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The gabbroic intrusions that crop out along the Spanish Central System (SCS) are geochemically 
heterogeneous, including primitive and evolved rocks. Differentiation is mainly related to fractionation of 
Cr-spinel and olivine, but mixing with coeval granitic magmas or crustal assimilation may have also played a 
role in the evolution of the most differentiated rocks. The most primitive uncontaminated gabbros show arc­
like trace element chondrite and primitive-mantle normalised patterns, characterised by large ion Iithophile 
elements (ULE)-Iigh t rare earth elements (tREE) enrichment, Sr and Pb positive and Nb-Ta-Ti negative 
anomalies. However, paleogeographic constraints suggest that the SCS was located far from subduction 
zones, so these geochemical signatures could be better explained by a recycling of continental crustal 
components within the mantle. The most primitive SCS gabbros expand the Sr-Nd isotopic compositional 
range of the Variscan basic magmatism in the Central Iberian Zone to more depleted values. This reflects a 
heterogeneous sub-continental Iithospheric mantle under central Spain ranging from a depleted mantle 
(ENd = +3.1. 87Sr/86Sr= 0.704) towards an isotopically enriched component (ENd = -1.6, 87Sr/ 
86Sr = 0.706). Geochemical modelling suggests that mantle enrichment could be explained by minor lower 
crustal metapelitic granulite contamination (-2%). Additionally. the Sr-Nd-Pb isotopic ratios of the most 
primitive gabbros match the composition of the European subcontinental lithospheric mantle recorded in 
ultramafic xenoliths from western and central Europe. 

1. Introduction 

The composition of the mantle can be studied using deep-seated 
ultramafic xenoliths entrained into alkal ine voleanic rocks or by 
ind irect means i nvolving the geochemistry o f  mantle-derived 
primitive basic magmas. Many workers have dealt with the nature 
of the mantle und er western and central Europe, by characterising 
the geochemistry of peridotite xenoliths transported by Cenozoic 
voleanic rocks ( e.g., Wilson and Oownes, 1 991 ; Beccaluva et al., 2001 ; 
Oownes, 2001 ; Witt-Eickschen et aL, 2003 ; Beccaluva et aL, 2004 ;  
H�menias et  aL, 2004 ;  Berger et  aL, 2007). Mantle-d erived xenoliths 
in Palaeozoic magmas are much more uncommon, having been 
described only in Scotland (Downes et aL, 2001 ) and in the French 
Massif  Central (Femenias et aL, 2004).  

In central Spain a suite of Upper Permian alkaline dykes carry 
pyroxenitic cumulates and granulites from the lower crust (Villaseca 
et al., 1 999; Orejana et aL, 20 06), however peridotite mantle xenoliths 
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have not been found. Nevertheless, successive intrusions of basic 
magmas (cale-alkaline, alkal ine and tholeiitic) within the SCS from 
the end of the Variscan orogeny (Late Carboniferous) to the first 
stages of the rifting in Early jurassic (Villaseca et al., 2004) provide 
valuable information regard ing the underlying mantle. In this paper 
we study the SCS cale-alkal ine gabbroic intrusions. Although they 
represent a small volume of magma in the SCS, other gabbroic cale­
alkal ine intrusions of similar age crop out in central Spain, either 
outside the SCS (Barbero et al., ] 990 ; Barbero and Rogers, 1 996; 
Lopez-Moro and Lopez-Plaza, 2004) or within the Central Iberian 
Zone (Oias and Leterrier, 1 994; Galan et al. , 1 996 ; Bea et aL, 1 999; Bea, 
2004). Much of the later work has highlighted the hybrid ization of 
the basic and acid Variscan magmas that gave rise to intermediate 
compositions, but also the enriched nature of the more primitive 
Variscan gabbros (e.g., Oias and Leterrier, 1994 ; Galan et al., 1996). 

The isotopic enriched character of the Variscan SCS gabbros has 
been explained in terms of mantle enrichment due to the introduction 
of a crus tal component beneath central Spain (Bea et al., 1 999; 
Villaseca et al., 2004). Various mechanisms of lithospheric mantle 
enrichment in western and central Europe have been envisaged when 
studying several suites of metasomatised ultramafic xenoliths (Wilson 
and Oownes, 1 991 ; Becker et aL, 1 999; Beccaluva et al., 2001 ; Witt-



Eickschen et al., 2003 ; H�menias et aI., 2004; Massonne, 20Q5;  Berger 
et aI., 2007). These include subduction-derived fluids, metasomatism 
by asthenospheric agents, or crustal components recycled into the 
mantle. 

This paper presents a detailed petrographic and geochemical 
description of several SCS basic plutonic intrusions, including mineral, 
bulk and Sr-Nd-Pb isotope chemistry. Most of the samples show 
primitive chemical characteristics, with no significant traces of in-situ 
or syn-emplacement contamination. 

2. Geological background 

The SCS consis ts of a large granite batholith of -1 0,000 km2 (e.g., 
Bea et aI., 1 999; Villaseca and Herreros, 2000 and references therein) 
intrud ed within the Neoproterozoic to Palaeozoic metaigneous and 
metased imentary series of the innermost continental region from the 
Variscan Iberian Belt (Fig. 1 ) .  The felsic batholith is made up by more 
than 1 00 intrusive units, most of them of monzogranitic composition, 
whose emplacement age ranges from 323 to 284 Ma (Villaseca et aI., 
1 998 and references therein). These intrusions have been classified as 
1 )  S- type peraluminous cord ierite-bearing granitoids, 2) I-type 
metaluminous amphibole-bearing granitoids  and 3) transitional 
biotite granitoids of intermed iate peraluminous affinity (Vi l laseca 
and Herreros, 2000). Three models for the origin of the SCS granitic 
batholith have been suggested: a) hybrid ization between crustal 
melts and mantle-derived magmas (Pinarelli and Rottura, 1 995 ; 
Moreno-Ventas et aI., 1 995 ) ;  b) variable degrees of crustal assimila­
tion by mantle derived magmas (Ugidos and Recio, 1993 ; Castro et aI., 
1999 ) ;  and c) partial melting of essential ly crustal sources, either 
from lower crustal derivation (Villaseca et aI., ] 998, 1 999) or from 
mid -crustal levels (Bea et aI., 1 999, 2003 ) .  The close resemblance in 
whole-rock geochemistry ( includ ing Sr-Nd-Pb-O isotopic d ata ) 
between SCS granites and the lower crustal felsic granulite xenoliths 
carried by the SCS Permian alkaline dykes, points to the lower crust as 
the most likely crustal source for the formation of the SCS batholith 
(Villaseca et al., 1 999, 2007) .  

Five basic to  intermediate magmatic suites (Gbl to  Gb5 ; Villaseca 
et aI., 2004 and references therein) (Fig. 1 )  intruded this region 
d uring the Carboniferous to Early]urassic. Gbl comprises gabbroic to 
quartzd ioritic intrusions that were mostly coeval with the granitoid s. 
Geochronological data on these rocks (Rb-Sr isochron method ) 
yield ed ages ranging from 322 to 31 0 Ma (Casillas et aI., 1 991 ; Bea et 
aI., 1 999) whereas single-zircon d ating ind icated 31 2-305 Ma 
(Montero et aI., 2004).  Recent ion-microprobe U-Pb zircon stud ies 
constrain the range to more recent ages ( 306-305 Ma; Bea et aI., 
2006; Zeck et aI., 2007 ). 

The other mafic magmas from Gb2 to Gb5 are post-collisional dyke 
swarms. Gb2 and Gb3 are medium-K cale-alkaline to shoshonitic 
microgabbros respectively, with a poorly constrained age around 
290 Ma (Rb-Sr whole-rock isochron; Galindo et aL, 1 994).  The Gb4 
alkal ine suite, whose age ranges from 264 Ma (Ar-Ar in amphibole; 
Perini et aI., 2004 ; Scarrow et aI., 2006) to 252 Ma (U-Pb in zircon; 
Fernandez Suarez et aI., 2006), is represented by basic-ultrabasic 
lamprophyres and d iabases together with monzo-syentic dykes. These 
rocks have been interpreted in terms of the introd uction of a new 
mantle-derived magmatic component ( isotop ically similar to the 
PREMA compositional field), thus suggesting a significant geodynamic 
change in the SCS (Orejana et aI., 2005, 2008 ). The last magmatic 
event recorded in the SCS is the large gabbroic Messejana-Plasencia 
tholeiitic dyke (Gb5), which has been dated at 203 Ma (Ar-Ar in 
biotite; Dunn et aI., 1998 ) .  This latter magmatism has been related to 
the opening of the central Atlantic Ocean (e.g., Cebria et al., 2003 ) .  

Moreno-Ventas et al .  ( 1 995 ) describe mixing processes with coeval 
granite magmas during emplacement for the Gbl Variscan basic rocks 
from the Gredos Massif (Fig. 1 ). On the other hand, Bea et aL ( 1 999) 
pointed to a hybrid mantle-lower crust source for the origin of these 

Gredos gabbros and Villaseca et al. (20Q4) suggested a role of crustal 
materials in the genesis of the Gbl basic rocks via crustal recycling at 
mantle depths. In addition, several stud ies on other Iberian Variscan 
basic and intermediate intrusions suggest that crus tal contamination 
at shallower levels is required to account for the geochemical 
variability of these rocks (Dias and Leterrier, 1994;  Galan et aI., 
1 996 ; Lopez-Moro and Lopez-Plaza, 2004; Vila et aI., 2005 ). 

3. Analytical methods 

The major element mineral compositions were determined at the 
Centro de Microscopfa Electr6nica "Luis Bru" (Complutense University 

of Madrid) using a ]EOL ]ZA-8900 M electron microprobe with four 
wavelength d ispersive spectrometers. Accelerating voltage was 15 kV 
and the electron beam current 20 nA, with a beam d iameter of 5 f.II1l. 
Counting time was 1 0  s on the peak and 5 s on each background 
position. The following mineral standards were used :  sill imanite for 
Al; albite for Si and Na ; almand ine for Fe and Mn; kaersutite for Mg; 
microcl ine for K ;  ilmenite for Ti ; Ni alloy for Ni and cromite for Cr. 
Corrections were made using the ZAF method. Analytical precision is 
0.5-6% for oxides with concentration > 1.5 wt.% and <1 0% for oxides 
with concentration <1 .5 wt.%. 

