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INTRODUCTION 

The study of lower-crustal xenoliths has been a 

Sr-Nd 

tool in understanding the process of anatexis involved in 
the genesis of felsic (Downes & Duthou, 

Ruiz et Miller et 1992; Hanchar et 
1994; Pankhurst & Rapela, It is clear that 



granite sources in orogenic areas are not the outcropping 
metamorphic rocks but are located in deeper crustal 
levels. Lower crust is not easily accessible for study and 
can also be modified later orogenic events which 
could strongly its primary characteristics (Costa 
& However, in the case of the central Spain, 
uLLLHfJ�v'-' of lower-crustal lithologies have been exhumed 
by alkaline magmas. this 
has not been affected by �H'--·LLLLU'-'� 

any or event since the 
orogeny, so the xenoliths are considered to represent the 
lower crust as it existed at the end of granite vH.LfJ�'LLv'�HL.vHL. 

The Central System 
complex 000 km

2 
in surface located 

internal of the Iberian Belt 
huge batholith intruded into continental crust 
composed of metasedimentary pelitic schists of Pre
cambrian and lower Cambrian age, and metaigneous 
rocks related to early Palaeozoic orogenic 
events (500 ± 20 Ma, Vialette et 1987; Valverde 
Vaquero et Orthogneisses are the most abund
ant rocks of the outcropping metamorphic series in the 
eastern region of the SCS (>80% of surface area in the 
Guadarrama region; Villaseca In the western 

of the SCS a more complex metasedimentary series 
is dominant, which is rich in metapsammites with local 
interlayered carbonate material (Ugidos et 
During the orogeny, this crust evolved from 
intermediate-P towards low-P, conditions (dated 
at 335 Ma in the Guadarrama sector; Valverde Vaquero 
et reaching granulite-facies conditions in wide 
zones of middle crust with consequent anatexis (e.g. the 
anatectic granulitic terrane of Toledo; Barbero, 

Granitic plutonism took place in late Hp·rn�Tnll-::\n 

(Villaseca et 
consists mainly of with very 
scarce basic to intermediate plutonic rocks, and was 
emplaced at shallow crustal levels [see reviews by Mo-
reno-Ventas et al. Pinarelli & Rottura and 
Villaseca et al. . The lack of sources 
in terms of isotopic composition in the vicinity of the 

PTT"rl''An plutons has led to two models for the 
of the SCS ( 1) between crustal 
melts and mantle-derived magmas (Moreno-Ventas et 

Pinarelli & Rottura, (2) melting 
of intracrustal materials (Bea & l.".L'U� '�H'J-

Villaseca et Although the outcropping me-
taigneous rocks (orthogneisses) more closely 
the isotope signatures of the SCS granites than the 
metasedimentary nevertheless they show clear 
differences in Sr isotope composition with the 
granites (Villaseca et No significant meta
morphic event has affected the SCS batholith after its 
IOIm,ltl()n; igneous textures are p reserved almost without 
exception. 

An alkaline ultrabasic dyke swarm was intruded into 
the region in Mesozoic times (Villaseca & Nuez, 

These dykes have a N-S orientation and are cut 
by the tholeiitic Messejana-Plasencia dyke emplaced at 
� 184 Ma (Schermerhorn et The anorogenic 
alkaline is related to North Atlantic rifting 

Triassic times et The dykes, 
which are ultrabasic lamprophyres, 
contain a varied population of mainly felsic granulitic 
xenoliths These granulite xeno
liths show very distinctive 
and geochemical 

cropping Hercynian rrrr,-nllilT1r' 

In this paper we present a r.Alrrr\rrr".r. 

geochemical and isotopic of the granulitic 
xenolith suite from the SCS that indicates a felsic restitic 
character for the lower continental crust in this region. 
The role played by the late Hercynian mag-
matism in the of this restitic lower crust, and 
the differences between material at lower- and 
middle-crustal levels and granulitic 
terranes, 

PREVIOUS ESTIMATES OF LOWER

CRUS TAL COMPOSITION IN 

CENTRAL SPAIN: GEOPHYSICAL 

DATA 

Deep seismic constrain the crustal struc-
ture of central Spain. Banda et al. 1 )  showed that the 
crust in this area is around 31 km thick and consists of 
four 2): 

( l )  a SeCilITlentary cover up to 3 km thick, with P-wave 
velocities <3·5 

(2) an upper 
including a low-velocity from about 7 to 
11 km (Vp = 5·6 km/s), with P-wave velocities in the 
range 5,6-6,1 km/s; 

(3) middle crust from 11 to 23 km depth and Vp � 

6·4 
(4) lower crust from 23 to 31 km depth and Vp = 

6,8-6,9 km/so 

and magnetotelluric data from Carbo & Ca
pote (1985) corroborate the described of 
the crust in central Spain. More recently, deep seismic 
sounding undertaken the Iberian Lithosphere Hetero
geneity and Anisotropy Project showed the continental 
crust of the SCS to be 34 km with the upper 
boundary of the lower crust located between 21 and 
23 km depth DSS Group, The boundary 
between middle and lower crust is always well marked 
by an increase in P-wave velocity up to 6,7-6,8 km/so 
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Fig. I. Geological m ap of central Spain s howing hmprophyric dykes and the location of the main outcro ps with granul it ic xenoliths. 

However, models derived fr-om I Ll HA crustal data show 
that there are no significant lateral inhomogeneities in 
gross crustal structure, in marked contrast to the hetero
geneous Hercynian surface geology. 

Data from P-wave coda in the SCS (Paulssen & Visser, 
1 993) also confirm a continental crus t  of around 30 km 
in thickness, similar to the average crustal thickness of 
Phanerozoic fold belts of central Europe (Wedepohl, 
1 995) . The lowennost 8 km correspond to the gTanulitic 
lower crust with P-wave velocities always in the range of 
6 ·5-6·9 km/so These values are more typical of felsic or 
pelitic compositions rather than mafic granulites (Vp from 
6·9 to 7 ·5 km/s; Rudnick, 1 992;  Wedepohl, 1 995) . P
wave velocities in the range 6 ·13-7·0 km/s are very 
common in garnet-bearing peraluminous granulites 
(Kern, 1 990), these being one of the most abuncIant 
lithologies in the xenolith suite of the SCS (Villaseca & 
Nuez, 1 986). I n  Fig. 2, a sketch profile of the SCS 
crust is compared with the average continental crust of 
Wedepohl ( 1 995). 

From seismological data there does not seem to be a 
sigTlificant mafic granulitic or eclogitic layer in the lower 
crust of the SCS, which agTees with the lithologies of the 
granulitic xenoliths studied in this work. Wedepohl ( 1 995) 
stated tha t in the younger fold belts in Central Europe, 
malic granulites occur locally a s  voluminous bodies but 

more commonly as a thin layer above the Moho. Also, 
some recent xenolith studies Hanchar et 1 994) 
indicate that the lower continental crust may contain a 
larger supracIllstal component than previously thought. 
Thus ,  in some regions, the lower-cIllstal composition 
may be closer to tonalite rather thew cliorite as previously 
estimated (Wedepohl, 1 995). McLemlaJl & Taylor ( 1 996) 
also recognized that estimates of the average composition 
of the continental crust may be shifted towards a more 
acid composition. 

TYPES OF GRANULITIC XENOLITHS 

Although granulitic xenoliths occur in camptonitic dykes 
in several places in the SCS, two localities are most 
important because of the large number and variety of 
xenoliths found in them. The first is a diatreme-like 
outcrop in La Paramera (Nuez et al., 1 98 1 ) . It is composed 
of breccia, and has a surface area of around 20 000 m2• 
The outcrop is el liptical in shape, with its long axis 
striking N-S, the same direction as the dykes. I n  this 
locality, 25<Yo of the breccia is composed of granitic 
and other wall-rock xenoliths and xenoCIysts, as well as 
granulite xenoliths. The second important loca lity is the 
dyke swarm of Peguerinos (Fig. 1 )  where the narrow 
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clata ["orn central Spain on the bases of geophys ical and 

« 0 '5 m wide) lamprophyric dykes cany 1 0-20 vol. (Yo 
of gTanulitic xenoliths. Xenoliths were also found in dykes 
at Berrmy and Sarl Bartolome (Fig. I ) .  

Several kinds of  xenoliths are found. The largest (up 
to I m3) and more angular types are granitic rock 
fragments, similar to the country rocks, and varied meta
morphic country rock enclaves. However, the most 
abundant xenoliths are granulites with a characteristic 
rounded shape as a consequence of longer transport in 
the dyke. They can reach up to 1 0  000 cm3 in volume 
(Table I ) ,  which implies high emplacement velocities of 
the host magma, to inhibit settling of the xenoliths 
(velocities of the order of 1 0-1 00 m/h can be deduced 
from Stokes' law). This rapid ascent of the xenoliths 
inhibits the development of significant contact meta
morphism, even in the smallest samples, which are a few 
millimetres in diameter. Nevertheless, local intergTanular 
re crystallization processes and development of kelyphitic 
coronas around ganlet are comrnonly observed. 

More than 70 gTanulite xenoliths have been collected 
for this study. We sampled four main outcrops which 
contain abundant xenoliths (Fig. I ) , covering an area 
of the SCS of > I 000 km2. Three main types can be 
distinguished (rable I ) : 

7jpe J: chamockitic grarudilfs. These are small pyroxene
bearing xenoliths,  without peraluminous minerals such 

as gamet, phlogopite or sillimanite. They vary from felsic 
(sample U-3: a chamockite with pig + qtz + kfs + 
opx) towards intennediate types (sample U-28: a meta
norite with pig + opx + cpx). Chamockitic gTanulite 
xenoliths are velY scarce and have been found only in 
two localities. They show typical fine-grained granoblastic 
textures (see Appendix 

7jpe 2: peralu:minolls This gTOl1P includes 
quartzo-feldspathic gamet-bearing types of which two 
subtypes have been identified: (2a) granulites with ac
cessory orthopyroxene (kfs + pig + qtz + grt + opx 
± phi); (2b) granulites without orthopyroxene, and with 
accessory phlogopite, aluminium silicate or both 
(Table I ) . Type 2b is the most abundant of all the 
granulitic xenoliths of the SCS. 

'fype 3: peraiwllilwlIS 'T'hese are gTanl1lites 
with parageneses similar to that of the 2b type but 
with >30% of peraluminous minerals (garnet, almninium 
silicate); usually sillimallite forms >8%, in volume. The 
rnost common paragenesis is grt + kE + pig + qtz 
+ sill. A subtype can be distinguished as highly 
garnet-sillimanite-rich xenoliths, with accessory arnounts 
or quartz and feldspars (sample U- I 0, Table I ) . 

'rhese two la tter types appear in two textural varieties: 
(a) foliated or banded granoblastic types, with segregated 



Table 1: Mineral of the granulite xenoliths 

Charnoclcites Felsic meta-igneous Metapelites 

Xenolith type: 1 2a 2a 2b 2b 2b 2b 2b 2b 2b 2b 2b 3a 3a 3a 3a 3a 3b 3b 
Sample no: U-141 U-140 U-93 U-157 U-153 U-156 U-92 U-145 U-152 U-96 U-90 U-91 AR-153 

U-3 U-28 81846 81845 U-49 U-50 77748 95153 95149 95152 77747 95141 95148 77750 77745 77746 U-42 U-46 81938 U-10 

Quartz 17 18 3 30 3 42 33 22 17 25 24 12 18 15 13 15 10 
K-feldspar 17 20 47 43 32 35 11 25 31 46 55 68 45 16 39 33 40 19 
Plagioclase 54 64 46 32 10 19 27 39 29 30 3 29 10 10 
Garnet! 

(lcelyph)* 12 10 14 (40) (3) 15 (18) (20) 21 17 15 22 (38) (26) (28) (30) (40) (52) 
Phlogopite tr. 

Sillimanite 3 13 11 8 14 12 27 37 
Ortho-

pyroxene 10 29 5 
Clino-

pyroxene 5 
Rutile tr. tr. 3 
Apatite tr. 

Zirconl 

monazite tr. tr. tr. tr. tr. tr. tr. tr. tr. tr. 

Opaques tr. tr. tr. tr. tr. tr. 

Vol. xeno-

lith (CnT) 1·6 0·5 25 3 700 1000 450 1080 180 2200 900 1450 700 250 110 62 125 130 
Size (cm) 2 xO·8 1 xO·5 3·5x2·5 3x1 7 x10 10x 10 8x7x8 9x10x12 6x6x? 15x 12 12 x8 13x 10 7 x10 6x7x6 5x5·5x4 5·5x3·2 5·5x4·5 1x1 5·7 x 4·5 
Estimated 

density 

(g/cm3) 2·72 2·98 2·80 2·75 3·05 2·89 2·80 2·88 2·86 2·93 3·14 3·11 3·66 

is s u bsta nt i a l ly s u b stit uted by ke lyp h it ic co ro nas (>50% i n  s u rface a rea ) t h e i r  re lat ive m oda l 
co ro na s  (ort h o pyroxen e, s p i ne l, fe l ds p a rs, etc. ) a re not d ist i ngu i shed i n  t h is t a b l e .  Den s ity 

(See t ext fo r fu rt h e r  exp la nat io n . )  



garnet-rich bands and narrow leucocratic veins in some 
(b) massive granob1astic types with a weak 

mineral orientation. Further petrographical information 
is included in Appendix A. 

