitien that mest accesseries in melt-rich
migmatites are newly crystallized, in agreement with
the data of Nemchin et al. (2001). Therefere, a redis-
tributien ef trace elements in the early stages ef
granulite facies cenditiens, during bietite-breakdewn
(first bietite-eut isegrad), is required. At this stage,
mest trace elements are hested in accesseries altheugh
in mest granulitic recks they are iselated and intersti-
tial, therefere separated by hundreds of micrens (much
mere in the case of accessery-peer lithelegies: N-
leucesemes er leucegranites). Nevertheless, reactions
and chemical transfer between accessery minerals
seem te be supperted by their chemical variatien and
substitutiens. In seme melt-rich migmatites, the pres-
ence of lew-HREE—Y and high-U—-Ca menazite ceres
(er high-U—Ca xenetime ceres) suggests their grewth
frem a highly REE undersaturated granitic melt ferc-
ing cemplex substitutiens in accesseries te stabilize
them. Majer minerals (feldspars, gamet, cerdierite,
bietite) in migmatites frem granulite terranes de net
shew impertant cencentratiens ef these trace elements
but they can lecally centrel the chemistry ef the
included accessery mineral (e.g. menazite in gamet
or cerdicrite) invelving the participatien ef accesseries
in majer-phase reactiens. Thus, there is a redistributien
of trace elements (REE, Y, Th, U, P) between acces-
series and majer minerals as well as granitic melts in
the early stages of granulite-facies cenditiens.

This situatien changes in lewer crustal scenaries
where majer minerals have very high centents of trace
elements thus beceming the main hest ef the whele-
reck (REE-Y —(Zr)) budget. This eccurs when Al-Ti-
phlegepite is very scarce, clese te tetal mica cen-
sumptien during granulite-facies metamerphism (last
bietite-eut isegrad). A marked redistributien ef
HREE-Y-Zr between garmmet and xenetime (until
its disappearance) and zircen, but alse ef LREE
between feldspars (K-feldspar and plagieclase) and
menazite, is suggested. An intimate relatienship be-
tween majer and accessery phases during metamer-
phic reactiens is deduced at high-grade granulite
facies cenditiens as suggested recently by Pyle and
Spear (1999). These ebservatiens have impertant

implicatiens in applicatien ef partitiening-based min-
eral-mineral and melt—-mineral equilibria, which will
be explered in future studies.
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Appendix A. LA-ICP-MS analyses of ATH®-G
reference sample

ATH®-G
NIST 612 Measured S.B. Coefficient Reference (% diff.)

Calibration (ppm), variation  (ppm)
(ppm) n=17
V439 30 02 67 (44) -31.8
Gr' 270 4.9 12 245 6 —183
Ni 514 36 07 194 17) - 788
Rb 341 529 14 27 63.8 = 171
Sr 81.8 79.1 24 30 9.4 -17.9
Y~ 3976 828 1.7 21 938 -11.7
Zr 355 606.3 146 24 524 + 18577
Ba 41.0 476.7 172 3.6 553 -13.8
la 386 50.7 12 24 55.5 - 86
Ce 423 1115 31 28 124 —10.1
Nd 398 557 1.9 34 613 —i99)
Sm 37.9 13.2 08 6.1 14.6 —94
Eu 374 25 02 20 284 — 122
Gd 413 13.5 g 59 15.5 -13.1
By 398 15.1 1.1 73 15.6 -35
Yb 420 10.6 07 66 10.1 +4.9
Lu 406 1.5 01 67 1.52 —385
Hf 384 12.2 08 66 13.6 —101
Pb 403 6.4 05 78 S, +11.8
Th 394 28 06 68 7.48 +17.6
U 39 25 03 120 235 +5.0

Reference concenwration values for ATH®-G (Iceland rhyolite glass)
are from Jochum et al. (2000) except () which are only information
values (Jochwm et al., 2000).
(% diff)) is the percent deviation between measured and expected

values.