The whole-rock composition of 24 gabbroic samples was d eter­
mined at the Actlabs laboratories (Ontario, Canada) for major and 
trace elements. The fusion technique was used by employing l ithium 
metaborate/ tetraborate. The molten bead was then digested in a weak 
nitric acid solution. Samples have been analysed by inductively 
coupled plasma optic emission spectrometry (ICP-OES) for major 
elements, while trace elements have been d etermined by ICP mass 
spectrometry (ICP-MS), using a Thermo ]arrell Ash ENVIRO 11 
simultaneous and sequential lCP or a Perkin Elmer Optima 3000 ICP. 
Uncertainties in major elements are always below 0.01 %. All elements 
were analysed under the control of certified international stand ard s 
(SY-3, NIST 694, W-2a, DNC-l, BIR- ]  and GBW 071 1 3) .  Further details 
on calibration, d etection limits of trace elements, etc., can be found at 
http : / /www.actlabs.com/ .  

Sr-Nd isotopic data for 14 new gabbro samples were determined at 
the CAT de Geocronologia y Geoquimica Isotopica of the Complutense 
University of Madrid, using an automated VG Sector 54 multicollector 
thermal ionisation mass spectrometer with data acquired in multi­
dynamic mode. Isotopic ratios of Sr and Nd were measured on an 
aliquot of whole-rock powder. The Sr-Nd analytical procedures used 
in this laboratory have been described elsewhere (e.g., Reyes et aI., 
1 997) .  Repeated analysis of NBS 987 gave 87Sr/ 86Sr= 0.71 0249± 30 
(20-, n= 1 5 )  and for the ]M Nd standard the 143Nd / 144Nd = 0.51 1 809 
± 20 (20-, n = 1 3 ). The 20- error on caleulated E(Nd ) values is ± 0.4. 

The Pb isotope ratios were determined on 7 gabbros at the 
Laboratory of Isotope Geology of the Natural H istory Museum of 
Stockholm. These samples were dissolved in a mixture of HF and 
HN03, and lead was separated by a full trace Pb chemical separation 
proced ure, using specific ion-exchange columns. A 205Pb tracer 
solution of known concentration was ad ded to the samples to 
determine the lead contents. Isotope ratio analyses were done with 
a Finnigan MAT 261 TlMS run in multicollector mode. Over the course 
of this study, averaged values obtained for the Pb NBS 98 1 and NBS 
982 were used to account for mass fractionation, following empirical 
relationships that vary as a function of temperature. The obtained data 
for unknowns, when corrected in an analogous way, are reproducible 
and accurate within 0.1 % and analyses of the BCR-2 stand ard gave 
results in agreement with literature values. 

4. Field relations, petrography and mineral chemistry 

The gabbroic samples were collected from several small (usually 
<2 km2) plutonic bod ies (Fig. 1 ) . The intrusive bod ies are hosted 
either by metamorphic rocks (e.g., Talavera, La Solanilla, Mercadillo, 



D Scdimenu; and sedimen!ary rocks 
D Plutonic granitic rocks 
1bI Metamorphic rocks 

_ Ba�ic-intennediale plulonic massi fs (Gb I) 
/ Calk-alkaline and shoshonilic dykes (Gb2-Gb3) 

40050'N ....... AlkalLne dykes (Gb4) 

N 

� 
Segovia� 

j-
- ��------= 

E
::::: ·······:· .. ······· .. ······ .. ··· .. / .... · ..... ... · ... ·· AVi� �:�� �� 

...,. : - - --:::iiQ::::i-' =-:: I' -I 
--= 

-,.,. : oEI E corial 

1::: ::::
:. 

I ,: I� � = I� 
::{! � ,I ___ � � ,-

- :. ,#� , l' / /// �/" �........:� i - : � Y"  I: i:: ___ -" 

; ........ ��.��� .. ��� .... � .. {�.t�l - "'''':;- El Tiemblo 

o ! 

Avila '�:: 
� " " 

__ .-/ _____________ ---L. __ ---, 

10 

- ----­
Navamorcuend� 

20 Km 
I ----' Talavera 

Talavera 0 de la Reina 

Becedillas i !!--__ / I 

-.........;. BerrocaL .. .. I 

. � -..;- \: 
Gal/egos Navahermosa : ' ..... 

La Solanilla I 

�-� 
; 

Gredos 
, 

I 
I 

� Avila I ,  
, . 

I 
I I 

I 
I 
I 11 " 

I. 
I, 

Fig. 1. Sketch geological map of the Spanish Central System showing the location of the gabbroic intrusions (and quartzdioritic massifs ;  e.g., El Tiemblo ) ,  as well as the post-Variscan 
basic and ultrabasic dyke swarms. Nomenclature Gbl to GbS after Villaseca et al. (2004).  The different zones defined for the Iberian Massif and an expanded view of a dense 
population of gabbroic plutons are shown separately. 

Gallegos), or coeval granitic intrusions (e.g., Berrocal, Navahermosa, 
Beced ill as ). The latter also d isplay outcrop-scale structures and 
textures ind icative of mingling processes between the basic and acid 
magmas (see also : easillas, 1 989 ;  Moreno-Ventas et al., 1 995 ; 
Fernandez et al., 1 997 ) .  The most primitive rocks from these outcrops 
do not show evidence of magma mixing or crus tal contamination 
( presence of different intermingled plutonic facies, enclaves, ocellar 
quartz, spongy plagioclase, and d isequilibrium textures around 
minerals, etc.) .  However, felsic varieties (mainly quartzdiorites) with 
textures indicative of magma mixing were also sampled (e.g., 
Navahermosa massif). 

Thus, the sampling ranged from olivine gabbro to amphibole­
biotite-bearing quartzdiorite. Olivine-bearing gabbros are scarce and 

only present in four intrusions (Navahermosa, La Solanilla, Talavera 
and Mercad illo). The latter are med ium- to coarse-grained norites to 
olivine gabbro-norites composed of anhedral, often rounded, relict 
crystals of olivine, euhed ral to subhedral plagioclase, anhedral 
orthopyroxene and clinopyroxene, and interstitial ( poikilitic) hydrous 
phases ( phlogopite and pargasitic amphibole), usually accompanied 
by ilmenite. 

Olivine, which never exceeds 13%  in modal composition, may 
include er-spinet, and is often mantled by orthopyroxene. Some 
orthopyroxene show a symplectitic texture with neighbouring 
plagioclase. This, together with the generation of a secondary green­
colourless amphibole (Mg-hornblende to actinolite and cummingto­
nite) at the expense of pargasite or clinopyroxene, can be interpreted 



Table 1 
Representative major element composition of the main minerals from the SCS gabbroic intrusions. 

Olivine Orthopyroxene Clinopyroxene 

Sample 108588 
58 

108585 107057 107042 108599 107038 107048 
318 

NM 

107053 
209 

108595 108601 
-- --

230 187 26 8 61 42 

Location" 

Si02 
Ti02 
Ah03 
FeOb 
Cr203 
MnO 
NiO 
MgO 
CaD 
Na20 
K20 
Total 
Mg# 

37.8 1 
bdl 
0.06 
23.47 
na 
0.40 
0.09 
38.22 
0.01 
bd l 
bdl  
100.1 
0.74 

37.57 
0.05 
0.02 
25.61 
na 
0.40 
0.06 
36.49 
0.02 
0.01 
bdl 
100.2 
0.72 

ME 

37.55 
0.01 
0.01 
29 .24 
na 
0.46 
0.09 
33.18 
0.03 
bd l 
bd l  
100.6 
0.67 

T 

35.91 
0.02 
bd l  
36.94 
na 
0.25 
0.09 
27.24 
0.02 
0.01 
0.01 
100.5 
0.57 

NH 

53.87 
0.23 
1.84 
9.91 
0.49 
0.30 
0.04 
30.75 
1.92 
0.04 
0.01 
99.4 
0.85 

T 

53.60 
0.26 
2.94 
12.56 
0.62 
0.18 
0.02 
28.03 
2.06 
0.04 
0.01 
100.3 
0.80 

54.14 
0.32 
1.92 
15.98 
0.12 
0.34 
0.02 
26.21 
1.49 
0.01 
bdl 
100.5 
0.75 

B 

52.70 
0.24 
1.19 
22.02 
0.09 
0.24 
0.07 
22.88 
0.99 
0.03 
bd l  
100.5 
0.65 

G 

50.27 
0.62 
3.59 
4.54 
1.18 
0.20 
0.03 
16.21 
22.35 
0.24 
bdl 
99.2 
0.86 

Cations calculated on the basis of 4 0 for olivine, 6 0 for pyroxene and 24 (0, OH, F, Cl) for mica 

Si 0.990 0.992 1.004 1.000 1.904 1.906 1.949 1.947 1.854 
Ti 0.000 0.001 0.000 0.000 0.006 0.007 0.009 0.007 0.017 
AI 0.002 0.001 0.000 0.000 0.077 0.123 0.082 0.052 0.156 
Fe 0.514 0.565 0.654 0.860 0.293 0.374 0.481 0.681  0.140 
Cr 0.000 0.000 0.000 0.000 0.014 0.017 0.003 0.003 0.034 
Mn 0.009 0.009 0.010 0.006 0.009 0.005 0.010 0.008 0.006 
Ni 0.002 0.001 0.002 0.002 0.001 0.001 0.000 0.002 0.001 
Mg 1.492 1.436 

0.001 
0.000 
0.000 
3.006 

1.323 
0.001 
0.000 
0.000 
2.994 

Ca 0.000 
Na 0.000 
K 0.000 
lcations 3.009 

Sample 

Si02 
Ti02 
Ah03 
FeOb 
Cr203 
MnO 
NiO 
MgO 
CaD 
Na20 
K20 
Total 
Mg# 

Amphibole 

107042 107038 

169 27 

T T 
42 .12 49.99 
4.04 1.33 
11.55 6.34 
12.97 8.21 
0.02 0.05 
0.05 0.16 
na na 
11.87 1Z78 
11.65 11.69 
1.95 1.56 
1.07 0.42 
97.3 97.5 
0.62 0.79 