The relative proportions of the three types of xenoliths 
are 5:68:27. If instead of the number of 
xenoliths we consider their relative volume Table 
as type 1 xenoliths are very small and scarce, 
the volume abundance would be around 0-01:95:5. We 
consider these relative to be representative 
of the SCS lower crust as, from the estimated densities 
of the xenoliths (Table no preferential removal by 
settling would be Thus, felsic peraluminous 
granulites form almost the entire granulitic xenolith 
with the pelitic and charnockitic types being very scarce. 

ANALYTICAL METHODS 

Mineral compositions were determined electron 
microprobe at the University of Madrid 
(Jeol Superprobe JXA and St Andrews Uni-

(UK) (Jeol Superprobe 733). In both cases, op
erating conditions were 15 k V, 20 nA and a beam 
diameter of 2-5 )lffi, and the ZAF correction procedure 
was used. 

Major and trace element of six samples were 
determined at the Nancy by inductively 
coupled atomic emission spectrometry 
for major elements and ICP mass spectrometry 

for trace elements. Six from Villaseca & 

Nuez are also included; rare earth element 
data for two of them were determined at the CNRS
CRPG Nancy by ICP-AES following the method of 
Govindaraju & Mevelle Anothe r group of six 
i:llllJ.Jf-Ji''-''' was analysed for and trace elements by 

except for REE which were measured by ICP
at Royal Holloway, University of London. 

Sixteen xenoliths were selected for isotopic 
Six Sr and Nd isotopic determinations were performed 
at the CNRS-UMR 65 24 (Clermont-Ferrand) using an 
automated VG 54E double collector thermal ionization 
mass spectrometer. Srn and Nd contents were measured 
by isotope dilution mass spectrometry at CNRS-UMR 
65 24. Analytical procedures for the data at this 
laboratory have been described by Pin et al. 
Another six we re analysed at Royal .L.L,-"Illuna 

University of using an automated VG 354 
multicollector thermal ionization mass spectrometer. 
Analytical procedures for Holloway data 
have been described by Downes et al. A further 
four samples for Sr and Nd determinations were 
analysed at the CAl de Geocronologia y Geoquimica 
Isot6pica of the Complutense University of Madrid, 

an automated VG Sector 54 multicollector thermal 

ionization mass spectrometer with data in multi
dynamic mode. Analytical procedures for the isotopic 
data at this laboratory have been described et 
al. Repeated analysis of NIST SRM: 987 Sr 

87Sr/86Sr = 0-710209 ± 9 ( 2C", n = 

v��u.H'-'-I' 0-710252 ± 21 n = 31) 
and 0-710256 ± 8 

During the course of this study the 
gave 143Nd/144Nd = 0-511858 ± 7 n = 

In an internal 
standard gave a value of 0-511418 ± 6 
n = 21 ) equivalent to a La Jolla value of 0-511856. In 
the Madrid laboratory the Nd standard used was ]M 
and the result obtained was 0-511810 ± 4 (n = 

This latter value is similar to that obtained by Moreno
Ventas et al. 11821) for an aliquot of the same 
Nd standard. These standard results indicate similar 
reproducibility in the three laboratories. CNd values were 
calculated the following bulk Earth 

= 0·51 147Sm/144Nd = 0-1967. The 
2 SD error on CNd calculations is ± 0·4. 

PETROGRAPHY AND MINERAL 

CHEMISTRY 

K -feldspar is usually the most abundant felsic mineral in 
both felsic and pelitic xenoliths (Table 1). They show 
high Na20 and CaO contents (up to 3·5 wt % Na20 
and 1·5 wt % CaO, see Table 2). P20S contents are in 
the range of 0·17-0-30 wt %. These values are higher 
than those of K-feldspar from Hercynian r:,�U.H�L'�u 

of the area 15 wt Moro et 
and are more typical of from P-rich "'�UH�L'�U 

(Breiter, Sha & Chappell, In small xenoliths 
or in the rims of large xenoliths, micropegmatitic and 
symplectitic intergrowths between and plagio
clase appear, indicating local recrystallization of feldspars. 

Plagioclase is present in most of the peraluminous xeno
liths and also in the scarce mafic meta-noritic of 
the charnockitic suite. Its composition varies depending 
on the xenolith In the meta-noritic xenoliths it is 
andesine with around 1-0 wt % K20 (Fig. 3); in 
the felsic peraluminous xenoliths its composition varies 
between An21 and An35 with 1·7-3-7 wt % K20 (Fig. 3). 
This to 10- 23 % of molecular orthoclase 
component and is 5-7 times higher than that of the 
plagioclase from pelitic and felsic from middle-
crustal levels of the area (Barbero, contents 
are in the range of 0-14-0- 23 wt suggesting that both 



Table 2: KetJreSIr::nJ,c,r;lwe electron murOOjrOfJe 

Xenolith type: 

Sample: 

Analysis no_: 

Si02 

TiOl 

AI203 

FeO 

MnO 

MgO 

CaO 

Na20 

K20 

Total 

U'"Uor .. H:-" (1) 

K-feldspar 

2a 2b 

81846 95148 

6 26 

Kelyph 

60-77 63-42 

0-06 0-03 

19-43 19-69 

1-30 0-01 

0-02 0-01 

0-46 0-01 

1-24 1-48 

0-10 3-56 

14-60 10-59 

97-99 98-81 

Cations on the basis of 32 oxygens 

Si 11-539 

Ti 0-009 

AI 4-345 

Fe 0-206 

Mn 0-004 

Mg 0-131 

Ca 0-252 

Na 0-038 

K 3-536 

End- members 

Ab lO 

Or 92-4 

An 6-6 

11-695 

0-004 

4-277 

0-001 

0-002 

0-002 

0-293 

1-274 

2-492 

31-4 

61-4 

7-2 

2b 3 

99193 77750 

36 2 

63-64 61-99 

0-00 0-07 

18-73 21-07 

0-03 0-06 

0-00 0-08 

0-00 0-01 

0-03 0-64 

0-44 3-08 

15-53 10-47 

98-40 97-49 

11-924 

4-132 

0-005 

0-007 

0-159 

3-712 

4-1 

95-7 

0-2 

11-545 

0-010 

4-620 

0-009 

0-013 

0-003 

0-128 

1-112 

2-488 

29-8 

66-7 

3-4 

3 

U-46 

13 

63-50 

0-10 

19-00 

0-08 

0-04 

0-01 

0-78 

0-77 

13-73 

98-23 

11-869 

0-014 

4-186 

0-013 

0-006 

0-003 

0-156 

0-279 

3-274 

7-5 

88-3 

4-2 

are major P carners III these xenoliths. The 
rims of the plagioclase show frequent micro
granophyric or microsymplectitic which are 
interpreted to result from intergranular recrystallization 

transport in the alkaline magma. In these sym
p1t;CtlltlC rims the composition of the plagioclase becomes 
more calcic to AI42l sample 81846, Table 2) and 
poorer in orthoclase to sample 8 
Table thus the plagioclase com-
pmi1llCm of 

Garnet 

With the exception of the charnockitic xenoliths, garnet 
is present in the entire suite. Its modal proportion varies 

from 10 to 25% in the felsic and from 25 to 
52% in the pelitic xenoliths (Table 1). Garnet frequently 
contains inclusions of quartz, phlogopite, rutile, zircon, 
sillimanite, plagioclase and pyrrhotite. In some samples 
acicular sillimanite inclusions define a relict foliation in 
the garnet. Garnets are variably transformed to dark 
kelyphitic coronas, which III some cases completely 
pseudomorph the crystal. 

The garnet belongs to the almandine-pyrope 
and has a relatively constant Grossular is 

<5-5% mol and spessartine <2 mol % (Table 
Garnets in pelitic xenoliths are slightly richer in Fe than 
those in felsic types (Fig. 4). When with 
of the outcropping granulitic terranes of the area, those 
of the xenoliths are richer in pyrope mol 
which reflects depths of equilibration (Fig. 
Compositional zoning is almost absent in the core, 
but there is a notable decrease in Ca towards a narrow 
rim (Fig. 4), with a subtle increase in the Fe/Mg ratio 
(Table This is as a consequence of de
compression during transport to the surface. 

In the charnockitic xenoliths orthopyroxene occurs in 
textural equilibrium with augitic clinopyroxene. This 
orthopyroxene is in composition (Table 2) and shows 
a increase in MgO/(MgO + FeO) ratio from core 
to rim. The augitic clinopyroxene is relatively rich in 
Al209 (up to 2-5 wt %) and contains up to 0-5 wt % 
Na20 (Table Orthopyroxene also occurs as an ac
cessory phase in textural equilibrium with III 

some felsic xenoliths where it is enstatitic in 
composition (around En60-En6S) and rich in Al209 (up to 
7 wt Table No core-rlm 
compositional variations have been found. 

Mica is present only in the felsic xenoliths. 
In contrast to the outcropping granulitic terranes, mica 
in the granulitic xenoliths is a phlogopite (Table It is 
rich in Ti02 wt %), of high-temperature 

and F to 2-5 wt and must be H20 poor 
The low Al20g contents of these phlogopites 

rA"tYln"r,e,rl with biotites of the middle-crustal 
gntnlllltl;:;s of the Anatectic Complex of Toledo (Fig. 
IS typical of that are residual after high
temperature dehydration-melting reactions (Singh & 

Johannes, 

S illirnani te 

In peraluminous xenoliths sillimanite is present 
in variable amounts (Table l ). It is a mineral in 



Table 2: KetJreSIr::nJ,c,r;lwe electron murOOjrOfJe �'"��,�V� 

Pia 9 iocla se 

Xenolith type: 1 

Sample: U-28 

Analysis no.: 24 

Si02 

Ti02 

AI203 

FeO 

MnO 

MgO 

CaO 

Na20 

K20 

Total 

56·19 

0·02 

26·91 

0·15 

0·02 

0·04 

8·88 

5·83 

l15 

99·18 

2a 

81845 

119 

60·06 

0·00 

24·39 

0·02 

0·00 

0·00 

6·39 

6·23 

2·04 

99·12 

Cations on the basis of 32 oxygens 

Si 

Ti 

AI 

Fe 

Mn 

Mg 

Ca 

Na 

K 

End- members 

Ab 

Or 

An 

10·212 

0·003 

5·758 

0·022 

0·002 

0·010 

l730 

2·053 

0·267 

50·7 

6·6 

42·7 

10·831 

5·179 

0·003 

1-234 

2·179 

0·469 

56·1 

12·1 

31-8 

2a 

81846 

35 

core 

62·43 

0·00 

23·46 

0·08 

0·04 

0·01 

5·73 

7·06 

l07 

99·87 

11-092 

4·908 

0·012 

0·005 

0·003 

l090 

2·432 

0·241 

64·6 

6·4 

29·0 

2a 

81846 

34 

sym rim 

58·21 

0·08 

26·49 

0·29 

0·01 

0·08 

8·51 

6·26 

0·44 

100·35 

2b 

95151 

17 

59·11 

0·12 

25·56 

0·80 

0·00 

0·13 

4·03 

5·92 

3·73 

99·39 

10·395 10·693 

0·010 

5·570 

0·043 

0·001 

0·021 

1·628 

2·166 

0·100 

55·6 

2·6 

41·8 

0·017 

5·445 

0·121 

0·036 

0·781 

2·077 

0·860 

55·9 

23·1 

21·0 

pelitic xenoliths. Sillimanite contains appreciable FeO 
and MgO wt % and 0-18 wt 
(Table 2). In some xenoliths, small green spinel 
surround the aluminium which is a typical de
compressional feature related to magmatic transport of 
the xenolith. 