Appendix B. Granulite bulk rock geochemistry

Sotosalbos Complex Toledo Complex Xenoliths

Av. 100563 102181 102183 101637 100562° g9103° 93201° 93197" 81925 93198" 77750° 99185

orthogneiss Sotosalbos N-leucosome Leucogranite Melanosome Bt-rich Layos N-Leucosome E-Leucosome Cervatos Melanosome Pelitic  Felsic

granite enclave  granite leucogranite xenolith xenolith

Si@, 66.15 68.62 74.43 71.81 60.96 43.19 61.37 6892 69.50 73.49 5715 55.02 64.30
Ti®, 0.61 0.51 0.03 0.14 [ RS 1.81 061 013 052 0.04 1.13 1.28 1.86
AlL®; 16.47 15.78 13595 1532 18.53 27.65 18.45 16.91 14.96 14.40 20.16 24.72 14.95
Fe,@; 5.19 4.11 0.62 1.10 812 13.57 7.1 156 2.56 1.20 9.39 994 8.73
Mn@ 0.05 004 0.0] 002 002 0.07 009 0.0] (X ) 002 003 0.06 010
Mg@® 167 1.37 0.13 0.23 2.58 3.44 2,68 048 0.91 0.36 339 229 322
Ca® 1.61 1.31 0.59 020 1.66 0.65 081 131 026 1.20 1.54 0.4] 1.40
Na,® 288 295 2.45 3.14 2.34 1.38 201 275 1.83 323 1.79 0.63 1.87
K,® 3.68 388 6.92 6.51 3.1 6.54 405 6.5 7.00 4.56 3.9 3.42 227
P,®; 030 0.26 0.16 0.13 05 0.1 023 03 034 021 0.13 013 .13
Lol 135 1.11 0.56 0.56 158 1.56 2.20 076 1.16 1.04 1.06 1.76 078
Total ~ 99.94 9994 9985 9.76 100.25 99.96 99.00 9962 99.64 99.75 99.72 99.66 100.11
Ba 969 613 858 328 191 536 604 1341 1174 714 762 9229 926
Rb 153 177 197 211 279 sel 161 236 220 g1 175 108 56
Sr 173 148 137 218 3 79 173 276 247 182 237 141 248
Y 47.10 33.10 7412 41.00 66 24 23 11 g 4.15 27 46 526
Zr 269 186 17 39 296 406 123 48 166 55 218 247 2018
Nb 10.17 10.21 1.58 4.35 16 39 13 =) 9 023 21 21 26.9
Th 20.14 12.23 1.47 5.18 25 19 16 5 22 2.7 19 22 242
U 4.33 7.10 1.11 Syl 5 6 S nd ne 1.07 nd nd 1.09
A% 69 59 6 5 107 268 111 14 37 5 139 156 172
Cr 290 256 76 20 607 249 364 6 25 164 145 246 119
Ni 33 26 8 8 S b 65 ) 10 13 57 36 29
La 51.86 28.43 3.67 13.10 5347 60.51 33.55 2315 5098 8.59 69.41 68.14 35.50
Ce 105.55 59.27 7.11 26.90 113.03 129.81 64.50 4379 114.57 16.30 135.75 130.90 61.50
Nd 46.09 29.50 324 11.10 584 65.45 2913 215 51.31 6.38 54.80 63.95 23.50
Sm 10.13 5.88 0281 2.88 13.18 12.87 6.53 534 11.87 1.06 11.05 11.80 5.65
Eu 1.67 122 1.13 162 035 1.21 125 221 2.06 1.10 193 224 1.96
Gd 835 4.97 092 3.56 12.12 863 543 4.62 9.65 021 9.03 9205 233
Dy 7.64 5.14 102 5.00 11.86 5.28 454 336 319S 0.69 7.7 7.59 7.88
Er 4.67 2.94 0.61 3.44 5.48 2.27 305 1S 1.14 0.46 370 4.45 5.32
Yb 4.88 2.96 0.61 385 5.47 2.1 425 127 0.51 0.77 3.30 433 4.99
Lu 0.81 0.43 0.09 0.50 0.71 035 032 023 0.13 0.13 0.59 0.60 0.86

? Data from Villaseca et al. (2001).
® Bata from Barbero et al. (1995).
“Wata from Villaseca et al. (1999).
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