1.130 
0.001 
0.001 
0.000 
3.000 

108595 

31 

G 
45.26 
0.09 
12.07 
9.46 
0.75 
0.14 
na 
15.73 
11.19 
2.24 
0.20 
97.1 
0.75 

1.620 
0.073 
0.003 
0.000 
4.000 

1.486 
0.078 
0.003 
0.000 
4.000 

108588 

49 

43.09 
2.39 
12.94 
10.45 
0.06 
0.12 
na  
13.61 
11.53 
2.56 
0.43 
97.2 
0.70 

1.407 
0.058 
0.001 
0.000 
4.000 

1.261 
0.039 
0.002 
0.000 
4.002 

Plagioclase 

0.891 
0.883 
0.017 
0.000 
3.999 

107042 107057 

153 264 

T ME 
47.70 64.79 
0.04 0.01 
33.30 22.75 
0.12 0.22 
na na 
0.02 bd l 
na na 
0.04 0.02 
17.01 3.48 
2.04 9.74 
0.02 0.04 
100.3 101.0 

Cations calculated on the basis of24 (0, OH, F) for amphibole and 3 2  0 for plagioclase and Cr-Spinel 

Si 6.376 7.209 6.948 6.314 8.736 11.316 
Ti 0.460 0.144 0.010 0.263 0.005 0.001 
AI 2 .058 1.077 2.182 2.233 7.183 4.678 
Fe 1.642 0.990 1.215 1.280 0.019 0.032 
Cr 0.003 0.006 0.091 0.007 0.000 0.000 
Mn 
Ni 
Mg 
Ca 
Na 
K 
lcations 

0.006 
0.000 
2 .679 
1.890 
0.572 
0.207 
15.893 

0.019 
0.000 
3.823 
1.805 
0.436 
0.077 
15.586 

0.018 
0.000 
3.600 
1.840 
0.667 
0.038 
16.609 

0.015 
0.000 
2.973 
1.8 10 
0.727 
0.080 
15.702 

0.003 
0.000 
0.010 
3.337 
0.724 
0.004 
20.021 

0.000 
0.000 
0.005 
0.650 
3 .299 
0.009 
19.990 

NH 

50.46 
0.75 
3.41 
6.62 
0.68 
0.19 
bdl  
16.88 
19.71 
0.42 
0.01 
99.1 
0.82 

1.862 
0.021 
0.148 
0.204 
0.020 
0.006 
0.000 
0.929 
0.779 
0.030 
0.001 
4.000 

108601 

67 (core) 

NH 
51.38 
0.04 
31.51 
0.08 
na 
bdl 
na 
bdl 
13 .16 
4.27 
0.06 
100.5 

9.288 
0.005 
6.708 
0.012 
0.000 
0.000 
0.000 
0.000 
2.549 
1.497 
0.014 
20.083 

" B: Becedillas; G: Gallegos; ME: Mercadil lo ;  NH: Navahermosa; NM: Navamorcuende; S :  La Solanilla ;  T: Talavera. 
b Fe total expressed as FeD. na: not analised ;  bdl: below detection limit. 

108604 
56 

108585 
19 

NH 

51.94 
0.05 
0.13 
11.16 
0.01 
0.59 
bd l 
1 1.65 
24.77 
0.08 
bd l  
100.4 
0.65 

1.959 
0.002 
0.006 
0.352 
0.000 
0.019 
0.000 
0.655 
1.001 
0.005 
0.000 
3 .999 

49 .85 
1.26 
5.62 
7.65 
0.49 
0.24 
0.08 
15.43 
18.36 
0.8 1 
0.01 
99.8 
0.78 

1.834 
0.035 
0.244 
0.236 
0.014 
0.007 
0.002 
0.846 
0.724 
0.058 
0.000 
4.000 

108601 

68 ( rim) 

NH 
57.79 
0.03 
26.74 
0.13 
na 
0.01 
na 
bdl 
7.60 
7.38 
0.15 
99.8 

10.357 
0.003 
5.644 
0.019 
0.000 
0.001 
0.000 
0.000 
1.459 
2.565 
0.033 
20.091 

Mica 

107057 
242 

ME 

38.80 
1.64 
17.16 
8.78 
0.03 
0.06 
na 
20.02 
0.06 
1.54 
7.46 
95.5 
0.80 

5.290 
0.170 
2.757 
1.000 
0.000 
0.010 
0.000 

107048 
321 

NM 

37.38 
4.88 
14.71 
12.56 
0.14 
0.12 
na 
15.34 
0.01 
0.14 
9.47 
94.7 
0.69 

5.230 
0.510 
2.426 
1.470 
0.020 
0.010 
0.000 

108591 
94 

37.24 
3.04 
15.29 
15.78 
0.03 
0.22 
na 
13.80 
0.01 
0.24 
9.91 
95.6 
0.61 

5.830 
0.360 
2.820 
2.070 
0.000 
0.030 
0.000 

108604 
54 

NH 

36.61 
4.01 
14.85 
19 .00 
0.05 
0.25 
na 
10.55 
0.04 
0.04 
9 .76 
95.2 
0.50 

5 .860 
0.480 
2 .799 
2.540 
0.010 
0.030 
0.000 

4.070 3 .200 3.220 2 .520 
0.010 0.000 0.000 0.010 
0.410 0.040 0.070 0.010 
1.300 1.690 1.980 1.990 
15.017 14.596 16.380 16.249 

Cr-Spinel 

108585 

11 

S 
bdl 
0.51 
38.62 
29.15 
21.17 
0.15 
bdl 
6.12 
0.01 
0.09 
bdl 
95.8 

0.000 
0.100 
11.380 
6.100 
4.180 
0.030 
0.000 
2.280 
0.000 
0.040 
0.000 
20.091 

108588 

42 

S 
bdl 
0.14 
47.23 
25.30 
15.48 
0.15 
0.10 
7.88 
bdJ 
0.15 
bdl 
96.4 

0.000 
0.020 
13.150 
5.000 
2.890 
0.030 
0.020 
2.780 
0.000 
0.070 
0.000 
20.091 

108585 

4 

S 
bdJ 
0.15 
51.13 
24.98 
12.03 
0.13 
0.08 
9.38 
0.02 
0.14 
0.01 
98.0 

0.000 
0.030 
13.750 
4.770 
2.170 
0.030 
0.020 
3.190 
0.000 
0.060 
0.000 
20.091 

in terms of subsolid us re-equilibration. These rocks usually have 
hypid iomorphic intergranular subophitic textures. Clear cumulus 
textures are lacking. Olivine and plagioclase are the earlier minerals 
to precip itate (occasionally accompanied by clinopyroxene and 
orthopyroxene), while phlogopite and amphibole are always inter­
stitial phases. The above textures suggest the following order of 
crystallization:  Cr-Spinel + Olivine + Plagioclase + Orthopyroxene + 

Clinopyroxene --4 Phlogopite + Amphibole + Ilmenite. Common acces­
sory minerals are apatite, titanite, monazite, baddeleyite and zircon. 

Quartzdiorites have been found in several gabbroic outcrops and 
are mainly composed of plagioclase, biotite and interstitial quartz, 
while some samples also have Fe-rich clinopyroxene. These rocks have 
equigranular to inequigranular texture, with large plagioclase crystals 
with biotite and clinopyroxene inclusions. Some of the samples have 
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Fig. 2. Major element mineral chemistI}' (wt.%) of (a, b) orthopyroxene and (c, d) c l inopyroxene from the SCS gabbroic intrusions. 

subophitic and intergranular texture, characterised by plagioclase 
laths surrounded by poikil i tic quartz, and intergranular biotite 
respectively. Ocellar xenocrystic quartz and zoned plagioclase with 
sericitized (originally Ca-rich) cores rimmed by and esine are also 
present in some of the samples. Amphibole in these relatively felsic 
rocks is usually secondary actinolite, which is abundant in strongly 
altered quartzd iorites. 

Table 1 shows major element contents representative of the main 
constituent phases of the SCS gabbros. The mafic minerals do 
not show core to rim chemical zoning F066 to F065 and 
En71 to Olivine, orthopyroxene and clinopyroxene from the 
most primitive samples have mod erate to high Mg# numbers: F057 to 
Fo78, En62 to En85 and 0.69 to 0.86 Olivine shows NiO and 
MnO contents below 0.1 5 wt.% and 0.5 wt.% is 
usually included within olivine crystals and contains Ah03 in the 
range 38.6-51 .1 wt.% and Cr203 from 1 2  to 2 1 .2 wt.%. Orthopyroxene 
has a marked heterogeneity, with Al203, CaO, Ti02 and Cr203 contents 

values of up to 5.5 wt.%, 3.2 wt.%, 0.67 wt.% and 0.66 wt.%, 
2a, b). The phase includes augite and 

being the latter present only in and 
quartzd iorites. The Mg# value is positively correlated with Cr203 
content (up to 1 .2 (Fig. 2d). Ti02 and Al203 may reach 1 .25 wt.% 
and 5.6 wt.% whilst CaO ranges from 1 1 .5 to 22.5 wt.%. 
Cl inopyroxene from the is markedly d ifferent in 
composition, with lower Mg# (0.59-0.72 ), Al203 « 1.6 wt.%), Ti02 
«0.1 5 and Cr203 «0.04 and CaO (up to 25.5 
(Fig. 2c, d ). 

U'la.1IJ,_,a,,, __ in both and shows a hetero-
geneous composition from bytownite (An74 ) to oligoclase 
(An16) (Fig. 3a). Contrary to the mafic plagioclase 

a clear core to rim normal zoning towards higher Na (Fig. 3a). 
Brown primary calcic amphibole can be classified as P�'I::>��"'�' 

though to the classification ofLeake et aL ( 1 997) it may also 
plot within the kaersutite and edenite fields. in the 
primitive uncontaminated gabbros, amphibole Mg# varies from 0.61 
to 0.78 (Fig. 3b) and the Cr203 com position reaches 0.75 wt.%. The 

amphibole is also characterised by high contents ofTi02 (up to 5 
and Ab03 (8-18 and higher Na20 ( 1 .2-3.1 compared to 
K20 The abundant secondary amphibole can be 
classified as Mg-hornblend e to actinol ite, but also plots within the 
Mg-cummingtonite to cummingtonite series. Mica is a d ominantly 
brown Ti-phlogopite in the primitive gabbros, with high Ti02 (up to 
4.9 and Mg# numbers from 0.65 to 0.86 to 
those of cl inopyroxene and orthopyroxene) (Fig. 3c). On the other 
hand, green Fe-rich biotite dominates within quartzd iorites, with Mg# 
from 0.43 to 0.64. 