A(:cessory minerals 

Common accessory in the felsic peraluminous 
and pelitic xenoliths are rutile and, in lesser amounts, 
ilmenite. Rutile is conspicuous in all the xenoliths, 
pearing as euhedral typically lOO-250 )lll1 
size. They can contain �0-4 wt % FeO llmenite 
is Mn rich with up to 4-5 wt % MnO. Other accessory 
phases include acicular graphite, found as in
clusions in the aluminium silicates of pelitic xenoliths, 

2b 

95151 

160 

2b 

95151 

2b 

99193 

37 

2b 

99185 

3 

2b 

95148 

25 

2b 

81841 

4 

sym rim kelyph 

61·13 

0·07 

22·58 

0·17 

0·00 

0·00 

6·17 

6·28 

1·38 

97·77 

11·114 

0·010 

4·835 

0·025 

1·201 

2·213 

0·319 

59·3 

8·5 

32·2 

50·95 

0·08 

30·99 

0·38 

0·02 

0·00 

13·61 

2·91 

0·32 

99·27 

9·329 

0·011 

6·683 

0·058 

0·004 

2·670 

1·032 

0·076 

27·3 

2·0 

70·7 

60·15 

0·05 

24·20 

0·08 

0·01 

0·01 

6·07 

6·75 

2·13 

99·44 

10·834 

0·007 

5·133 

0·012 

0·002 

0·003 

1·172 

2·356 

0·489 

58·7 

12·2 

29·2 

60·98 

0·09 

23·13 

0·09 

0·01 

0·01 

4·76 

5·93 

3·90 

98·89 

11·061 

0·012 

4·940 

0·013 

0·002 

0·002 

0·924 

2·086 

0·902 

53·3 

23·1 

23·6 

59·61 

0·07 

24·25 

0·12 

0·00 

0·02 

6·58 

6·03 

2·51 

99·18 

10·787 

0·009 

5·169 

0·018 

0·005 

1·276 

2·115 

0·579 

53·3 

14·6 

32·1 

59·04 

0·02 

25·37 

0·11 

0·00 

0·00 

7·04 

6·79 

0·99 

99·35 

10·625 

0·002 

5·377 

0·017 

1·357 

2·370 

0·226 

60·0 

5·7 

34·3 

pyrrhotite, pyrite and chalcopyrite. Scanning electron 
microscopy (SEM) studies reveal that zircon and mon
azite are also present but in trace amounts, much less 
abundant than in the granulites of mid-crustal terranes. 
Zircons are typically rounded )lll1) with corroded 
cores showing zoning patterns truncated by outer un
zoned rims. These zircons are very similar to type-B of 
Watt et al. ( Monazites are rounded subhedral 

20 )lll1) and unzoned. Apatite is 
very rare, being more abundant in the charnockitic 
varieties (Table l ). 

coronas 

coronas around garnet are formed of a 
microcrystalline symplectitic aggregate of 



Table 2: KetJreSIr::nJ,c,r;lwe electron murOOjrOfJe �'"��,�V� (Ill) 

Garnet 

Xenolith type: 2a 

Sample: 81845 

Analysis no.: 137 

Si02 

Ti02 

AI203 

Cr203 

FeO 

MnO 

MgO 

CaO 

Na20 

Total 

core 

40·08 

0·16 

22·51 

n.d. 

24·66 

0·34 

11-37 

1-47 

0·00 

100·58 

2a 

81845 

131 

rim 

34·55 

0·13 

23·35 

n.d. 

28·57 

0·45 

12·12 

0·39 

0·00 

99·56 

2a 

81846 

40 

40·28 

0·05 

22·54 

0·04 

24·00 

0·54 

11·67 

0·96 

0·03 

100·19 

2b 

99185 

14 

core 

39·59 

0·18 

22·48 

0·04 

23·52 

0·46 

11-74 

1·65 

0·02 

99·68 

2b 

99185 

4 

rim 

39·82 

0·10 

22·97 

0·02 

24·10 

0·49 

11·85 

1·04 

0·02 

100·40 

Cations on the basis of 24 oxygens 

Si 

Ti 

AI 

Cr 

Fe 

Mn 

Mg 

Ca 

Na 

6·043 

0·018 

3·996 

3·109 

0·043 

2·554 

0·238 

5·269 

0·015 

4·195 

3·644 

0·057 

2·756 

0·064 

6·085 

0·006 

4·010 

0·004 

3·032 

0·069 

2·628 

0·156 

0·009 

5·999 

0·021 

4·010 

0·004 

2·981 

0·060 

2·651 

0·268 

0·005 

5·991 

0·011 

4·070 

0·002 

3·033 

0·062 

2·657 

0·167 

0·007 

End- members 

Aim 52·30 

4·00 

42·98 

0·72 

55·88 

0·99 

42·26 

0·88 

51·44 

2·53 

44·59 

1·17 

49·98 

4·39 

44·45 

1·00 

51·18 

2·76 

44·84 

1·04 

Grs 

Prp 

Sps 

scarce quartz. In some 
coronas around 

most of the crystal. The coronas 
usually thicken towards the border of the xenolith, the 

being totally by the 

Spinel is usually found in these 
coronas, but is absent in the matrix. Its composition is 
intermediate between and (around 60 

wt % hercynite). Zn is very low Table 2) as 
expected in low-pressure re crystallization et 

Zoning is in the spinel, with the amount 
prrUl'l1'p H.Lv�'A.L".�Hl<- towards the rim 99193 

2b 

99151 

168 

core 

40·47 

0·13 

22·72 

n.d. 

23·21 

0·28 

13·02 

1·03 

0·00 

100·86 

6·024 

0·014 

3·984 

2·890 

0·036 

2·888 

0·164 

48·34 

2·74 

48·32 

0·61 

2b 

95151 

171 

rim 

40·52 

0·06 

23·13 

n.d. 

24·69 

0·27 

13·18 

0·20 

0·00 

102·04 

5·973 

0·006 

4·015 

3·043 

0·034 

2·897 

0·032 

50·67 

0·53 

48·23 

0·56 

2b 

95148 

18 

39·33 

0·08 

23·41 

n.d. 

20·61 

0·24 

14·80 

0·80 

0·00 

99·27 

5·863 

0·009 

4·111 

2·570 

0·030 

3·288 

0·128 

0·001 

42·71 

2·13 

54·65 

0·51 

3 

77750 

8 

core 

38·52 

0·14 

22·04 

0·01 

28·16 

0·36 

9·13 

1·06 

0·00 

99·43 

5·972 

0·016 

4·025 

0·001 

3·652 

0·047 

2·110 

0·176 

0·001 

61·00 

2·91 

35·25 

0·78 

3 

77750 

15 

rim 

39·38 

0·08 

21·93 

0·00 

27·02 

0·37 

9·41 

1·33 

0·00 

99·52 

6·080 

0·010 

3·988 

3·488 

0·048 

2·167 

0·219 

58·90 

3·70 

36·58 

0·82 

3 

U-46 

11 

39·54 

0·13 

22·08 

0·05 

26·58 

0·30 

9·10 

1·90 

0·00 

99·68 

6·065 

0·015 

3·992 

0·006 

3·410 

0·039 

2·081 

0·312 

58·37 

5·34 

35·62 

0·67 

Kelyphitic have a variable composition 
between Enso and (Table 2). Their Fe/Mg ratio is 

than that of the matrix orthopyroxene in the 
felsic xenoliths (type The coronitic 
orthopyroxenes also have lower Ti (in 2a xenoliths), 
Mg and Cr contents, and (up to 13 wt %), 
Ca and Mn (up to O' 7 wt %) contents. 

Plagioclase microcrystals associated with the kelyphitic 

coronas have a highly calcic (up to composition 
compared with the matrix plagioclase 3) and a lower 
orthoclase content (Fig. 3). in the kelyphitic 

coronas is richer in FeO than other sanidines in these 
xenoliths (Table These alkali feldspars with a more 



Xenolith type: 

Sample: 

Analysis no.: 

Si02 

Ti02 

AI203 

FeO 

MnO 

MgO 

CaO 

Na20 

K20 

Cr203 

Total 

TalJl£ 2: 

Orthopyroxene 

U-28 

52·20 

0·19 

1·45 

19·52 

0·31 

24·94 

1·13 

0·02 

0·00 

99·76 

2a 

81845 

121 

49·90 

0·27 

5·51 

22·74 

0·09 

20·65 

0·23 

0·00 

0·07 

99·46 

Cations on the basis of 6 oxygens 

Si 

Ti 

AI 

Fe 

Mn 

Mg 

Ca 

Na 

K 

End- members 

Wo 

En 

Fs 

1·930 

0·005 

0·063 

0·604 

0·010 

1·375 

0·045 

0·001 

2·20 

67·46 

30·34 

1·869 

0·007 

0·243 

0·712 

0·003 

1·153 

0·009 

0·004 

0·50 

61-41 

38·10 

2a 

81846 

19 

50·45 

0·23 

7·16 

20·56 

0·17 

21·14 

0·13 

0·04 

0·00 

0·10 

100·00 

1·867 

0·006 

0·322 

0·636 

0·005 

1·166 

0·005 

0·003 

0·29 

64·33 

35·38 

2a 

81846 

26 

Kelyph 

45·53 

0·08 

11·39 

25·82 

0·69 

16·10 

0·31 

0·00 

0·00 

0·01 

99·94 

1·726 

0·002 

0·508 

0·819 

0·022 

0·909 

0·013 

0·71 

51·60 

47·69 

2b 

95151 

12 

Kelyph 

44·85 

0·28 

13·80 

22·40 

0·28 

18·16 

0·37 

0·30 

0·00 

100·42 

1·656 

0·008 

0·601 

0·692 

0·009 

1·000 

0·015 

0·021 

0·85 

58·30 

40·85 

nnpure are of those zones around 
mafic minerals where partial melting has occurred 
(Grapes, 

GEOCHEMISTRY OF THE 

PERALUMINOUS GRANULITIC 

XENOLITH SUITE 

elelllents 

and trace element data for 18 whole-rock Satn]:lles 
are given in Table 3. For the small charnockitic xenoliths, 
no powder was available for bulk chemical analysis. 

2b 

99193 

15 

Kelyph 

44·80 

0·90 

12·25 

22·27 

0·34 

17·93 

0·53 

0·03 

0·00 

0·00 

99·05 

1·688 

0·025 

0·544 

0·702 

0·011 

1·007 

0·021 

0·002 

1·22 

57·84 

40·93 

3 

77750 

16 

Kelyph 

43·23 

0·03 

13·68 

25·56 

0·42 

15·23 

0·14 

0·00 

0·00 

0·02 

98·30 

1-663 

0·001 

0·621 

0·823 

0·014 

0·874 

0·006 

0·33 

50·92 

48·75 

3 

U-46 

25 

Kelyph 

44·00 

0·13 

14·40 

25·30 

0·23 

15·09 

0·20 

0·00 

0·00 

0·02 

99·37 

1·674 

0·004 

0·646 

0·805 

0·007 

0·856 

0·008 

0·49 

51·05 

48·46 

Cl inopyroxene 

U-28 

15 

51·57 

0·49 

2·50 

8·19 

0·16 

14·74 

21·32 

0·47 

0·00 

99·44 

1·927 

0·014 

0·110 

0·256 

0·005 

0·821 

0·854 

0·034 

44·07 

42·39 

13·54 

U-28 

16 

51·65 

0·46 

2·48 

8·23 

0·14 

17·77 

21·12 

0·47 

0·00 

99·32 

1·931 

0·013 

0·109 

0·257 

0·004 

0·823 

0·846 

0·034 

40·23 

47·10 

12·67 

All the xenoliths are strongly peraluminous 

in composition, with the pelitic xenoliths showing higher 
A/CNK values 1) than the felsic types (A/CNK 
1'2-2"2) (Fig. From their Si02 content, some pelitic 

xenoliths are ultrabasic or basic rocks U-
which is almost entirely composed of and 

sillimanite, has 36 wt % Table Felsic xenoliths 
are always intermediate or acid in (Fig. 

Pelitic xenoliths are characterized low Na20 (s:: 1-2 
wt %) and CaO (s:: 1·1 wt %) contents, and also by 
higher Al209, Ti02 and Fe20gt than felsic ones, and have 

lower MgO contents (Fig. K20 contents are In 
both types, with the exception of U -10 with only 



Table 2: 

(V) 

Phlogopite 

Xenolith type: 2a 2b 2b 

Sample: 81846 81841 95151 

Analysis no_: 14 23 18 

Si02 37-91 36-80 37-44 

Ti02 6-45 5-95 5-93 

AI203 15-34 15-05 13-96 

FeO 11-20 11-19 9-93 

MnO 0-02 0-05 0-10 

MgO 14-48 15-69 18-96 

CaO 0-00 0-00 0-02 

Na20 0-32 0-38 0-29 

K20 8-87 10-72 8-86 

F 2-06 

Total 96-65 95-83 95-49 

-O""F -0-87 

Total 95-78 95-83 95-49 

Cations on the basis of 22 oxygens 

Si 5-575 5-428 5-451 

Ti 0-714 0-660 0-650 

AI 2-657 2-613 2-393 

Fe 1-377 1-380 1-209 

Mn 0-002 0-006 0-012 

Mg 3-175 3-451 4-116 

Ca 0-003 

Na 0-091 0-108 0-080 

K 1-664 2-018 1-645 

electron 

2b 

95148 

14 

38-29 

4-99 

14-35 

7-63 

0-04 

18-12 

0-00 

0-45 

9-79 

93-66 

93-66 

5-632 

0-552 

2-485 

0-939 

0-005 

3-973 

0-128 

1-837 

2b 

99193 

2 

37-54 

6-56 

13-49 

9-90 

0-03 

16-64 

0-00 

0-61 

9-01 

3-19 

96-96 

-1-34 

95-69 

5-571 

0-732 

2-358 

1-229 

0-004 

3-682 

0-175 

1-705 

2b 

U-49 

37-99 

4-97 

15-67 

10-02 

0-05 

16-46 

0-01 

0-49 

9-44 

95-09 

95-09 

5-548 

0-546 

2-695 

1-224 

0-006 

3-584 

0-002 

0-139 

1-759 

0-72 wt %. In spite of their heterogeneous nature, the 
peraluminous show marked trends of de-
creasing Al209, Fe20gt, and MgO with Si02 content 
of the rock, although they define parallel 'suites' in some 
UilL):".,iQ-LHi:l (e.g. MgO vs Si02 

Trace elements 

Pelitic xenoliths have higher contents of some transition 
metals Sc and high field strength elements (HFSE; 
Nb, and heavy REE (HREE) compared with felsic 
xenoliths (Fig. 7), reflecting their higher garnet and rutile 
contents. The strongly peraluminous metapelite U- IO is 
highly depleted in large ion lithophile elements 
and light REE with respect to the rest of the 
xenolith suite (Fig. When normalized to average 
continental crust (Fig. the pelitic xenoliths show a 

two-fold enrichment in some ULE such as Rb, Ba and 
K. This kind of xenolith also shows a anomaly 
in Sr and a less marked one in Zr. Felsic granulites also 
show negative Th and Nb anomalies (Fig. 8). 