5. Wbole-rock ge()cbemistl"y 

5.1. Major and trace elements 

The selected for whole-rock represent 1 0  
basic-intermediate intrusions, in modal composition from 
olivine gabbros to quartzdiorites. Their Si02 content and Mg# 
numbers range from 46 to 58 wt.% and from 0.50 to 0.75 respectively 
(Ta ble 2 ) .  However, the most p rimi tive have high Mg# with a 
l imited range of 0.66 to 0.73. 

All these rocks plot in the sub-alkaline field 
1 08591 ) of the Total Alkali-Sil ica (TAS) (Fig. and are 
enriched in Na20 relative to K20, with the only exception of one 
arrmnllDC)le··nc:n rock (sample 1 07632).  Besides, accord ing to their Si02 
and K20 contents these rocks can be classified as med ium-K ( the most 
primitive samples) to high-K cale-alkaline rocks 
and Becedillas outcrops plot in the field. Previous stud ies on the 
SCS basic intrusions classified these rocks within the appinite suite 

however their low alkalis content and 
characteristics low modal amount and late interstitial character 
of primary amphibole in the SCS olivine gabbros) argue this 
conclusion compositional field in Fig. 4). B inary plots 
show an overall positive correlation of Mn, Cr and Ni with respect to 
Mg#, whereas this d i fferentiation index is negatively correlated to the 
abundances of many and trace elements (e.g., Si, Ti, Na, K, Rb, 
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Fig. 3. Major elemen t mineral chemis try (wt.%) of (a)  plagioclase, (b)  amphibole and 
(c) mica from the SCS gabbroic intrusions. Three core to rim zoning patterns in 
plagioclases have been i l lustrated separately in the plagioclase diagram. See other 
symbols in the legend from Fig. 2. 

Ba, Zr, Nb, REE) (Fig. 5 ) .  This general trend is also observed at the single 
gabbroic intrusion scale (e.g., Berrocal). Most of the analyses have LOT 
values in a moderate range of 0.5-1 .6 wt.% (Table 2) .  The Berrocal 
intrusion can be d istinguished from the restofthe Mg-rich SCS gabbros 
due to its slightly higher L1LE (K, Rb, Ba, Sr), Th-U and Nb-Ta contents, 
and lower Ca, Sc and V concentrations (Figs. 4 and 5 ). S imilar to other 
Variscan gabbroic rod{s from Western Europe, the SCS gabbros have 
remarkable lower Ba-Sr contents with respect to arc-related gabbros 
(e.g., Cesare et al., 2002 ; Claeson and Meurer, 2004).  

The most Mg-rich gabbroic rocks have chond rite- and primitive 
mantle-normal ised trace element abundances with LREE fractionated 
patterns and a nearly flat  HREE slope (DYN/YbN= 1 .06-1 .57 ) (Fig. 6a). 
Concentrations of the most incompatible trace elements (Rb, Ba, Th, U 
and LREE) are high when considering quartzdiorite samples with 
moderate to low Mg# (Figs. 5 and 6b, d ) .  Furthermore, negative Nb­
Ta, P and Ti anomalies and peaks at Pb and Zr-Hf appear in all samples 
(Fig. 6c, d ) .  Only four primitive gabbros from La Solanilla and 
Navahermosa plutons, and two quartzdiorite samples, show positive 
Eu and Sr anomalies. These samples have slightly higher Ah03 and 
CaO contents (Fig. 5), which might be an indication of some d egree of 
plagioclase accumulation. Nevertheless, the rest of the SCS gabbros 
show negative Sr and Eu anomalies. 

5.2. Sr-Nd-Pb isotopes 

Tables 3 and 4 show the results from 14 analyses for Sr and Nd 
isotopic ratios and 7 of common Pb from the SCS gabbroic intrusions. 
The isotope data were corrected for in-situ rad iogenic growth 
assuming an average age of 305 Ma on the basis of the U-Pb zircon 
ages obtained by Bea et aL (2006) and Zeck et al. (2007 ). 

The initial 87Sr/ 86Sr and £Nd of the samples range from 0.7041 to 
0.7068 and + 3.1 to - 4.4 respectively (Fig. 7 ). These radiogenic values 
correlate well and follow the d ifferentiation trend of the mantle array, 
ranging from slightly depleted to slightly enriched. The variation of 
Sr-Nd isotopes in the whole dataset is also recorded within a single 
intrusion (e.g., samples from La Solanilla and Navahermosa massi fs)  
(Fig. 7) .  If the most p rimi tive samples are consid ered (Table 3 ), two 
groups of SCS gabbros can be separated on the basis of their ini tial Sr­
Nd isotope ratios: a depleted group with positive £Nd (Navahermosa, 
La Solanilla, Berrocal and Mercad illo) and an enriched group with 
higher 87Sr/ 86Sr (Talavera and Gallegos). Gabbros from the previously 
stud ied Gredos massif (Moreno-Ventas et al., 1 995 ; Bea et al., 1 999) 
overlap the compositional field of this second enriched group (Fig. 7 ). 
In this respect, the La Solanilla and Navahermosa gabbros show the 
most depleted Sr-Nd isotopic composition recorded in Variscan 
gabbroic rocks from the Central Iberian Zone (Fig. 7). This is ind icative 
of the involvemen t of a more depleted mantle source than previously 
thought in the genesis of these basic rocks within the Variscan Iberian 
Belt. The SCS gabbroic intrusions also overlap the compositional field 
of the subsequent Permian cale-alkaline to alkaline dykes. 

The Pb rad iogenic values of the SCS gabbros cluster together in a 
reduced field (Fig. 8 ), showing 206Pb/204Pb, 207Pb/ 204Pb and 208Pb/ 
204Pb in the range 1 8 .25-18 .55, 1 5 .61 -1 5.64 and 38 .21 -38 .84 
respectively. These are the first Pb data available on SCS Iberian 
gabbros. Nonetheless, d ata from other basic intrusive rocks and deep­
seated mafic and ultramafic xenoliths from the Spanish Central 
System have recently been published (Villaseca et aL, 2007 ; Orejana 
et al., 2008 ), and they all have a composition close to that of these 
gabbroic bod ies. Ad ditionally, the 206Pb/ 204Pb ratios are similar to 
Prevalent Mantle (PREMA) or Bulk silicate Earth (BSE) components, 
whereas 207Pb/ 204Pb and 208Pb/ 204Pb tend to be higher. 

6. Petrogenesis 

6.1. Differentiation processes: crystal fractionation vs. magma mixing 

and assimilation 

The SCS la te Variscan gabbroic rocks are geochemically hetero­
geneous. With the sole exception of sample 1 0763 2 ( altered 
amphibole-rich gabbro), the rest of gabbros have primitive composi­
tions with Mg# values up to 0.73 and Cr and Ni concentrations up to 
7 12  and 391 ppm, respectively (Table 2 ) .  The moderate Mg, Cr and Ni 
concentrations, together with the low contents of modal olivine and 
the absence of cumulate textures in the Mg-rich samples, ind icate a 
non-cumulate origin. The heterogeneous modal composition of these 
rocks (o l ivine + p lagioclase + orthopyroxene + cl inopyroxene + 
amphibole + phlogopite + ilmenite), with early crystals in equili­
brium with la te interstitial phases, may represent crystallization 
from a single liquid. This conclusion is also in agreement with the 
mineral composition of these rocks: the An content in plagioclase is 
lower «An74) than those of typical arc-type cumulates (>An82; Beard, 
1 986). Moreover, only four Mg-rich samples show a small positive Eu 
anomaly. 

Accord ing to Frey et al. ( 1 978) criteria for primary mantle melts 
(Mg#= 0.60-0.70 ; Cr= 500-1 000 ppm and Ni= 200-500 ppm), the 
composition of the most primitive rocks would approximate that of 
their parental mantle magmas. Nevertheless, olivine from primary 
melts is usually confined to the range F088-F094, whereas olivine from 
the stud ied gabbros does not exceed F078. Thus, it seems likely that 



Table 2 
Bulk chemistI}' of the SCS gabbroic intrusions. 

Sample 107033 107039 107042 107038 107040 107048 107051 107053 107049 107050 107057 107055 107627 107632 107631 108591 108588 108585 108595 108596 108600 108599 108601 108604 

Location" 11 
� UK 

TA 

UK 

TA 

UK 

TA 

UK 

TA 

UK 

NM 

UK 

BE 

TK 

BE 

TK 

BE 

TK 

BE 

TK 
ME 

TK 

ME 

TK 

MA 
UL 

B 

UK 

B 

UK TK TK TK 

G 

TK 

G 

TK 

NH 

TK 

NH 

TK 
NH 

TK 
NH 

TK 
711778 293431 293431 293431 293431 400459 876959 876959 876959 876959 935938 935938 000009 911042 911042 787975 787975 787975 908928 908928 890979 890979 890979 890979 

Rock 
type 

Si02 
Ti02 
Ah03 
Fe203[ 
MnO 
MgO 
CaD 
Na20 
K20 
P20S 
LOI 
Total 
Mg# 
Ba 
Rb 
Cs 
Sr  
Pb 
Th 
U 
Zr 
Nb 
V 
Sc  
Co 
V 
Ni 
Cr 
Cu 
Zn 
Ga 
Ta 
Hf 
La 
Ce 
Pr 
Nd 
Srn 
Eu 
Gd 
Tb 
Dy 
Ho 
Er 
Tm 
Vb 
Lu 

Q- Gabbro Gabbro Gabbro Gabbro Q- Gabbro Gabbro Q- Q- Gabbro Gabbro Q-
Diorite Gabbro Diorite Diorite Diorite 

54.34 48.01 
0.71 0.81 
17.83 15.68 
7.17 10.21 
0.11 0.13 
6.25 13.42 
8.37 7.42 
2.46 2.41 
1.36 0.87 
0.11 0.10 
1.20  0.80 
99.9 99.9 
0.63 0.72 
234 165 
48.2 27.3 
3.1 2.3 
202 301 
6.4 3.8 
3.0 3.3 
1.3 0.9 
83 125 
5.3 5.7 
22.8 19.4 
25 17 
23 62 
193 129 
15 297 
390 438 
23.7 58.2 
34 32 
18.8 15.2 
0.3 0.3 
2.7 3.3 
14.7 13.6 
31.0 30.2 
4.02 3.70 
16.9 13.6 
3.60 3.21 
1.03 1.02 
3.81 3.36 
0.61 0.49 
3.79 3.14 
0.71 0.61 
2.20 1.87 
0.33 0.28 
2.02 1.67 
0.33 033 

48.30 48.77 49 .26 51.65 
0.82 0.98 0.88 0.82 
15.90 14.17 16.18 15.86 
9.79 10.78 9.53 8.74 
0.13 0.14 0.13 0.12 
12.45 13.36 11.62 9.98 
8.05 7.50 7.69 6.45 
2.36 2.24 2.48 2.15 
0.73 0.77 0.83 1.34 
0.13 0.12 0.12 0.12 
1.20 1.00 1.10 2.60 
99.9 99.8 99.8 99.8 
0.72 0.71 0.71 0.69 
151 161 157 310 
22.8 23.4 25.4 57.4 
1.9 1.4 1.9 5.8 
301 261 305 334 
4.5 3.3 5.2 6.1 
2.5 3.0 3.1 4.5 
0.4 0.5 0.6 1.5 
85 94 97 125 
4.6 5.2 5.2 4.7 
20.1 20.9 20.9 24.1 
21 25 21  25  
60 62 54 51 
151 180 150 175 
235 265 326 78 
438 712 595 609 
39.7 51.0 95.9 27.6 
28 28 23 34 
15.6 14.5 15.9 18.8 
0.2 0.2 0.2 03 
2.6 2.7 3.3 3.0 
12.4 12.8 13.3 20.0 
27.3 28.7 29.1 40.8 
3.55 3.65 3.78 5.03 
14.4 14.5 14.9 20.5 
3.40 3.70 3.82 4.50 
1.14 1.07 1.11 1.20 
3.70 3.62 3.50 4.27 
0.62 0.55 0.59 0.67 
3.48 3.54 3.69 3.80 
0.68 0.70 0.66 0.74 
1.97 2.04 2.07 2.38 
0.28 0.30 0.30 0.34 
1.57 1.87 1.91 2.36 
0.27 0.32 0.29 0.36 

46.60 49.99 52.38 53.14 
0.75 1.15 1.37 1.18 
14.30 15.15 16.15 16.92 
11.53 10.96 9.52 8.63 
0.15 0.13 0.13 0.12 
13.73 10.74 7.04 6.67 
5 .89 6.24 6.93 6.98 
2 .16 2.67 3.16 3.06 
1.44 1.53 1.76 2.00 
0.16 0.25 0.29 0.27 
3.10 1.00 1.10 0.90 
99.8 99.8 99.8 99.9 
0.70 0.66 0.59 0.60 
267 359 347 331 
50.8 52.7 61.8 65.1 
7 3.7 3.4 3 
332 363 371 364 
4.3 3.5 5.1 5.5 
5.0 4.5 4.6 5.4 
1.2 1.5 1.8 1.4 
103 102 137 119 
7.6 10.5 11.2 11.7 
16.9 25.9 36.3 24.2 
13 16 23 18 
73 61 39 35 
96 115 153 126 
391 266 196 95 
568 431 315 260 
51.0 38.2 32.9 30.8 
47 26 44 47 
14.9 16.2 19.7 19.9 
0.5 0.7 0.8 0.7 
2.6 3.3 4.2 3.5 
15.5 20.4 24.7 23.5 
32.4 46.6 58.1 50.8 
3 .98 5.98 7.46 6.07 
16.5 24.8 32.2 23.0 
3 .50 5.39 6.90 4.71 
1.05 1.32 1.74 1.27 
3.13 5.12 7.25 4.78 
0.52 0.79 1.06 0.74 
2 .97 4.49 6.13 3.97 
0.57 0.90 1.19 0.80 
1.56 2.46 3.40 2.30 
0.20 0.34 0.44 0.34 
1.44 2.16 2.8 1 1.99 
0.28 0.33 0.50 0.36 

46.88 
0.86 
14.97 
11.64 
0.14 
14.50 
6.39 
2.18 
0.94 
0.19 
1.20 
99.9 
0.71 
196 
28.4 
6.2 
305 
3.7 
3.3 
0.8 
116 
6.8 
20.3 
14 
76 
94 
242 
198 
32.6 
28 
15.0 
0.4 
3.3 
17.2 
37.2 
4.54 
18.0 
4.10 
1.09 
3.83 
0.56 
3.58 
0.62 
1.89 
0.25 
1.66 
0.28 

47.22 
0.87 
17.46 
9.78 
0.12 
11.00 
7.74 
2.54 
0.81 
0.16 
2.20 
99.9 
0.69 
151 
22.1 
2.9 
354 
3.6 
2.4 
0.8 
96 
6.0 
18.2 
14.0 
59 
100 
169 
233 
29.5 
22 
15.8 
0.5 
2.7 
12.5 
27.1 
3.53 
13.5 
3.30 
1.08 
3.36 
0.50 
2.99 
0.57 
1.80 
0.23 
1.55 
0.26 

55.87 
0.64 
18.72 
6.95 
0.09 
5.78 
6.24 
2.35 
2.00 
0.14 
1.10 
99.9 
0.62 
368 
84.8 
6.2 
344 
9.2 
11.1 
2.1 
118 
7.2 
16.4 
17 
27 
181 
47 
281 
28.1 
58 
21.9 
0.6 
3.4 
31.0 
62.5 
7.46 
27.0 
4.81  
1.57 
3.57 
0.54 
2.74 
0.47 
1.49 
0.23 
1.40 
0.25 

Gabbro Q- Q-
Diorite Diorite 

Gabbro Gabbro Gabbro Gabbro Gabbro Gabbro Gabbro Q­
Diorite 

50.60 54.96 47.38 47.93 
0.75 1.48 1.53 0.72 
9.41 17.67 16.55 17.66 
12.04 7.75 9.56 8.89 
0.14 0.11 0.14 0.15 
18.71 4.30 7.91 12.30 
3.47 6.19 8.00 8.86 
1.41 3.07 2.88 2.49 
1.90 2.40 2.72 0.38 
0.14 0.54 0.84 0.09 
1.10 1.20 1.57 0.58 
99.7 99.7 99.1 100.1 
0.75 0.52 0.62 0.73 
365 596 1493 111 
82.3 71.8  98.0 7.0 
4.4 1.9 6.1 0.9 
157 382 1406 357 
4.4 8.5 8.0 4.0 
5.0 11.8 3.8 1.0 
1.7 1.6 1.4 0.2 
39 205 502 70 
5.9 13.6 11.7 1.8 
19.7 31.7 32.9 15.6 
14 17 32 22 
87 22 32 48 
87 111 242 123 
667 39 60 220 
1170 96 160 630 
68.8 26.5 60.0 40.0 
32 70 120 70 
12.2 18.7 24.0 12.0 
�5 �9 �8 0.1 
1.4 5.7 11.8 1.6 
14.4 49 .1 54.6 5.7 
34.6 104.0 122.0 13 .6 
4.62 13.30 15.10 1.72 
19.6 53.1 61.9 8.1 
4.30 9.50 10.70 1.99 
0.60 1.70 2.43 0.84 
3.89 7.61 8.02 2.34 
0.62 1.11 1.05 0.41 
3.75 5.86 5.84 2.61 
0.70 1.03 1.07 0.53 
1.85 2.93 3.1 1 1.61 
0.26 0.42 0.45 0.25 
1.60 2.61 2.87 1.65 
0.28 0.36 0.44 0.23 

48.63 49.34 54.13 
1.09 0.63 0.82 
18.35 14.64 15.60 
8.88 10.17 8.06 
0.16 0.15 0.14 
9.65 13.70 9.14 
9.37 7.46 7.50 
2.87 2.07 2.36 
0.49 1.05 1.21 
0.13 0.09 0.11 
0.49 1.03 0.79 
100.1 100.3 99.9 
0.68 0.73 0.69 
141 198 242 
11.0 31.0 47.0 
1.4 2.6 3.6 
396 230 223 
4.0 4.0 6.0 
1.4 2.6 3.7 
0.2 0.8 1.4 
105 64 55 
3.0 3.5 5.4 
24.9 15.9 25.0 
26 20 27 
44 52 35 
159 127 181 
140 140 80 
400 690 510 
40.0 30.0 20.0 
80 90 90 
16.0 14.0 16.0 
0.2 0.3 0.5 
2.5 1.8 1.7 
8.8 9.2 12.3 
21.1 19.6 28.5 
2.77 2.32 3.66 
12.3 10.2 17.0 
3.21 2.46 4.18 
1.23 0.84 1.01 
3.82 2.74 4.68 
0.66 0.48 0.77 
4.07 2.83 4.46 
0.83 0.55 0.84 
2.44 1.62 2.38 
0.37 0.26 0.35 
2.40 1.66 2.18 
0.35 0.24 0.31 

49.42 
0.78 
17.66 
8.43 
0.13 
10.25 
8.88 
2.82 
0.58 
0.10 
0.84 
99.9 
0.71 
130 
19.0 
1.7 
269 
4.0 
1.7 
0.6 
77 
2.5 
17.6 
21 
46 
116 
170 
330 
70.0 
60 
15.0 
0.2 
2.0 
7.3 
17.2 
2.15 
9.8 
2.40 
0.95 
2.88 
0.50 
3.03 
0.61 
1.79 
0.27 
1.73 
0.26 