REE except that of xenolith U -10, are LREE 
and have negative Eu although some 

felsic xenoliths have no Eu anomaly or a positive one 
The latter is related to the abundance of feldspars 

in this kind of xenolith. The most mafic xenolith U- IO 
has a flat REE pattern with a marked negative Eu 

This REE pattern resembles that of mid-crust 
level garnets, which tend to lose their frac
tionation with of more epizonal 
levels, thus acquiring a flatter pattern (Bea, All 

xenoliths are characterized by their high HREE 
content [even higher than in the estimated lower con
tinental crust of Wedepohl they also show a 

LREE content in comparison with es
timated continental crust (Wedepohl, 

Sr and Nd isotopic data 

Measured Sr and Nd isotopic ratios for the xenoliths are 
given in Table 4. Isotopic ratios have also been calculated 
at 300 Ma, an average age for the 
plutonism in the SCS et 1995). In the age-
corrected CNd vs lO), pelitic and 
felsic xenoliths plot in different areas, the felsic ones 
having higher CNd values to -1-4 with an average 
of and lower ratios (0' 70594-0· 71300). 
These differences in isotopic compositions are very com
mon when comparing felsic and pelitic in lower
crustal xenolith suites (Downes & Leyreloup, 
Downes & Duthou, Eberz et 1991). Of the 
three isotopic reservoirs defined by Downes 
the lower continental crust in Europe (depleted 
ancient crust and felsic crust) the last component is 
dominant in the SCS xenolith suite. Differences in iso-
topic together with those found in major 
and trace contents point to very different original 
sources for the two of xenoliths. 

U- IO has very unusual Sr and 
Nd isotopic ratios for SCS plotting towards 
fields typical of xenoliths from ancient terranes (Rudnick, 

Downes, This xenolith has a 
ratio which is than 

in xenoliths both in the SCS and in other parts 
of the world (Downes & 1986; Hanchar et 

DISCUSSION 

p-T conditions 

Mineral parageneses in granulitic xenoliths can provide 
information about the temperatures and pressures of the 



Table 2: electron 

Ilmenite Rutile 

Xenolith type: 2a 2a 2b 2b 

Sample: 81846 81845 95151 99193 U-28 

Analysis no.: 17 129 2 26 8 

Si02 0·00 0-00 0·00 0·00 0-01 

Ti02 56-93 52·80 53-45 54-85 97·17 

AI203 0·54 0-00 0·00 0·11 0-11 

Cr203 0·08 n.d. n.d_ 0·00 nod. 

FeO 41-83 46·15 43-31 39-69 0·21 

MnO 1-88 0·38 2·45 0·61 0·02 

MgO 0·02 0-00 0·00 2·13 0-00 

CaO 0·01 0·04 0·05 0·02 0·02 

Na20 0·00 0·00 0·00 0·00 0·01 

Total 101-28 99·37 99·25 97·41 97·56 

Cations per 6 0 

Si 

Ti 2·084 2·013 2·031 2·070 0·997 

AI 0·031 0·007 0·002 

Cr 0·003 

Fe 1-702 1·956 1-830 1·665 0·002 

Mn 0·077 0·016 0·105 0·026 

Mg 0·001 0·159 

Ca 0·001 0·002 0·003 0·001 

Na 

last equilibration. The SCS xenoliths show no record of 
or evidence of meta-

morphism. However, low-P high-T effects related to 
transport in the lamprophyric dyke and 
hydrothermal are su]:)erllnpo:�ed 
granulitic parageneses. 

The absence of osumilite, cordierite and kyanite in the 
alumlnOllS granulites pressures of 7-12 kbar 

in the range of 800-900°C (Hold away, 
& Harley, but this has to be 

as a crude approximation because of the Fe
rich character of the xenoliths. In any case, the 
modal amount of pyrope-rich is consistent with 
the presence of abundant prismatic rutile in all 

the peraluminous xenoliths, which is typical of high
pressure conditions in these compositions (Patino Douce 
& Patino Douce, The almost com-

absence of mica with the p.v/�"'r,t1r\-n 

of accessory ph1ogopite found in some felsic xeno1iths, 
indicates that biotite dehydration-melting reactions have 
almost run to completion. Data from experiments with 

Sillimanite 

2b 2b 3 2b 3 3 

95151 99193 77750 95148 77750 U-46 

159 12 3 5 8 

indus. 

0-00 0·00 0-02 36-23 36·14 37·30 

99·35 97-67 99·31 0·08 0-05 0-07 

0-00 0·18 0-18 61-91 61·93 61·77 

n.d_ 0·00 0-04 n.d_ 0·00 0·06 

0·10 0-18 0·78 0·74 0-33 0-37 

0·07 0·03 0·03 0·01 0·03 0·00 

0-00 0·02 0-00 0-18 0·05 0·05 

0·01 0·03 0·00 0·03 0·04 0·01 

0·02 0·00 0·00 0·04 0·02 0·00 

99·55 98·09 100·38 99·22 98·59 99·62 

Cations per 2 0 Cations per 20 0 

3·959 3·965 4·045 

0·998 0·996 0·993 0·006 0·004 0·006 

0·003 0·003 7·967 8·002 7·891 

0·005 

0·001 0·002 0·009 0·067 0·030 0·034 

0·001 0·001 0·003 

0·029 0·008 0·008 

0·003 0·004 0·001 

0·001 0·009 0·005 

natural starting materials greywackes, biotitic 
at 5-10 kbar, have shown that at tem

consumption of biotite is 
(Gardien et Patino Douce, 

Stevens et This range of ternpercttures 
coincides with that of the appearance of orthopyroxene 

pelralllmIllc)us protoliths (Gardien et 
and were 

used to estimate the conditions of the last equilibration 
of the xenolith mineral (Table 5, 11). 
The lack of III and other mafic 
indicates attainment of equilibrium 
ditions. in all thermobarometric estnnate:s, 

cores were used, to avoid the possibility of rim 
recrystallization. 

For the charnockitic 
culated using Wells 
two-pyroxene thermometers gave similar results in the 
range of 930-960°C (Table These are the highest 
temperatures recorded in the xenoliths. Es-
timated pressures of � 12 kbar were obtained from the 



Tabl£ 2: el£ctmn 

Spinel 

Xenolith type: 2a 2b 2b 2b 

Sample: 81846 95151 95151 99193 

Analysis no.: 3 5 13 

core 

Si02 0·09 0·00 0·04 0·05 

Ti02 0·02 0·06 0·24 0·82 

AI203 63·13 63·55 62·25 60·63 

Cr203 0·16 n.d. n.d. 0·32 

FeO 27·47 26·77 27·80 24·27 

MnO 0·27 0·16 0·24 0·13 

MgO 9·22 9·98 8·72 12·44 

CaO 0·02 0·00 0·06 0·00 

Na20 0·00 0·00 0·00 0·00 

ZnO 0·07 n.d. n.d. 0·79 

Total 100·44 100·52 99·37 99·44 

Cations on the basis of 32 oxygens 

Si 0·019 

Ti 0·003 

AI 15·962 

Cr 0·026 

Fe 4·932 

Mn 0·049 

Mg 2·952 

Ca 0·005 

Zn 0·010 

Na 

0·009 0·011 

0·010 0·039 0·133 

15·979 15·950 15·392 

0·054 

4·780 5·058 4·374 

0·029 0·043 0·023 

3·175 2·828 3·996 

0·014 

0·130 

of Ellis However, this 
charnockitic granulite is quartz so the pressure thus 
obtained is a maximum value as silica activity is less than 
unity. 

Orthopyroxene-bearing peraluminous granulites 

(samples 81845 and 81846, Table 5) also gave high T 
with the grt-opx K'AJLHvU.'-'-UL'-'-\...Lvi 

for pressures around 9-11 kbar. Garnet
biotite equilibria yielded consistent around 
900-1000°C (Table 5). Phlogopite-bearing peraluminous 
granulites gave temperatures in the range 800-900°C 
with garnet -biotite thermometers (Hodges & 

in agreement with the experimental 

data on the stability of biotite in melting experiments. 
The calibration by & gave results 

50-70°C lower than other calibrations of the 

biotite thermometers. Pressures calculated GRIPS 
(Bohlen & Liotta, and GASP (Ganguly & UlLt�'-'Ha, 

(VII) 

2b 2b 3 3 

99193 99185 77750 U-46 

28 26 18 24 

rim 

0·08 0·37 1·14 0·36 

0·68 0·8 0·02 0·32 

61-01 62·12 60·20 57·84 

0·09 0·15 0·07 0·07 

29·12 26·44 28·96 34·10 

0·17 0·27 0·19 0·15 

7·60 9·68 6·90 5·47 

0·04 0·05 0·01 0·01 

0·00 0·00 0·01 0·02 

0·00 0·00 0·29 0·03 

98·78 99·16 97·79 98·42 

0·017 0·079 0·253 0·081 

0·113 0·012 0·003 0·054 

15·853 15·851 15·786 15·525 

0·016 0·025 0·012 0·013 

5·374 4·791 5·392 6·499 

0·032 0·050 0·035 0·029 

2·498 3·127 2·290 1·859 

0·009 0·012 0·003 0·003 

0·050 

0·003 0·009 

were 6·5-10 lower 
than other estimates in related xenoliths. 

Two-feldspar thermometry agrees with the T 
estimations, as can be seen from the projection of the 
mineral compositions in the Ab-An-Or with 

isotherms at 5 kbar after Fuhrman & Lindsley (1988) 
(Fig. The high anorthite content in the alkali IelClsp,H 

and of orthoclase in plagioclase (up to 
indicates high-T equilibration in the range 800-900°C. 

These results that the granulitic xenoliths last 
equilibrated in the lower crust within a depth range of 

23-38 km. Such are in good with 
geophysical data concerning the crustal structure of cen
tral Spain, particularly the estimates of Moho depth 

km). 
Superimposed on the granulitic parageneses is a re-

crystallization which is the result of the 
of the xenoliths in the lamprophyric magma. 
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Fig. 3. Ternary felch par diagram the composition of pla-
( indicating kelypbitic and rims var iet ies) and alkali 
of tbe granul i t ic xcnolitbs. sbown is tbe location of tbe 

800 and 1 000°C at  5 khar of Fuhrman & Lindsley ( 1 988). 

Kelyphitic coronas are decompressional features and not 
the result of polyphase metamorphism, as has been 
demonstra ted in other xenolith suites (Rudnick, 1 992). 
The low-pressure orthopyroxene-spinel corona is formed 
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at very high tempera tures (up to 1 200°C) as deduced from 
the results of the garnet (rirn) orthopyroxene (kelyphitic) 
equilibrium (Table 5) . Some outer coronas that are 
composed of chlorite and opaque minerals indicate 
hydrothennal recrystallization related to the subvolcanic 
emplacement of the lamprophyre dyke (Rudnick, 1 992). 
The P- T evolution of the xenol ith suite, with the cal
culated decompression path, is summarized in Fig. 1 1 . 

Heat productivity of the SCS lower crust 

The abundances of heat-producing elernents (HPE) in 
gran ulite xenoliths and gTan ulite tenanes are crucial for 
estimating the composition of the lower continental crust 
CMcLennan & 'raylor, 1 996). On the basis of continental 
heat now data, ?vlcLennan & 'raylor made an evalua tion 
of the K, Th and LT contents of the average continental 
CI1lst; K"O must be � 1 · 3 wt Th �4'2  ppm and U 
� 1 · 1  ppm. These values are lower than those recently 
published by Wedepohl ( 1 995), which are 2,'1 wt %, 8 ·5 
ppm and 1·7  ppm, respectively. For the lower crust the 
estimates are 1 ·6 wt % ,  6 ·6 ppm and 0·93 ppm, re
spectively (Wedepohl, 1 995). 

Felsic and pelitic xenoliths from the SCS (excluding 
sample U- I O) have average values of HPE of 3 ·4  wt 0;;) 
K20, 5·0 ppm Th, and 0 ·47 ppm U, and of 4 ·0 wt % 
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Fig. 4. (a) E lec[ron m icroprobc traversc tbrougb gamcl in a felsic xenol i tb (sample 95 1 5 1 ). (b) Relative proport ions of end-member molecules 
for garn ets in granul i[ ic xenol i[ bs. Garnets from granul i[ es and migmatiles of Ule regional gnnul it ic terra ne of Toledo (Barbero, 1 995) are also 
shown for comparison. 
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K20 and 1 5 ·4 ppm Th, respectively (Table No U 
data are yet available for the pelitic xenoliths. With these 
HPE contents we have calculated the radioactive heat 
productivity using heat productivity rates [or K, U and 
Th from Rybach & Mu iller ( 1 98 1 ) . Values 0[ 0 ·79  r.tWI 
m3 for felsic xenoliths and 1 ·67 r.tW 1m3 for pelitic types 
are obtained for the SCS lower CIll St. These values 
are close to the average lower continental CIlJ st value 
(0 '90 r.tW/m3) proposed by Wedepohl ( 1 995), but are 
higher than the values of Rybach & Muffler ( 1 98 1 )  
(0 '45 0 ' 73  jJ.W/m3) and those of average xenolith suites 
of Rudnick ( 1 992) (0 '28 jJ.W/m3) ,  or for the average 
continental CIllst estimated by lvlcLennan & Taylor 
( 1 996) I J.lW 1nl) .  The estimated values of HPE for 
the SCS lower CIllst are much higher than those used in 
theoretical models of arlatexis in tectonically thickened 
continental crust (England & Thompson, 1 986; Patino 
Douce et al., 1 990). Moreover, this high crustal radioactive 
heat production has to be considered in addition to the 
magnitude of thickening in the SCS during the Hercynian 

orogeny, which is estimated to have been more than 
twice the initial pre-Hercynian crust lVillaseca et al. ( 1 998) 
and references therein] . Considering these parameters in 
thermal models, heat production rates in the SCS are 
high enough to raise the temperature to >900°C at the 
base of the crust, without any increase in the basal heat 
flux .  This thermal productivity of the lower crust is high 
enough to promote extensive melting and thus can explain 
gTanite generation in the SCS during the Hercynian 
orogeny. 

Restitic character of the SCS lower crust: 
itnplications for Hercynian granite genesis 

The modal mineralogy of the granulitic xenoliths is 
consistent with a residual character for most of them. 
Sample U- I O  (Tables I and 3), which is exclusively 
composed o[ gamet and sillimanite, is more mafic in 
composition than some pelitic gTanulites used in ex
perimental studies, which do not yield sig11iflcant melt 
until temperatures > 1 000°C are reached (Beard et al., 
1 993). The low proportion of mica in the SCS xenoliths 
could be a consequence of biotite dehydration-melting 
reactions. The abundance o[ modal K-feld,par in most 
xenoliths does not contradict the possibility o[ a residual 
character after granitic melt extraction. As stated by 
Carrington & Watt ( 1 995), consumption or production 
o[ K-feldspar in biotite dehydration-melting reactions is 
highly dependent on the H20/K20 ratio of the melt and 
K-feldspar production is enhanced at higher pressures. 
Moreover, incomplete separation of the high-viscosity 
granitic melt could also give rise to a feldspar-rich residue, 
as argued for other lower-crustal granulites (Rudnick & 
Presper, 1 990; Schnetger, I 

The major element chemistry of the pelitic xenoliths 
(A.l,03 > 25 wt FeO t > 1 0  wt %, MgO > 3 wt %) is 
consistent with these xenoliths being melting residua. 
They plot in more mafic ami Al-rich fields than pelitic 
parents as would be expected from a mass balallce 
approach of partial melting ofmetasediments from which 
a granite melt was removed (wlacRae & Nesbitt, 1 980) 
(Fig. I Nevertheless, the difference in isotopic com
position from the Hercynian granitoids and their relative 
scarcity in the xenolith suite suggest a minor contribution 
of this type of source in the genesis of the SCS granites. 
This corroborates other geochemical approaches to gran-
ite petrogenesis in the area (Villaseca et 1 998). 

In Fig. 1 2  a crude linear array connects felsic xenoliths 
and Hercynian granites from the SCS, passing through 
the composition of the olltcropping orthogneisses. Such 
linearity would be expected to occur when removing 
gTanitic liquid from orthogneissic rocks CNW path 
in Fig. I "rhis process tends to produce more Al-, Fe
and Mg-rich restites, whose composition must be located 
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Dy 

Er 

Yb 
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Table 3: and trace element com/Josltwn SCS xenolith suite 

m etaigneous 

U-14 1 U-50 U-152 U-49 U-156 U-155 U- 157 U-145 U-92 U- 147 U-146 U-93 U- 153 
8 1846 95 148 95 152 95 15 1 95 153 95 14 1 77747 95 143 95 142 77748 95 149 

6 1 ·35 
0 ·89 

8 ·04 
0 · 13 

3 ·48 
2 ·83 

53 ·47 58-57 60 · 1 2  6 2 · 15 6 2 ·4 62 ·96 63·05 
1 ·45 1 ·0 1  0 ·89 1 - 17 1 ·05 1 ·04 

16 · 1 1  16 ·56 16·44 
10 ·57 8 ·2 1 7 ·29 8 ·55 8 ·96 8 · 15 

4 ·05 
1 ·33 

3 ·49 
1 · 25 

3 ·34 3 ·43 
1 ·40 2 ·39 

0 · 1 1  

1 ·75 

0 ·09 
3 ·69 
0 ·89 

0 · 1 1  
3 · 18 
0 ·98 

63 ·24 65·96 67 ·42 68 ·38 
0 ·98 0·8 1 0 ·6 1  0 ·83 

15 ·50 15·69 15 ·80 15 · 16 
9 · 1 2  6 ·55 4 ·50 6 ·00 
0 · 13 

4 ·66 
1 · 17 

2 ·76 
2 · 1 1  2 ·0 1  

3 ·07 4 · 14 2 · 16 3 ·2 1  2 ·38 1 ·79 3 · 19 1 ·36 2 · 23 2 ·8 2  
4 ·20 2 ·26 4 ·98 4 ·44 3 ·3 1  2 ·09 2 ·46 2 ·93 3 ·38 4 ·0 2  5·0 1 

0 · 17 0 ·27 0 · 1 2  0 ·27 0 ·07 0 · 1 1  0 ·3 1  
2 ·03 2 ·78 2 · 1 2  1 ·55 0 ·79 0 ·74 1 ·07 0 ·70 1 ·29 

99 ·73 100 ·43 99·63 99·6 1 100 ·7 100 ·08 100· 1 1  99·73 100 ·56 100 ·37 102 ·05 

596 
58 

258 
18 

13 
2 1 2 
3 2  
1 0  

30 1 
60 
19 
1 2  

13 1 
7 

38 ·85 
74·3 1 
3 1 ·05 

5 ·95 
1 ·56 
5 ·78 
5 ·47 
3 ·2 2  
3 ·60 
0 ·56 

1435 
1 19 
252 

200 
38 

8 

70 

1075 
99 

1 175 

2 24 28 1 

23 
1 ·9 

14 

282 202 
30 45 

4 
0·83 

236 
147 

27 
10 

145 
99 
54 

97 

5 2·34 4 1 ·75 
94·98 86 ·40 
37· 20 

2 · 27 
7 ·01  
5 ·56 
2 ·79 
2 ·90 
0 ·44 

8 ·38 
1 ·83 

7 ·04 
6 ·80 
3 ·82 
3 ·77 

0 ·6 2  

409 
20 

18 
22 1 
47 
13 

5 2  
247 

16 
2 

15 

224 
48 

2 

9 15 
64 

646 
82 

282 147 
17 20 

1 ·9 2 ·5 
17 1 2  

2 1 1  237 
44 42 

3 2 
' ·05 0·30 0 ·28 0 ·39 

99 1 27 1 29 264 
75 

93 
55 
78 

55 

162 
32 
86 

23 

165 
20 

1 2 1  

36 
20 
1 2  

168 
5 

10 1 
33 ·90 37 ·50 32 ·4 2  
64·99 7 2 ·2 2  62 ·80 
26·36 27 ·80 30·72 

6 ·0 2  
1 ·8 2  
6·83 
7·67 
4·55 
4·44 
0·78 

6 · 14 
1 ·75 

7 ·08 
7 ·4 1  
4 ·05 
4 ·25 
0 ·75 

7 ·22 
' ·48 

6 · 18 
4 · 26 
4 ·70 
0 ·67 

864 
45 
98 

158 
35 

45 

1300 
1 2 2  

1305 
15 1 

440 4 19 432 
15 16 
3 ·4 1 ·7 

15 16 
169 2 13 157 
47 35 34 

1 3 

15 1 
7 2  

152 
44 
93 

0 · 1 2  
107 
72 

97 
74 
60 

30 ·30 34·40 
59 · 14 63 · 18 

6 ·64 
1 ·50 

4 ·45 
4 ·43 

2 2 ·06 

3 · 13 
0 ·54 

56 

3 15 

1 ·2 
9 

203 
36 

0 ·29 
94 
4 1  

103 
2 2  
65 

U- l0 

35 ·9 
2 · 1 1  

34 · 1 1  

0 · 1 2  
4 ·78 
0 ·95 
0 ·36 

35 
2 2 2  
75 

2 

403 
57 
24 
26 

33 1 
25 

178 
1 1 ·56 
24 ·2 1 
16 ·02 
9 ·09 
0 ·63 

13 ·6 2  
13 ·0 1  
7 ·25 
7 ·44 
1 ·08 

U-90 U-9 1 U-42 U-96 
77750 77745 77746 

46·7 1 46 ·85 
1 -50 1 ·38 

27·53 26 ·0 1  
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0 · 1 2  0 ·09 
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0 ·97 
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0 ·24 
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68 
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99 ·55 
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36 

76 
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1 1 ·2 1  9 ·94 
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3 ·87 3 ·42 
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4 ·25 1 ·76 
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at the ends of the l ines projecting through SCS granites 
and orthogneisses (see inset in Fig. I Most of the 
felsic xenoliths do indeed plot at the end of this linear 
array (Fig. 1 2) .  Moreover, a complementary character 
in major and trace element composition, between some 
felsic meta-igneous  xenoliths and the granites, is observed 
(Figs 1 2  and I This is particularly notable when 
considering ULE (Rb, K, Ba, Sr) and some transition 
metals V, Ni). Those trace elements controlled by 
accessOlY phases REE, except Eu ,  and HFSE) do 
not fit the mass balance so well. 

To test the hypothesis that the felsic granulitic xenoliths 
represent residua after granitic melt extraction, with the 
melts being represented by the Hercynian pIu tons, major 
and trace element mass balance modelling has been 
performed. In this modelling an onhogneissic protolith 
rather than a pelitic one has been selected, as previously 
discussed. 

Table 6 shows that, considering an average SCS 
orthogneiss as the protolith for the granites, it is possible 
to obtain melting residua whose compositions aTe very 
similar to that of the average meta-igneous xenoliths. \I\le 
have calculated the composition ofthe restitic lower crust 
after subtraction of variable (29 3 3 % ,  '[able 6) granitic 
partial melts of known composition (columns 1 --4 ,  
Table 6) fi'om the average orthogneissic protolith. The 
calculated residua (columns 7-1 j ,  Table 6) have a major 
and trace element composition close to that of the average 
felsic meta-igneous xenolith (colurrm 6, Table 6) . The 
goodness ofthe fit is reflected in the calculated R2 residuals 

(0'96-2' j also the calculated degree of melting of 
�30% supports this possibility. The proportion of melt 
obtained in dehydration-melting experiments at �900°C 
and 1 0  kbar from meta-igneous protoliths (biotite 
is � 1 0 30% (Skjerlie & Johnston, 1 993;  Gardien et al. , 
1 995; Patirl0 D ouce & Beard, 1 995) which agrees with 
the degree of melting calculated in our mass balance 
modelling. In Fig. 1 4a we have plotted the major and 
trace element composition of the calculated residua after 
the mass bala nce calculation and of the sampled felsic 
meta-igneous xenoliths . 