49.68 49.89 58.13 
0.75 0.95 1.16 
18.12 18.40 16.74 
7.80 8.43 7.22 
0.13 0.13 0.13 
9.91 8.62 3 .67 
9.10 8.78 6.13 
2.73 3.07 3.23 
0.5 7 0.64 2.71 
0.09 0.13 0.31 
0.91 0.64 0.82 
99.8 99.7 100.2 
0.72 0.67 0.50 
114 142 848 
20.0 23.0 139.0 
2.7 2.8 4.4 
278 281 267 
4.0 4.0 12  
1.4 2.0 7.5 
0.5 0.7 1.8 
76 103 209 
2.3 2.9 13.1 
17.5 20.0 26.7 
21 20 19 
45 41 20 
117 123 116 
160 110 20 
330 210 70 
50.0 40.0 20.0 
70 60 100 
15.0 17.0 23.0 
0.2 0.2 1.0 
1.8 2.5 5.3 
6.5 8.3 36.7 
15.1 19.3 73.7 
1.93 2.41 8.25 
8.9 10.9 33.5 
2.25 2.68 6.78 
0.86 0.97 1.53 
2.69 3.16 6.26 
0.46 0.53 0.91 
2.83 3.22 4.76 
0.57 0.66 0.88 
1.71 1.98 2.42 
0.27 0.30 0.34 
1.74 1.94 2.11 
0.24 0.31 0.29 

"B: Becedillas, BE: Berrocal ; G: Gallegos; MA Martinez; ME: Mercadillo; NH: Navahermosa; NM: Navamorcuende;  S :  La Solanilla; TA: Talavera; TI: El Tiemblo. bGC: Geographic co -ordinates; all samples are within the 30 T zone of the Universal 
Transverse Mercator co-ordinate system, excepting those from Talavera massif which are in the 30 S zone. crotal Fe expressed as Fe203. 
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Fig. 4. Total alkalies vs silica diagram of Le Bas et al. ( 1986) (a)  and K20 vs S i02 plot with 
shoshonitic and low-K to high -K fields after Peccerillo and Taylor ( 1976) (b) for the SCS 
gabbroic and q uartzdioritic intrusions. The line separating alkaline and subalkaline 
domains in diagram (a) and the appinite compositional field are taken, respectively, 
from Irvine and Baragar ( 1971 )  and Bowes and Kosier ( 1993) .  

some of d ifferentiation must have occurred. Given that the 
samples were collected from d ifferent gabbroic intrusions, the 

influence of a crystal fractionation process might be 
evaluated considering the Berrocal outcrop, which is represented by 
four samples with a continuous variation from Mg-rich gabbro to 
quartzdioritic terms. Mg, Fe, Mn, Cr and Ni contents decrease towards 
more differentiated compositions, which might be taken as an 
evi. dence of fractionation of olivine + whereas the other 
major (Si, Ti, Al, Ca, Na, K) and trace (e.g., Rb, Sr, Th, U, Nb, Ta, REE) 
elements increase their concentrations in the more evolved rocks. 
Furthermore, mineral element contents also have a wide 
compositional range, in accord ance with the occurrence of a 
fractionation process. Mineral zoning, such as that by 
plagiodase towards Ab-rich rims, also supports this idea. 

Similar ages of basic and acid Variscan with 
field evidence of local between both magma types 
ocellar quartz and enclaves in quartzdiorites), suggest that 

hybrid ization was an important factor in the evolution of some 
of the stud ied gabbroic intrusions Navahermosa outcrop). 
Moreover, the variation in the la Solanilla outcrop 

.... "' .... 'ULL . .... to suggests assimilation/contamination with the ........ £.t-"rnr • .-nh'r wall rocks. 
The contamination or hybrid ization of a basic magma with crustal­

derived materials should be reflected in their ratios. The Sr­
Nd composition of quartzdiorites from the Navahermosa 
and la Solanilla intrusions exhibits a moderate enrichment when 
compared with the associated Mg-rich To 
test the relevance of hybrid ization processes in their 
these intrusions because show the most corHrilstlll1g 

composition between the basic and intermediate rocks. We estimated 
the degree of mixing or assimilation using Assimilation and Fractional 
Crystallization (AFe) models. Magma mixing can be accompanied 
with concurrent fractionation in the basic melt. Thus, 
AFC modelling could be used to evaluate mixing processes in gabbroic 
melts (e.g. Dias and Leterrier, 1994). To the 
mixing or assimilation involved we have considered the Variscan SCS 
granites and the host as crustal end -members input 
data in 9 caption). The quartzdiorites from Navahermosa massif 
show dear evidence of granite magma mixing. which is in accordance 
with the geochemical variation within this intrusion : eNd is positively 
correlated to Mg# and negatively correlated to Rb/ Sr and Si02 9). 
The results of the AFC model for this massif are based on two d i fferent 
hybrid ization/ fractionation values. Magma mixing rates dose to 
1 8% would be to reach Rb/ Sr ratios similar to those of sample 
1 08604 (Navahermosa) when r = 0.5 9c). On the other hand, la 
Solanilla massif intrudes migmatites, and no evidence of 
magma mixing with granitic intrusives has been observed. The AFC 
model supports 7% assimilation of rocks for r= 0.4. 
Additionally, the geochemical variation shown by samples from the 
MercadiUo intrusion (also emplaced within metamorphic rocks) is in 
accordance with a similar process of wall-rock assimilation (Fig. 9c) .  

6.2. Nature of the mantle sources 

A discussion on the mantle sources should only consider those 
without textural or chemical evidence of hybrid ization 

processes. Although some of the stud ied outcrops (Navahermosa, la 
Solanilla and Mercad illo) have evolved rocks implying open-system 
processes, the accompanying primitive gabbros do not show petro-

or evidence to suggest that these processes were 
involved in their genesis. These Mg-rich gab boric samples ( 1 08038 
and 1 08039 from Talavera; 1 08585 and 1 08588 from la Solanilla ; 
1 08599 and 1 08601 from Navahermosa; 1 07055 from Mercad illo ; 
1 07053 from Berrocal ; and 1 08595 from most probably 
represent the most  basic and uncontaminated rocks of these 
intrusions. The isotopically most enriched gabbros (Talavera 
and Gallegos) show low contents in trace elements which are typically 
enriched in the continental crust Th, U, K or Rb; that do 
not support significant crus tal contamination during magma trans­
port and emplacement. Thus, their isotopic composition represents 
that of the mantle source prior to magma generation. 

The Mg-rich SCS gabbros show differences in their and 
and trace element composition 5, 7 and 8). However, the 

.... L"<L""JU". O compositions defined on the basis of the trace and 
element contents K, Rb, U. and Ca; see Fig. 5 )  with that 
ind icated by the isotopic ratios. Accord ingly, some chemical differ­

be ascribed to source heterogeneities such as variable 
_ n�' ::O rl'n <Y minerals in the mantle phlogopite). 

Chondrite-normalised lREE abundances in the Mg-rich SCS 
gabbros are variable laN = and the lilE show similar 
trend s. However, the trace element normalised patterns are very 
similar for the whole group of 6). By contrast, the 
HREE chondrite-normalised values are homogeneous and 

fractionated (Sm/YbN= 1 .3-2.8 ) .  These moderate ratios 
suggest that melting occurred in the field of 
spinel, although garnet could also be present in the mantle source 
(Fig. 10 )  . 

in addition to the lilE and lREE enrichment, a metasomatic 
process in the mantle source is to account for the negative P 
anomaly (Fig. 6) and the presence of 
hydrous ( phlogop ite, 
requires the presence of a residual ,-,_ r,a , ... ,nIT 

the mantle source and the 
during partial melting. 
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diagrams. 

The pnmltlve mantle-normalised multi-element plots of these 
Mg-rich gabbros show typical arc-like trace element patterns (ULE 
enrichment and deep Nb, Ta and Ti troughs), together with large 
positive Pb anomalies (Fig. 6). Their incompatible trace element ratios, 
such as Th/Yb (0.5-2.1 ), Ta/Vb (0.07-0.32 ), Ce/Pb (mainly 3.4-1 3.3 ) 
and Ba/ Nb (mainly 25-62), are similar to those of the continental 
crust (Rudnick and Fountain, 1 995 ; Rudnick and Gao, 2003), and 
resemble the values recorded by magmas that formed in active 
continental margins (Wilson, 1 989). Taking into account these data, 
the involvement of a crustal-derived or subduction-modified compo­
nent in the mantle sources is apparent. 

The SCS gabbroic and granitic magmas correspond to late 
intrusions during the Variscan orogeny, which occurred in the Central 
Iberian Zone ( the innermost part of the Variscan collisional belt). This 
magmatism developed in an extensional tectonic setting (Doblas et 
al., 1 994), more than 50 Ma after the continental collision had ended 
(e.g., Azor et al., 1 994; Villaseca and Herreros, 2000). The involvement 
of oceanic lithosphere subduction is doubtful. The nearest possible 
location of oceanic crust was the south-western Central Iberian Zone 
boundary, adjacent to the Ossa-Morena Zone, which has been 
considered to be a suture zone (Matte, ] 986; Azor et al., 1 994 ; 
Simancas et al., 2001 ) .  Amphibolite rocks from this suture contact 
have been used as evidence that oceanic materials from the Ossa­
Morena Zone were accreted beneath the Central Iberian Zone in this 
region during the Devonian (G6mez-Pugnaire et al., 2003). However, 
in either case, oceanic accretion is likely to have been located more 
than 300 km to the south of the SCS. There is no geologic evidence 

relating the Central Iberian Zone to oceanic subduction during 
Variscan time and volcanism in this realm from Ordovician to 
Devonian was intraplate, of alkaline geochemical affinity, and mainly 
basaltic in composition (e.g., Higueras et al., 2001 ; GuW�rrez-Alonso 
et al., 2008).  

Thus, recycling of continental crustal components into the mantle 
can be considered as a plausible hypothesis to account for the 
geochemical and isotopic signatures of the SCS primitive gabbros. This 
process, which implies the incorporation of lower/middle crustal 
materials, has been proposed for the European Variscan Bel t by several 
authors (e.g., Turpin et al., 1 988 ;  Becker et al., 1 999; Lustrino et al., 
2000; Monjoie, 2004 ; Massonne, 2005 ) to explain the genesis of post­
collisional gabbroic, pyroxenitic and mafic volcanic rocks. 