We further tested our hypothesis that the felsic xenoliths 
are residues of melting by estimating the trace element 
concentration using batch melting equations and pub
lished partition coefTicients (see Appendix B, Table B I 
and references therein). This modelling is hindered by 
the availability of partition coefficients and also by the 
fact that several trace elements, especially the REE, reside 
in accessory phases whose abundances and behaviour 
are generally poorly constrained. Nevertheless, for Ba ,  
Rb,  Sr  and REE, the compositions of re  s i  dues after partial 
melting of onhogneissic sources have been calculated 
(columns 1 2 1 4, '[able 6) and also plotted in Fig. 1 4a 
with previous models .  I n  the modelling, both modal 
and non-modal batch melting calculations have been 
performed, giving similar results models 1 2  and 1 3  
in Table 6) . The main difference between models 1 3  and 
1 4  is the involvement of monazite in both the melt and 
restite assemblages, necessary to account for the observed 
LREE contents in xenoliths (Fig. 1 4a). Biotite is the first 
mineral to disappear, as shown by the modal depletion 
in the SCS xenoliths compared with equivalent protoliths 
in outcropping granulitic tenanes. Biotite is also the first 
mineral substantially consumed in melting experiments in 
biotite gTleisses, with the remaining quartz or plagioclase 
being very close to their initial modal proportions (Gar
dien et al. , 1 995; Montel & Vielzeuf, 1 997).  Similarly, 
minerals produced in the melting reaction, gamet and 
K-feldspar, are supposed to be more concentrated in 
restite assemblages. 'rhe calculated modal source com
position after 3(}-35% of melting is 0 ·27  QJ:z + (} 28 
K fs + 0·28 PIg + 0 · 1 5  Grt + 0·0 I Bt. This closely 
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Table 4: Sr and .!Vd isotope data and concentrations (ppm) qf the SCS /!,rarmlite xenolith suite 

Sample: Rb Sr 87Rbf'Sr 87Sr/"'Sr 87Srf'Sr 300M, Sm Nd "'Sm!"'Nd 143Nd!14'Nd 

Metaigneous 
U-50* 1 1 9  252 1 ·37 0·71 546 ± 03 0·70961 1 0·0 52·0 0·1 1 66 0·5 1 2 1 98 ± 07 - 5 ·6 

U-49* 88 281 0·91 0 ·7 1 5 1 4  ± 03 0·7 1 1 26 7·67 39·4 0·1 1 76 0·51 2209 ± 05 - 5 ·4 

U-92* 98 1 69 1 ·68 0 ·7 1 8 1 5  ± 03 0·71 098 6·47 29·2 0·1 338 0·51 2383 ± 07 - 2 ·6 

U-93* 1 55 432 1 ·04 0 · 7 1 038 ± 02 0·70594 6·94 34·5 0·1 2 1 6  0·51 2423 ± 07 1 ·4 

U-1 45t 97 1 86 1 ·5 1  0·71 696 ± 01 0·71 053 6·25 27·1 0·1 396 0·51 2379 ± 08 2 ·9 

U-1 46t 1 51 4 1 9  1 ·04 0 ·7 1 1 82 ± 02 0·70739 4·07 2 2 · 1  0·1 1 1 3  0·51 2 1 67 ± 1 2  5·9 

U - 1 47 t  1 22 440 0·80 0·70982 ± 01 0·70641 6·64 no 0·1 487 0·5 1 2 1 22 ± 05 -8·2  

U - 1 52 t  8 5  240 1 ·03 0·71 645 ± 01 0·71 206 8 · 1 3  37 ·6 0·1 307 0·5 1 22 1 7  ± 07 - 5 ·7 

U-1 55t 52 247 0·61 0·71 255 ± 01 0·70995 6·02 26·4 0·1 378 0·51 2333 ± 04 - 3 ·7 

U - 1 57 t  6 4  282 0·66 0·71 235 ± 01 0·70954 6 · 1 4  27·8 0·1 335 0·51 2248 ± 04 5·2 

U - 1 4 1  58 258 0·65 0·71 578 ± 06 0·71 300 5·95 31 · 1  0 ·1 1 6  0·51 2074 ± 04 - 7 ·9 

Metapelites 
U-90* 1 26 233 1 ·57 0·72028 ± 03 0·71 358 6·97 20·1  0 · 2 1 0 1  0·5 1 2 1 28 ± 07 1 0 · 5  

U-9 1 *  1 30 1 62 2·32 0·72030 ± 03 0·71 040 6·99 20·5 0·2065 0·51 2 1 50 ± 07 9·9 

U-42 1 48 1 51 2·84 0·721 64 ± 06 0·70951 9·45 46·0 0 · 1 2 4  0·5 1 1 897 ± 03 - 1 1 ·7 

U-96 1 08 1 4 1  2 ·22 0·72694 ± 05 0·71746 1 1 ·8 64·0 0·1 1 2  0·5 1 1 878 ± 03 - 1 1 ·6 

U - 1 0  60 76 2·29 0·71 465 ± 09 0·70488 9·09 1 6 ·0 0·343 0·51 2065 ± 1 8  - 1 6 ·8 

' Data from C N RS-U M R  6524 (Clerm ont-Ferra nd, France ) .  
t Data from Royal H o l loway, U n i versity of L o n d o n  ( U K ) .  
Oth e r  data from C A I  Geocro n o l og ia y Geoqurm ica I sotopica o f  t h e  C o m p l utense U n i versity ( M a d ri d ) .  S m  a n d  N d  c o n -
centrat i o n s  were those measu red b y  lep-MS a t  t h e  C N R S-CRPG Na ncy. E rro rs i n  t h e  concentration of these e l e m ents a re 
<5%. U ncerta i nties for t h e  87Srf6Sr a n d  '43Nd/'44Nd ratios a re 20 ( m e a n )  errors in the l ast two d i g its. 
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Fig. 1 0. f,Nd vs "Sr/,sSr at 300 Ma for the granul itic xenolirhs. Fields 
for ami rnetapelires at mid-crustal levels (Toledo and 

are taken from Villaseca et al. ( 1 998). 

observed in areas of progressive metamorphism 
Central Pyrenees, Bickle et al., 1 988; eastem Nevada, 
Wickham, 1 990) . Several possibilities could explain this 
isotopic shift: 

( I )  MLxing processes with either the host magma or 
mixing with mantl e-derived underplated material a t  the 
Moho or infracrustal levels (Downes & Leyreloup, 1 986; 

Rudnick, 1 992). I sotopic ratios of the SCS xenolith suite 
do not define a simple mixing alTaY on the Sr Nd isotope 
diagram (Fig. 1 0) and could be better interpreted as 
reflecting a diversity of sources for these rocks. ?vloreover, 
the marked peraluminous character of the xenoliths and 
their major and trace element compositions (the high Sr 
and Nd contents 01' the xenoliths make them less sus
ceptible to contamination), together with the lack of 
significant basic underplating in Hercynian times (Vil
laseca et al., 1 998), rule out these possibilities. 

(2) I sotopic changes related to the progressive meta
morphism and associated ana texis. Bickle et at. ( 1 988) 
invoked hydrous fluids generated during progressive de
hydration of metamorphites as a mechanism to reduce 
and homogenize the Sr isotopic ratios in catazonal rocks 
in the Hercynian Pyrenees. Similar isotopic ho
mogenization has been described in the Cooma complex 
(Cha pp ell et al. , 1 99 1 ) , in Brittany and in eastem Nevada 
(Wickham, 1 990) . In all cases this modification is ex
plained as resulting fi'om fluid-mediated exchange with 
low 87Sr/86Sr rocks (e.g. carbonates) or pore fluids. The 
homogenization and lowering of isotopic ratios in crustal 
rocks during progTessive metamorphism via fluid ad
vection systems is also shown by other isotopic systems 
(Pb, 0) (Wickham, 1 990; McCulloch & Woodhead, I 



Table 5: Results rif P T  estimates based on various /!,cotharrlObarometers 

Sample Xenolith Temperature ( 'C)  Pressure (kbar) 

type 

g rt-bt g rt-opx opx-<:px opx-grt GRIPS GASP cpx-plg 

2 3 kelyph 2 2 

HS H FS WB W BNK NP 

U-28 935 958 1 2  

8 1 846 2a 947 1 000 9 1 0  870 1 095 9·2 1 0  

8 1 845 2a 9 1 0  9·36 1 1 -0 1 0·5 

U-49 2b 790 825 750 

951 48 2b 848 886 809 8 7 · 2  

8 1 84 1  2b 887 953 866 8 8·5 

9 5 1 5 1  2b 859 907 820 1 280 6·5 7·5 

99185 2b 926 8·6 1 0 · 5  

99193 2b 835 895 801 1 068 8·2 8·6 

77750 3a 990 

I n  a l l  thermobarometric calcu lations, a l l  i ro n  was treated as Fe2 + . G a r n et-biotite geothermometers: HS, Hodges & Spear 
( 1 982);  H, H o i n kes ( 1 986); FS, Ferry & Spear ( 1 978) . G a r n et-ortho pyroxene thermo metry i s  fro m Harley ( 1 984) . Thermometers: 
WB, Wo od & B a n n o  ( 1 973) ; W, Wel l s  ( 1 977 ) .  B N K, g a r n et-o rthopyroxene geo baro m eter after Brey et al. ( 1 986); N P, 
g a r n et-o rthopyroxene-pl a g i ocl ase-q u a rtz geobaro m eter of Newton & Perk i n s  ( 1 982);  G R I PS, g a r n et
ruti le-i l men ite-pl a g ioclase-q u a rtz geobarometer of B o h l e n  & L i otta ( 1 986); GASP, g a r n et-a l u m i n i u m  s i l icate-plag ioclase 
g eobarometer of G a n g u l y  & Saxena ( 1 984) . The c l i n o pyroxene-p l a g i ocla se-q u a rtz geobarometer is after E l l i s  ( 1 980) . 
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Fig. I t .  P T  diagram for estimated granu l itic conditions of lower-crustal xenoliths. P T conditions of the regional gTanu l itic terrane of Toledo 
(Barbero, 1 995) and the estimated gradient during the H ercynian metamorphic peak of" the sector are also shown. Kelyphitic coronas record 
the decompression and heating path followed by the xenoliths after rapid transport to shallow levels by the lamprophyric magma. AI,SiO" curves 
after H oldaway ( 1 97 1 ) .  Muscovite- and biotite-out curves are taken f['om Pat ill0 Douce & Johnston ( 1 99 1 ) .  

Holk & "raylor, 1 Nevertheless, the absence of  
important carbonate layers in the metamOTphic sequence 

of the SCS sector and the diminishing influence of 
pore fluids in the deepest crustal levels are obstacles to 
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considering fluid mixing as the only mechanism to change 
SI' isotopic ratios. Therefore, in the lower cmst, melting 
processes have to be involved together with this de
hydration process. The lower cmst is the section tha t  has 
undergone the most extensive anatexis, suggesting that 
the anatectic melts them�e1ves fa cilitated isotope ex
change with the restites, and! or they served as a source of 
aqu eous fluid� that promoted such exchange. As isotopic 
interchange with externally derived aqueous fl uids or 
granitic melts in catazonal rocks has been suggested in 
other localities Wickham, 1 990; H olk & Taylor, 
1 997), the main problem in our Hercynian crustal section 
is the origin of the low 87SrP"Sr liquids or, on the 
contrary, the way to lose racliogenic strontium in processes 

affecting the lower crust. Further work is required to 
cla rify the exact mechanism for this isotopic modification. 

A more primitive isotopic composition of the lower 
continental crust was first envisaged by Taylor & McLen
nan ( 1 985), who cornpared Sr Nd isotopic data fronl 
gra nulite tenanes (lower- to middle-cmstal levels) with 
gra nulitic xenoliths that exhibit lower initial Sr ratios and 
higher initial Ne! signatures. This tendency of lower
crustal granulites towards isotopically more primitive 
compositions has major consequences when evalu ating 
the contribu tion of crustal sources in the genesis of granitic 
magma s .  First, i t  can explain the apparent absence of 
the isotopically appropriate cI1l stal protoliths in the ou t
cropping metamorphic rocks, a s  has  been discussed in 
several studies [the strontium paradox of Bemard
Griftiths et a!. ( 1 985) and Peucat et al. ( 1 988); see also 
Clarke et al. ( 1 988)] . The second consequence is tha t  
the important mantle contribution required by mixing 
models for some of the SCS gTanites which involve 
mantle-derived end-members and cI1l stal materials 
( Moreno-Ventas et al. , 1 995; Pinarelli & Rottura, I 
can be severely reduced, as the appropriate crustal com
ponent, as demonstrated here, has a more primitive SI' 
isotope composition. 

Comparison with other Hercynian lower
crustal granulites from western Europe 
Comparison of the composition of the lower CIlJ st of 
central Spain with that of other European Hercynian 



Table 6: 

Atalaya 

granite 

C,-1 

Melt (wt %) 
R

2 

Si02 

Ti02 

AI203 

Fe203t 

MnO 

MgO 

CaO 

Na20 

KP 
P20S 

Ba 

Rb 

Sr 

Y 

La 

Ce 

Nd 

Sm 

Eu 

Gd 

Yb 

Lu 

68· 08 

0·42 

15·80 

3 ·86 

0·04 

0·82 

3 ·25 

3 ·27 

4 ·31 

0·15 

765 

179 

158 

30 

54·94 

113·55 

48·79 

9 ·22 

1-25 

6 ·96 

2 ·74 

0·39 

2 

Navas 

granite 

C,-2 

7 0·44 

0·43 

14·88 

3 ·16 

0·05 

0·78 

2 · 02 

3 ·49 

4·63 

0·12 

502 

185 

105 

25 

27·53 

58·91 

27·45 

5 ·62 

0·96 

4·63 

2 ·21 

0·30 

and trace e lement rrwdelliTlf!.: residual rocks after 

3 

M ora 

granite 

C,-3 

7 0 ·19 

0 ·46 

15 ·52 

3 ·52 

0·06 

0 ·54 

2 ·16 

3 ·41 

3 ·94 

0·19 

559 

199 

128 

33 

26 ·74 

58 ·19 

27 ·76 

6 ·15 

1 ·14 

5 ·62 

2 ·85 

0 ·37 

4 5 

Alpedrete Average 

granite orthog. 