The involvement of a crustal Sr-Nd enriched component within 
the mantle should be reflected in the isotopic ratios of the SCS 
primitive gabbros. Their 87Sr/ 86Sr and £Nd radiogenic values show a 
significant variation from 0.7041 to 0.7056 and from + 3.1 to - 1 .6, 
respectively. This compositional range yields a negative correlation 
(Fig. 7 ), which might involve the incorporation of a radiogenic 
component in the mantle source. We have modelled such a process 
considering lower crustal metaigneous and metasedimentary proto­
l iths as potential sources for a hypothetical mixed crustal component. 
The SCS primitive gabbros isotopic variation fits well with a mixing 
model involving the recycling of a lower crustal component, whereas 
the orthogneissic and metapelitic rocks from SCS granulite terrains, 
which represent middle crustal materials, are significantly enriched in 
radiogenic Sr (Fig. 1 1 ). The SCS lower crust isotopic composition has 
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Fig. 6. Chondrite and primitive man tle-normalised trace element composition of the SCS gabbroic (a, c) and quartzdioritic (b, d )  intrusions. Normalising values alter Sun and 
McDonough ( 1989) and McDonough and Sun ( 1995) ,  respectively. 

been estimated from the deep-seated granulitic xenoliths carried 
by SCS Permian ul trabasic alkaline dykes (Vi l laseca et al., 1 999, 2007 ), 
which display equilibrium pressures in the range 0.7-1 .1 GPa. 
Three d ifferent types of lower crustal granulites have been d istin­
guished in the Spanish Central System:  1 )  felsic peraluminous meta­
igneous granulites, 2) metapelitic granulites and, 3) charnockitic 
granulites. Charnockite xenoliths have Sr-Nd rad iogenic values 
similar to those of the SCS gabbros, thus they cannot account for 
the isotopic heterogeneity in the gabbros. Accord ingly, we have 
modelled a mixing process involving an originally d epleted mantle 
source and two d istinct lower crus tal components ( see model 
parameters in Fig. 1 1  caption) .  The latter involves the composition 
of the felsic and pel itic granulites after Villaseca et al. ( 1 999) .  The 

Table 3 
Sr-Nd isotopic composition of the SCS gabbroic intrusions. 

Sample Rock type Location" Rb (ppm ) Sr (ppm) 87Rbj86Sr 87Srj86Sr ±  (20-) 
107038 Gabbro* TA 23.4 261 0.26 0.706692 ± 06 
107039 Gabbro* TA 27.3 301 0.26 0.706702 ± 06 
107048 Q-gabbro NM 57.4 334 0.50 0.708627 ± 05 
107053 Gabbro* BE 52.7 363 0.42 0.706470 ± 06 
107057 Gabbro ME 28.4 305 0.27 0.706356 ± 05 
107055 Gabbro* ME 22.1 354 0.18 0.705468 ± 04 
107632 Gabbro B 82.3 157 1.52 0.712619 ± 06 
108599 Gabbro* NH 20.0 278 0.21 0.705301 ± 07 
108601 Gabbro* NH 23.0 281 0.24 0.705205 ± 06 
108604 Q-diorite NH 139 267 1.51 0.713299 ± 06 
108585 Gabbro* 11.0 396 0.08 0.704401 ± 05 
108588 Gabbro* 7.0 357 0.06 0.704543 ± 05 
108591 Q-diorite 98.0 1406 0.20 0.706570 ± 05 
108595 Gabbro* G 31.0 230 0.39 0.707256 ± 05 

initial mantle component used in the model is isotop ically similar to 
the most d epleted SCS gabbros. The model fits better i fonly the pel itic 
granulites are considered (Fig. 1 1 ) .  Thus, the mixing of a peridotitic 
upper mantle with about 1 -2% of subd ucted continental materials 
geochemically similar to metapel itic granulites adequately accounts 
for the Sr-Nd isotopic composition of the SCS gabbroic intrusions 
(Fig. 1 1 ) .  

Such crus tal influence is  also reflected in the incompatible trace 
element ratios shown by these primitive gabbros. Fig. 1 2  shows the 
composition of the most primitive SCS gabbros and a mixing model 
calculated for eNd and Ba/ Nb-Th/Yb ratios. As explained above, the 
two components used in the model are the lower crustal metapelitic 
xenoliths and the most 144Nd/ 143Nd-depleted gabbros. Similarly, the 

87 Sr j 86Sr30S Ma Sm (ppm) Nd (ppm) 147Sm/44Nd 143Nd/44Nd ± (20-) e (Ndhos M" 
0.70556 3.7 14.5 0.154 0.512471 ± 03 - 1.6 
0.70556 3.2 13.6 0.142 0.512449 ± 03 - 1.6 
0.70647 4.5 20.5 0.133 0.512392 ± 03 - 2.3 
0.70464 5.4 24.8 0.132 0.512525 ± 03 0.3 
0.70518 4.1 18.0 0.138 0.512435 ± 03 - 1.7 
0.70468 3.3 13.5 0.148 0.512574 ± 03 0.7 
0.70603 4.3 19.6 0.133 0.512376 ± 03 - 2.6 
0.70440 2.3 8.9 0.152 0.512618 ± 03 1.3 
0.70418 2.7 10.9 0.149 0.512633 ± 03 1.8 
0.70676 6.8 33.5 0.122 0.512265 ± 04 - 4.4 
0.70405 3.2 12.3 0.158 0.512685 ± 04 2.4 
0.70430 2.0 8.1 0.149 0.512667 ± 03 3.1 
0.70569 10.7 61.9 0.104 0.512317 ± 03 - 2.7 
0.70556 2.5 10.2 0.146 0.512470 ± 03 - 1.3 

Rb, Sr, Sm and Nd concentrations determined by ICP-MS. "B:  Becedillas, BE: Berrocal, G: Gallegos, ME: Mercadillo, NH:  Navahermosa, NM: Navamorcuende, S: La Solanilla, TA: Talavera. 
*The most Mg-rich gabbros, considered for the petrogenesis discussion. 



Table  4 
Pb isotopic composition of the SCS gabbroic intrusions·. 

Sample 107038 107039 107048 107053 107057 107055 107632 

Locationb TA TA NM BE ME ME B 
166pb;164pb 18,547 18,353 18,347 18,263 18,283 18,346 18,254 
207Pbj204Pb 15.630 15 ,633 15,637 15,614 15,634 15 ,645 15,632 
208Pbj204Pb 38,837 38.400 38,317 38,215 38,356 38,377 38,257 

• Pb isotopic data have been determined on feldspar separates, thus the measured 
ratios may be considered the initial values at the age of magma formation. 

b B :  Becedillas, BE: Berrocal, ME: Mercadillo, NM: Navamorcuende, TA: Talavera. 

increasing Th/Yb and decreasing Ba/Nb ratios of the olivine gabbros 
fit well with a low d egree of mixing ( � 2% )  of deep pel itic 
metased iments within the mantle (Fig. 1 2 ) .  

The presence of dense, highly restitic metapelitic granulites 
( p � 3.1 -3.7 g/cm3 ; ViUaseca et al., 1 999) would facilitate lower crustal 
delamination or continental subduction. Even though the nature of 
this component may be unclear, a main conclusion from this study is 
the involvement of a recycled component into the mantle, which 
might be associated with lower crustal material. Such an enrichment 
event accounts for the arc-like signatures of these mantle-derived 
rocks and explains the addition of volatiles to the mantle source. The 
Pb isotope ratios of the SCS gabbroic rocks resemble those of the SCS 
granulite xenoliths (Villaseca et al., 2007) (Fig. 8). These values 
represent the in fluence of an enriched material in the upper mantle, 
which has been also recorded in the SCS Permian alkaline dykes, and 
related to an EMII-like component (Orejana et al., 2008 ) .  The fact that 
the EMII reservoir would be associated with the incorporation of 
continental crustal rocks into the mantle (Zindler and Hart 1 986), 
further supports our proposals involving either continental subduc­
tion or d elamination during the Variscan collision. 

7. Evolution of the subcontinental lithospheric mantle under 

central Spain 

Mantle-derived magmas in central Spain intruded over a long 
period of time, from late Variscan to Early jurassic, thus generating a 
valuable record for the geochemical characterization of their mantle 
sources. Following Villaseca et al. (2004), these rocks comprise the 
Gb1 cale-alkaline gabbroic intrusions stud ied in this work and the 
subsequent suites of dyke swarms with cale-alkal ine (Gb2 ), shosho­
nitic (Gb3), alkaline (Gb4) and tholeiitic (Gb5 ) geochemical affinities. 
This magmatic suite records a highly heterogeneous isotopic compo­
sition, ranging from near PREMA to 87Sr/ 86Sr-enriched radiogenic 
values (Villaseca et al., 2004 and references therein). The enriched 
signature shown by these mafic rocks has been attributed to crustal 
recycling in the source region, crustal assimilation or magma mixing 
during transport or emplacement at shallower levels, or a combina­
tion of these mechanisms. For example, significant contamination is 
likely to be involved in the genesis of the Gb5 jurassic Messejana­
Plasencia tholeiitic dyke. However, the initial Sr-Nd isotopic signa­
tures of their mantle sources, estimated at a pre-assimilation stage 
(87Sr/ 86Sr _ 0.705, 143Nd / 144Nd _ 0.5124;  CebrUi et al., 20:)3), corre-
sponds to a lithospheric composition ( resembling the Bulk Silicate 
Earth: BSE), that clearly overlaps the compositional field defined by 
the SCS gabbros. The highest Sr radiogenic ratios recorded by the SCS 
mafic magmatism (up to 0.7087)  are found in the Gb2 cale-alkaline 
primitive rocks, and have been considered as a possible ind ication of a 
crustal recycling process (Villaseca et al., 2004). Basic rocks from other 
areas within the Iberian Massif show a Sr-Nd composition very similar 
to those of the SCS gabbros (Fig. 7 ). Although these rocks are likely to 
be part of a wid er suite involving more silica-rich magmas (by mixing 
with acid magmas : Galan et al., 1 996 ; Dias et al., 2002 ; Vila et al., 
2005 ), the most d epleted samples overlap the field represented by the 
SCS primitive gabbros. Thus, it is likely that trends showing strong 
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Leterrier ( 1994) and Dias et al. (2002 ) :  gabbros from Pyrenees: Vila et al. (2005 ) :  
mantle xenoliths from western and central Europe: Beccaluva e t  al. (2004) and 
references therein. MORB and PREMA fields taken from Wilson ( 1989) and Zindler and 
Hart ( 1986) ,  respectively. 
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Fig. 9. (a)  Si02, (b)  Mg# and (c )  Rb/ Sr ratio vs E(Nd)o for the SCS gabbroic intrusions. 
The arrows in plots (a) and (b) represent the influence of magma mixing and crustal 
assimilation at shal low levels in the genesis of Navahermosa and La Solanilla massifs, 
respectively. Plot (c) shows the degree of crystal fractionation in two independent AFC 
models made for Navahermosa (grey lines) and La Solani lla (black lines) .  Two 
contrasting assimilation/fractionation ratios have been considered (0.2 and 0.5 for 
Navahermosa and 0.2 and 0.4 for La Solanilla). Initial melt compositions: average of 
samples 108599 and 108601 (Navahermosa), and average of samples 108585 and 
108588 (La Solanil la) .  The composition of the granitic magma mixed with the 
Navahermosa gabbro corresponds with the averaged values of the Variscan SCS 
granites (Vil laseca et al. 1998 ) :  ENd = - 5.7 and Rb/Sr  = 1.6. The composition of the 
assimilated material for La Solanilla gabbro has been taken from averaged SCS 
metapelites (Villaseca et aI., 1998) :  ENd = - 12 and Rb/Sr = 0.96. The bul k ONd (0.32 ) ,  
OSr (0.8) and  ORb (0.08) have been calculated using the  following fractionating phases : 
Pig (50%), Opx (25%), Cpx ( 15%) and 01 ( 10%) ,  and the mineral/melt partition 
coefficients from McKenzie and O'Nions ( 1991 ) ,  except OSr for plagioclase taken from 
Philpotts and Schnetzler ( 1970). 