C,-4 CD 

7 0 ·07 

0 ·45 

15 ·39 

3 ·24 

0·05 

1 ·01 

2 ·38 

3 ·35 

3 ·92 

0 ·14 

494 

178 

173 

24 

28 ·03 

58 ·45 

27 ·16 

6 ·06 

0 ·94 

5 ·18 

2 ·00 

0·31 

63 ·66 

0 ·92 

16 ·99 

6 ·99 

0·07 

2 ·41 

1 ·66 

2 ·49 

3 ·53 

0 ·24 

949 

127 

176 

4 0  

50 ·73 

107 ·17 

48 ·46 

1 0 ·12 

1 ·75 

8 ·85 

2 ·96 

0 ·48 

6 7 

Average Calc. 

meta- Restite 

ig neous for C,-1 

xenoliths 

Cs 

6 0 ·77 

1 ·00 

17 ·06 

7 ·95 

0·08 

3 ·15 

1 ·27 

2 ·72 

3 ·81 

0 ·2 0  

959 

79 

279 

41 

4 0 ·87 

78 ·58 

32 ·10 

6 ·73 

1 ·85 

6 ·75 

3 ·79 

0·63 

33 

2 ·185 

60·18 

1 ·15 

17·23 

8 ·39 

0·08 

3 ·14 

0 ·84 

2 ·05 

3 ·08 

0 ·28 

1040 

1 01 

185 

45 

48·7 

1 04 ·0 

48·3 

10·6 

2 ·0 

9-8 

3 ·0 

0·5 

8 

Calc. 

Restite 

for C,-2 

29 

1-605 

60·06 

1-11 

17·62 

8 ·45 

0·08 

3 · 03 

1-49 

2 · 05 

3 · 04 

0·29 

1132 

1 03 

2 05 

46 

60·2 

126 ·9 

57 · 0  

12 · 0  

2 ·1 

10·6 

3 ·3 

0·6 

9 

Ca lc. 

Restite 

for C,-3 

32 

1-282 

60·06 

1-12 

17·52 

8 ·53 

0·08 

3 ·25 

1-41 

2 · 04 

3·31 

0·26 

1133 

93 

200 

43 

62· 0  

130·2 

58·2 

12· 0  

2 · 0  

1 0·4 

3 · 0  

0 ·5 

and melt 0UfflVU.JtUUn 

1 0  

Ca lc. 

Restite 

for C,-4 

31 

11 

Ca lc. 

Restite 

( Cs = 
U-49) 

32 

1 ·644 0 ·959 

60·07 6 0 ·97 

1-12 1 ·14 

17 ·50 17 ·78 

8·56 7-80 

0·08 0·08 

3 · 00 3 ·3 0  

1-32 1 ·43 

2 · 08 2 ·07 

3·32 3 ·36 

0·28 0 ·27 

1153 

104 

177 

47 

6 0·9 

129·1 

58· 0  

11-9 

2 ·1 

1 0·5 

3 ·4 

0·6 

12 

Residue 

M oda l 

batch 

m elting 

1163 

120 

196 

51 

19 ·7 

4 0 ·0 

16 ·0 

5 ·5 

2 ·1 

8 ·1 

3 ·9 

0·6 

13 

Residue 

Non

m odal 

ba t ch 

14 

Residue 

Non

m odal 

bat ch 

15 

Melt 

C,Non

m odal 

bat ch 

melting melting melting 

1120 

89 

203 

53 

21 ·6 

45 ·9 

18 ·4 

6 ·5 

2 ·2 

9 ·0 

4 ·0 

0·6 

1120 

89 

2 03 

53 

46·8 

98 ·0 

42·2 

9 ·3 

2 ·2 

9 ·4 

4 ·0 

0·6 

550 

215 

113 

10 

59·8 

128·6 

63·1 

11·9 

0·8 

7 ·6 

0·6 

0·1 

16 

Melt C, 

(Cs/D) 

for U-49 

as Cs 

429 

207 

144 

9 

35·8 

76·4 

37·3 

7 ·8 

0·7 

5 ·2 

0·6 

0·1 

Ave raa e  o rt h og ne iss i s  ta ke n  fro m V i l l aseca et  al .  ( 1 993 ) .  Co m pos it i o ns of  d ifferent pe ra l u m i no u s  gra nites of t h e  S C S  a re ba sed o n  data from Vi l l a seca et  al. 
Average m eta-i g n e o u s  xeno l ith  ( Cs )  is ta ke n  from t h e  seven w ith  S i02 < 6 2 · 5  wt % of Ta b le  3. Mass balance modelling: 7-1 0 ca lcu lated rest i tes, 

Cs = (Co - FC, )/(1 - A. Ca lcu lated rest i te 1 1  for C,-3 ta ke s  U-49 as Cs . melting modelling: t ra ce e lem ent co m posit i o ns of res idu es after  batc h 
a re Cs = CDD/[D( 1 - A + F] wit h F = 0 ·3 a n d  m oda l est i m at ion of t h e  orthogneiss ic  so u rce as 0 · 25 Qtz + 0 · 25 P i g  + 0 · 2 0  Kfs + 0 · 2 0  8t + 0 · 1 0 G rt 
of Ta b le  8 1 . D is the  bu I k  d ist ri b ut ion coeffic ie nt of t h e  so l i d  res id ue, a nd is t h e  s u m  ('2:x,!<d,-l w h e re X, is the  we i g ht fra ct i o n  of each m i nera l a nd 
l iqu id d istr i b u t i o n  coeffi c i e nt for each m i ne ra I ( Ta b l e  8 1 ) .  Res idu e 1 2  is ca lcu l ated i n  t h e  case of m oda l m elt i n g .  Res idu e 1 3  is ca lcu l ated no n-m oda l ly 
8t + 0 · 2  Qtz + 0 · 2  PI + 0 · 05 Kfs ente r i n g  t h e  m e lt.  Res idue 1 4  is obta i ned as 1 3  0 · 0 00 2  Mnz i n  t h e  sou rce a n d  0 · 0004 i n  t h e  m elt . Trace e lem e nt 

of m e lt 1 5  is t h e  l i q u id i n  equ i l i br i u m  w ith  res i d u e  of m ode l 1 4 . Trace of m e lt 16 i s  ca lcu lated a s  C, = CJD u s i ng U-4 9  a s  
so l i d  a ssem blage w ith  D b a s e d  o n  its moda l m i nera logy fro m Ta b l e  1 ( 0 ·43 Kfs + 0 · 3 1  + 0 · 1 0 Pi g + 0 · 1 4  G rt + 0 · 0 1  8t + 0 · 000 2 M nz)  a nd K d  of  

Ta b l e  8 1 . 
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Fig. 14. (a) Major and trace element d iagram normalized to average continental crust (Wedepohl, 
Table 6 .  (b) Trace-c lement chondrire-normalized d iagram for SCS granites (Vi l laseca et al., 1 998), 

Calculated residues are taken fi'om 
of Toledo (Barbero et 

rocks. Liquid compositions al., 1 995) and calcu lated l iqu ids (continuous l ines) in equ il ibrium with felsic xenoliths presumed to be their 
are taken fi'om Table 6 (columns 15 and 1 6) .  
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Fig. 1 5. Sr and NcI isotopic ratios at 300 Ma of granul i t ic xenoliths 
shown in comparison with SCS Bejar sector (Pinarelli & 
Rotura, 1 995), Credos et al., 1 995) and Cuadarrarna 
(Villaseca et al., 1 998). meta-igneous and pelitic compositional 
fie lds of the xeno l iths are drawn fro m  Fig. 1 0 . 

areas reveals an important difference: in central Spain 
the lower crust is essentially felsic in character whereas 
in the French Massif Central (Downes & Leyreloup, 
j 986; D ownes & Duthou, j 988) or in the Eifel volcanic 
region (Loock et j 990) the lower crust contains an 
important component of mantle-derived basic material. 
With the exception of the granulitic xenoliths that appear 
in Cenozoic volcanic rocks in SE Spain (Sagredo, 1 976;  
Vielzeuf, 1 983;  Cesare et  al., [ 997), lower-crustal xenoliths 
are scarce elsewhere in Spain. In southeastern Spain 
metapelitic and chamockitic xenoliths from lower-crustal 
levels are described, their P-T estimates from phase 
equilibria being around 5-7 kbar, 700-850°C (Sagredo, 
1 976; Cesare et al. , I These conditions are typical 
of middl e- to lower-crustal levels. In any case, the absence 

of mafic metaluminous xenoliths in SE Spain reinforces 
the concept of a more felsic composition for the deeper 
cI1lstal levels in the Iberia region. 

Exposed granulite facies tenanes can provide in
formation on the lowermost cI1l stal levels. The question 
of whether granulitic tenanes are representative of the 
lower crust has been debated frequently (Downes, I 
Some high-grade tenanes are probably more rep
resentative of midclle-cI1lstal levels, as is the case for the 
granulite tenaJles in central Spain (Barbero, 1 995) or 
the Agly massifin the Pyrenees (Pin, 1 989). Other exposed 
granulite tenanes from deeper cI1lstal levels have been 
described in the Pyrenees (Saleix massif, Vielzeuf, 1 98,1), 
Calabria ( Maccanone et al., 1 983) and northem Italy (Pin 
& Sills, 1 986; Hermann et al. , 1 997), and are undoubteclly 
representative of the lower continental cIl.1st. Data from 
these granulite facies tenanes indicate a larger con
tribution of mantle-derived material, as in the Ivrea Zone 
(Pin, 1 990; Voshage et al. , 1 990), the Calabrian massif 
( Maccarrone et al., 1 983) ami the Pyrenees (Pin, 1 989) . 
This su&gests underplating of mantle-derived magmas a t  
the base of the continental crust in  these areas, in  clear 
contrast to the scenario proposed here for central Spain. 

In 'rable 7 an unweighted and a weighted mean 
composition of the SCS xenolith suite is presented along 
with other estimates of global lower crust, together with 
peraluminous granulites interlayered with metagabbros 
of the Ivrea Z one (average stronalite). \/Vhen compared 
with average lower crust in other areas and with model 
compositions (vVedepohl, 1 995; McLennan & Taylor, 
j 996), the estima ted composition of the lower CI1lst in 
central Spain is clearly more relsic and richer in LILE 
and REE contents (Fig. 1 6) .  This agrees with recent 
estimations tha t result in a more reI sic bulk composition 
or the lower crust, and suggests that the presence or a 



Si02 

Ti02 

AI203 

Fe203(t) 

MnO 

MgO 

CaO 

Na20 

K20 

P205 

Total 

Ba 

Rb 

Sr 

Ta 

Nb 

Zr 

V 

Th 

U 

Cr 

Ni 

Sc 

V 

Co 

Cu 

Zn 

La 

Ce 

Nd 

Sm 

E u  

Gd 

Dy 

Vb 

Lu 

Tab le 7: Mean 

estimates 

and trace element 

SCS xenolith suite 

Mean Mean 

composition composition 

unweighted weighted* 

58-00 

1-13 

19-59 

9-26 

0-09 

3-45 

1-36 

2-10 

3-34 

0-16 

100-14 

987 

96 

254 

2-1 

17-3 

200 

43 

7-15 

0-47 

219 

66 

17 

155 

22 

40 

90 

39-0 

73-8 

32-2 

7-4 

1-8 

7-8 

7-5 

4-3 

0-68 

61-53 

1-02 

17-11 

8-19 

0-10 

3-47 

1-55 

2-53 

3-35 

0-16 

99-01 

994 

90 

286 

2-1 

15 

206 

40 

5-74 

0-47 

178 

65 

17 

139 

22 

40 

83 

37-9 

72-5 

30-4 

6-6 

1-8 

6-8 

6-7 

4-0 

0-65 

Lower- crustal estimates 

Taylor & 

McLennan 

(1985) 

54-4 

0-9 

16-1 

11-8 

0-2 

6-3 

8-5 

2-8 

0-34 

101-2 

150 

5-3 

230 

6 

70 

19 

1-1 

0-3 

235 

135 

36 

285 

35 

90 

11 

23 

13 

3-2 

1-2 

2-2 

Wedepoh l 

(1995) 

58-0 

0-84 

15-7 

8-10 

0-12 

5-3 

6-8 

2-9 

1-6 

0-2 

99-56 

568 

41 

352 

0-84 

11-3 

165 

27-2 

6-6 

0-93 

228 

99 

25-3 

149 

38 

37-4 

79 

26-8 

53-1 

28-1 

6-0 

1-6 

5-4 

4-7 

2-5 

0-43 

Central xenoliths and average wwer-crustal 

Gran u lite terranes 

Wh ole deep Average 

crust of 

Calabria 

55-4 

1-6 

17-8 

12-0 

0-19 

5-6 

2-4 

2-0 

2-9 

0-08 

99-97 

672 

74 

211 

17 

213 

53 

102 

74 

63 

224 

33 

stronal ites 

Ivrea Z one 

61-1 

1-21 

17-8 

9-67 

0-14 

3-4 

2-5 

1-6 

2-0 

0-10 

98-6 

570 

67 

193 

1-1 

285 

43 

14 

1-2 

156 

60 

25 

170 

33 

37 

109 

54 

100 

49 

8-3 

1-8 

8-0 

7-8 

4-7 

0-67 

Xenolith averages 

Massif Central All xenoliths 

56-3 

1-1 

17-1 

8-80 

0-11 

5-0 

5-5 

2-1 

1-42 

0-16 

97-59 

541 

27 

262 

11 

174 

5-8 

0-6 

222 

62 

25 

167 

29 

22 

87 

26 

57 

5-8 

1-5 

3-0 

50-5 

1-0 

16-5 

10-0 

0-15 

7-8 

9-7 

2-4 

0-79 

0-23 

99-07 

384 

17 

403 

11 

84 

20 

1-6 

0-4 

308 

137 

34 

214 

51 

13 

28 

15 

3-6 

1-3 

1-9 

*We i ghted m e a n  co m positi o n  calcu lated from l ith o l og i c  p roportio ns (95% fe ls ic  + 5% pel itic )  and m e a n  com posit ions of  
xenol  i th  types (Tab l e  3) _  
Refe rences: Calab ri an Mass if  ( Maccarro ne et  aI., 1 983),  Ivrea Zone ( Sch netger, 1 994),  Mass i  f Central ( Leyre Iou p et  al_, 1 97 7), 
average xenol  ith s (R u dn ick, 1 992 ) _  



(b) Granulite Terranes 
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Fig. 1 6. Major and trace element diagnms normal ized to average continental crust (Wedepohl, 1 995) in which the mean composition 
estimates (shaded 

text for further explanation.) 
of  SCS xcnolitb suite (dasbed l ine) is compared witb (a) Olber lower-crustal xenolith 
field), and (h) gnnul ite terranes (continuous l ines) and lower-crustal estimates (shaded field) 

mafic layer at the base of the continental crust is not a 
universal feature (Wedepohl, 1 995; Le Pichon et al., 
1 997). The felsic nature of the SCS lower crust  is best 
shown in comparison with other 10wer-cI1lstal xenolith 
suites which, on average, are more mafic than granulite 
tenanes (Rudnick, 1 992). The composition of the SCS 
lower crust resembles that of some peraluminous gTanu
litic layers of exposed Hercynian granulite terranes (i .e .  
stronalites from Ivrea Zone, Fig. 1 6) ,  which are also 
considered to be residues of high-pressure cI1lstal melting 
from which granitic melt was extracted (Schnetger, 1 994). 

CONCLUSIONS 

The study of the xenolith suite scavenged by early Meso
zoic alkaline dykes in the Hercynian central region of 
central Spain reveals three main types of 10wer-cI1lstal 
granulites. These are rare felsic to intermediate char
nockites « 0 '0 1 % in volume), metapelitic in volume) 
and cormnon felsic meta-igneous types (95% in volume). 
p-T estimates in these granulites (85G-950°C and 6-1 1 
kbar) clearly indicate tha t  these xenoliths come fi'om the 
lower crust, although probably from different levels of 
this lower crust rather than fr-om a single level. 

Major and trace elements, and Sr Nd isotopic com
positions of the felsic and metapelitic types, are consistent 
with a restitic origin for these gran ulites after granitic 
melt extraction. Major and trace element modelling give 
reasonable values for the melting process comparable 
with experimental work and confirming that some of the 
Hercynian peralurninous granites could represent the 
average granitic liquid extracted. A mainly cIll stal origin 
for the peraluminous granites of the SCS is deduced. 
T'he isotopic shift of lower-crustal material toward bulk 

Earth composition substantially reduces the mantle con
tribution required by mi'(ing models for granite petro
genesis. 

The essentially felsic character of the lower continental 
crust in this part of the Hercynian belt contrasts with 
the more mafic nature deduced for other European 
Hercynian areas (e.g. French Massif Central, Eifel, Ivrea, 
Calabria). The average lower continental crustal com
position in central Spain, when compared with other 
estimates, is the most felsic lower crust yet known. This 
felsic character is not only shown by the granulitic xenolith 
suite but is also supported by geophysical data. 
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APPENDIX A: GRANULITE SAMPLE 

DESCRIPTION 

u<:'uHl-'i'-'u selected for study cover the of 

are granoblastic in texture (Fig. and many exhibit 
small-scale compositional banding marked by garnet 
(sillimanite)-rich bands sometimes alternating with 
quartz-rich layers Foliation is clearly defined 
by tabular pyroxene or sillimanite grains, but also by 
lamellar quartz Table A l  summarizes the 

HUiViV);:.,i'-'u found as xenoliths in the SCS. 
u<:'uHl-'i'-''' were also selected from a larger dataset 

of 74 xenoliths representing the best of and textural features of investigated 

less altered and with no evidence of 
host Iamprophyre All the granulitic xenoliths 

Table A l .  Granulite 

Sample locality Texture 

Ch arn0 ckites 

U-3 la Paramera eq uigr., foliated, fg 

U-28 Bernu y-1 eq uigr., foliated, fg 

Fe/sic metaigne ous 

U-140 : 81845 Bernu y- 1 eq uigr., massive, mg 

U-141 : 81846 Bernu y- 1 eq uigr., massive, mg 

U-49 la Paramera eq uigr., banded, foliated, mg 

U-50 la Paramera ineq uigr., banded, cg 

U-9 2 :  77747 la Paramera eq uigr., banded, fg 

U-93 : 77748 la Paramera eq uigr., massive, fg 

U-137 : 81841 Bernuy-2 ineq uigr., banded, mg 

U-145 : 95141 la Paramera ineq uigr., banded, m-cg 

U-146 : 95142 la Paramera ineq uigr., banded, mg 

U-147 : 95143 la Paramera eq uigr., massive, mg 

U-152 :  95148 Peguerinos ineq uigr., massive, m-cg 

U-153 : 95149 Peguerinos eq uigr., banded, cg 

U-155 : 95151 Peguerinos ineq uigr., banded, m-cg 

U-156 : 95152 Peguerinos eq uigr., banded, mg 

U-157 : 95153 Peguerinos ineq uigr., banded, cg 

U-159 : 99185 Peguerinos ineq uigr., banded, foliated, cg 

U-168 :99193 Bernuy-2 ineq uigr., banded, m-cg 

Petitic 

U-10 la Paramera ineq uigr., foliated, m-cg 

U-42 la Paramera eq uigr., banded, fg 

U-46 la Paramera eq uigr., massive, mg 

U-90 : 77745 la Paramera ineq uigr., massive, m-cg 

U-91 : 77746 la Paramera ineq uigr., banded, m-cg 

U-96 : 77750 la Paramera ineq uigr., banded, m-cg 

AR-153: 81938 Peguerinos eq uigr., foliated, fg 

Major mineralogy 

PI, Otz, Kfs, Opx 

PI, Opx, Cpx 

Kfs, PI, Grt, Opx 

PI, Kfs, Grt 

Kfs, Otz, Grt, PI 

Grt, Kfs, PI 

Kfs, Otz, G rt 

Otz, Kfs, PI 

Otz, Kfs, PI, Grt, Phi 

Kfs, Otz, G rt 

Kfs, Otz, Grt, PI 

Otz, Grt, Kfs, PI 

Kfs, G rt, Otz 

PI, Kfs, Otz, Grt 

Kfs, Otz, PI, Grt 

Kfs, PI, Grt, Otz 

PI, Otz, Grt, Kfs 

Otz, Grt, Kfs, PI 

Kfs, Grt, Otz, PI 

Grt, Sil 

Kfs, Grt, Otz, PI, Sil 

Kfs, Grt, Otz, Sil 

Grt, PI, Kfs, Sil 

Kfs, Grt, Otz, PI, Sil 

Kfs, Grt, Otz, Sil 

Grt, Sil, Kfs, Otz 

Abb reviat ions :  fg, fi ne-grai ned; m g, m edi u m -g ra i ned; cg, coa rse-grai ned .  M i nera l  a bb reviat ions afte r Kretz ( 1 983) .  Loca l it ies 
i n  u n iversal gr id  coord i nates: La Para m e ra d iatrem e  outcrop (30TU K44484 2) ;  Bernuy-1 , q u arry 1 km west fro m B e r n uy 
S a l i nero (30TU L645034) ;  Be rn uy-2, lam p ro p h yre dyke 1 km northeast from Be rnuy Sa l i ne ro (30TU L655038) ;  

n FI"'. n n U F a  dyke rich in xe no l ith s 1 km west o f  Peg u e ri nos v i l lage (30TU K95 1 98 2 ) .  o f  fe ls ic  ( n = 4) 
( n =  1 xe no l ith s from lam p ro p h yre dykes of Sa n Barto l o m e  de Pi nares ( l ocated i n  F i g .  1 )  h ave not been s e l ected 

ana lyses (m i nera l  ch em istry or w h o  le-rock data ) .  



('l 

ri,. Al. R'p""mtiliy, '=4'1" "" d in thj:, study. Long di"-",,,ion rfh>.nd mnpl" ;" mubd by wll, in cmtim,1;r" (" h). Width ofvi,w of 
mict'�hotognp'" ;., 4 = (c-f\ (�) F,be m'higmow x,",olith mov.ing m,dium-gr.mM 'quignnubr bmd,d rtructur-o; duk bm& :IX, 

ccmpo"d cf hlyphitic &=l,t;. (b) P,litic xmolith (,:un?" 77J'jO) ±to� CO""" grain md mJ", imqagrmuhr bmd,d rtructur,. Dork 
cryrt,]:, or, co'""_ gun"', Whit, bond ;" � qu>rtz-rich l�y,". (c) Ch=ocl:itic xmcl.ith U-28 of grmotl.:dic t,x\ur, md ±to� m'"1' contact 
>.g:lJrd th. hoct dyh; rt, rutik (d) F,be m'higmoill xmolith U49. [Not, th, blYJlhitic rim; on &=l,t (grt) md th, p",un", "phlogqnt' 
(Phi) in tb, 'l_,.rt:z-f,l&p�thic m:rtrix.] D>rk ntil, "1"tW (rt) or, ccmmcn (.J F,be m'higmow xmolith 81 S45 with crthopyrox,,,, (opx) md 
&=" \  (grt). A ,rmll phlogopit, ayrt>.l (phi) ;., inciud,d in &=l,t (f) P,litic xmolith U-iiO m""""g moot rf th, &=l,t tr"",fo"",d to blYJlhitic 
�gr'&:rt" [Not, \h, >.hundme. of rillimmit, "1"tW (ri� ""d rub,uh,dr>.l d>rk ruul, cryrt>1; (rt).] 



APPENDIX B :  PARTITION Table Bl . Partitwn 

COEFFICIENTS USED IN THE TRACE Pig Kfs Garnet Biotite Monazite 

ELEMENT MODELLING 

values for illE from Arth (1976) Rb for K- Ba 0 -36 6 - 1 2  0 - 0 1 7  6 -36 

which is taken from Schnetger (1994). Y for Rb 0 -048 0 -90 0 - 009 3 -26 

and garnet from Arth (1976), for K-fe1dspar Sr 2 -84 3 -87 0 - 0 1 5  0 - 1 2  

and biotite from Schnetger and for monazite is Y 0 - 1 0  0 -005 35 - 00 1 -40 450 

between values for and Vb. REE for la 0 -38 0 -08 0 - 39 0 -05 5260 

and are taken from Nash & Cre- Ce 0 -267 0 -037 0 - 69 0 -037 5060 

craft REE for biotite from Arth REE for Nd 0_203 0 -035 0 - 603 0 -044 4500 

garnet from Irving & and REE for monazite Sm 0 - 1 65 0 -025 2 - 035 0 -058 3830 

from Cocherie et al. Eu 5-4 1 7  4-45 0 - 5 1 5  0 - 1 45 482 

Gd 0 - 1 25 0 -025 6 - 975 0 -082 1 750 

Dy 0 - 1 1 2  0 -055 28 - 6  0 -097 900 

Yb 0 -09 0 -03 43 - 47 0 - 1 79 173 

lu 0 -092 0 -033 39 - 775 0 - 1 85 1 1 5 
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