enrichment in radiogenic Sr coupled with slight variations in £Nd can 
be ascribed to granite magma mixing, while primitive gabbros 
plotting on the mantle array reflect heterogeneities within the mantle 
source. 

However, part of the SCS alkaline suite of dykes shows evid ence for 
the input of a depleted sub-lithospheric component, which has been 
related to the ascent of asthenospheric mantle during widespread 
rifting around 265 Ma (Villaseca et al., 2004 ; Orejana et al., 2006, 
2008). The existence of a depleted reservoir within the lithospheric 
mantle beneath central Spain is also supported by data from this work, 
indicating depleted signatures in the late Variscan gabbros from the 
Central Iberian Zone ( initial £Nd up to + 3.1 ). In this respect, we 
suggest that our potential enriched crustal component would have 
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Fig. 10. La/Srn vs Srn/Vb ratios of the SCS Mg-rich gabbros. The plotted lines represent a 
model for these REE ratios considering a garnet I herzolite. a garnet-spinel Iherzolite 
(with equal proportions of both minerals) and a spinel lherzolite, using the non-modal 
batch melting equations of Shaw ( 1970) and primitive mantle as the starting 
composition. Primitive mantle composition after McOonough and Frey ( 1989) .  

mixed within the d epleted mantle source. Thus, the lithospheric mantle 
under central Spain is more heterogeneous than previously thought 
and expands its composition toward s slightly more depleted values. 

Many investigations have focused on the study of the mantle 
xenoliths included within basic or ultra basic alkaline volcanics from 
western and central Europe to constrain both the nature and 
composition of the sub-continental lithospheric mantle and its history 
of multistage depletion and enrichment events (e.g., Downes and 
Dupuy, 1 987 ; Beccaluva et al., 2001 ; Downes, 2001 ; Downes et al., 
2003 ; Beccaluva et al., 2004 ; H�menias et aL, 2004).  According to these 
works, the Sr-Nd radiogenic composition of the western European 
lithospheric mantle plots within a wide field from MORB to BSE 
(Beccaluva et aL, 2001 ) .  The occurrence of metasomatic enrichment 
events has been frequently detected in these xenoliths and related to 
infiltration of d ifferent types of incompatible element- and volatile­
bearing melts or fluids. This phenomenon may be associated with 
deep asthenospheric melts (Witt-Eickschen and Kramm, 1 998 ) 
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Fig. 11. Mixing models involving a depleted mantle and two different lower crustal 
components (averaged compositions ) :  felsic granulite and metapelitic xenoliths from 
the Spanish Central System. Only the Mg-rich primitive SCS gabbros have been plotted 
( see Table 3). The fields of SCS lower crust granulites are taken from Villaseca et al. 
( 1999) .  Orthogneissic and metapelitic wall- rocks after Villaseca et al. ( 1998) .  Model 
parameters for the depleted component: 143Nd/44Nd = 0.5128, Nd = 1.2 ppm, B7Sr/ 
B6Sr = 0.7028, Sr = 11.3 ppm ( trace element concentrations after Rehkamper and 
Hofmann, 1997 ) .  Model parameters for the felsic granuli tes and metapelites, 
respectively: 143Nd/44Nd = 0.51204, Nd = 30 ppm, B7Sr/B6Sr = 0.709, Sr = 220 ppm: 
143Nd/44Nd = 0.5117, Nd = 40 ppm, B7Sr /B6Sr = 0.713, Sr = 150 ppm. 
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although the involvement of isotopically enriched components could 
be also present (Beccaluva et al., 2001 ; Wilson and Downes, 1 991 ; 
Witt-Eickschen et al., 2003). The latter would result in the increase of 
the 87Sr/ 86Sr ratios, coupled to a decrease in 143Nd / 144Nd.  Witt­
Eickschen et al. (2003) attribute this enrichment in the Cenozoic Eifel 
lithospheric mantle to the incorporation of a crustal component 
during the Variscan orogeny. Similarly, Turpin  et a l. ( 1988) suggest 
that the composition of several Variscan calcalkaline lamprophyres 
from the Armorican, Central and Voges-Schwarzwald Massifs is in 
agreement with the recycl ing of continental crust within the 
lithospheric mantle. Menzies and Bod inier ( 1 993 ) pointed out that 
the western European lithospheric mantle should have evolved in 
response to repeated cycles of collision-subduction and intraplate 
extension throughout the Phanerozoic. They also suggest that some 
Variscan magmas were derived from shallow lithospheric reservoirs 
containing a metasedimentary component. Metasomatism of the 
lithospheric mantle by continental crust duringVariscan time was also 
ind icated by Becker et al. ( 1999) .  Massonne (2005) relates the 
submersion of dense crustal blocks in the thickened Variscan 
collisional belt to delamination processes. 

The primitive uncontaminated mafic magmas of central Spain have 
isotopic signatures similar to the composition of the European 
subcontinental lithospheric mantle (Fig. 7). They are predominantly 
enriched in radiogenic Sr, which is a geochemical feature that might 
be associated with the recycling of continental crust. We propose that 
biotite breakdown melting reactions occurring on lower crustal 
metaigneous or metapelitic materials may have induced formation 
of highly restitic granulites, which could have promoted lower crustal 
delamination and a subsequent mantle metasomatism. In turn, 
recycling of this component would result in heterogeneous isotopic 
compositions such as those recorded by the multistage SCS basic 
magmatism. Whether this recycling took place during the Variscan 
collision or in previous orogenic cycles is a matter that goes beyond 
the scope of this work. 

The Pb isotopic data of the SCS basic intrusives overlap the wide 
field of peridotites from the European sub-continental mantle 
(Downes, 2001, and references therein). Downes (2001 ) suggests 
that two trends of radiogenic Pb enrichment may be distinguished in 
these xenoliths: 1 )  an increase of 206Pb/ 2o4Pb and 207Pb/ 2o4Pb related 
to participation of a HIMU reservoir, and 2) a relative increase in 
207Pb/ 2o4Pb without a significant modification of the 206Pb/ 2o4Pb 
ratios, which could be related to subduction derived agents. The 
composition of the SCS basic rocks does not fit the first possibility, 
because they have moderate to high values of 207Pb/ 2o4Pb and 208Pb/ 
204Pb with respect to those of the 206Pb/2o4Pb ratios (close to the 

PREMA-like isotopic signature) (Fig. 8 ) .  This type of enriched 
composition does not fit either an EM-I component (whose features 
include very low 206Pb/2o4Pb), but would be in agreement with a 
derivation from an EM-IT reservoir (whose composition is thought to 
resemble that of terrigenous sed iments ; Hofmann, 2003 and 
references therein). The d ifference in Pb concentration between the 
continental crust and mantle rocks is much greater than that of Sr and 
Nd . This implies that the Pb isotopic composition of a contaminated 
mantle source is shifted more readily towards the crustal value than 
either the Sr or Nd radiogenic values (Rudnick and Goldstein, 1990). 
This could explain the similarity in the Pb radiogenic compositions 
between the SCS basic mantle-derived rocks and the lower crustal 
granulite xenoliths (Fig. 8) .  

8. Conclusions 

A scarce volume of basic to intermediate magmas (mostly coeval 
with the huge granitic magmatism) intruded in the SCS at the end of 
the Variscan orogeny. Mineral and whole-rock major and trace 
element compositional variations are in agreement with a crystal 
fractionation process cond itioned by crystallization of Cr-spinel and 
olivine. 

Although crustal contamination and granite magma mixing are 
likely to be important factors controlling the composition of the most 
d i fferentiated samples, the most primitive SCS gabbros do not show 
variation in the Sr-Nd isotopic signatures or Rb/ Sr ratio with 
increasing Si02, which implies the absence of significant assimilation 
or hybrid ization with felsic crustal rocks. 

The trace element composition of the SCS gabbroic intrusions is 
characterised by an enrichment of LItE, LREE and Pb coupled to strong 
Nb-Ta-Ti d epletion. Given that no geologic evidence supports oceanic 
plate subduction during late Variscan time in central Iberia, this 
geochemical signature is likely to be related to metasomatism of the 
sub-continental lithospheric mantle via crustal recycling. Models 
based on the incompatible trace elements and Sr-Nd radiogenic ratios 
support a minor contamination ( - 2%) and suggest that the source 
enrichment might be the granulitic lower crust ( probably of 
metapelitic nature). 

The Sr-Nd isotopic composition of the lithospheric mantle under 
central Spain ranges from slightly depleted to variably enriched, and is 
very similar to that of the mantle xenoliths recorded from Permian to 
Cenozoic volcanic materials from western and central Europe. This 
fact suggests that crustal components were recycled d uring the 
Variscan or prior orogenies and variably mixed with a depleted 
mantle. 
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