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Abstract

The alkaline lamprophyres and diabases of the Spanish Central System carry a heterogeneous suite of xenoliths which

includes scarce pyroxenitic and hornblenditic types that can be divided in two groups: (a) pyroxenite xenoliths, including spinel

clinopyroxenites and spinel websterites with granoblastic textures, and (b) hornblende-bearing clinopyroxenites and hornblen-

dites (here after called hornblenditic xenoliths) characterised by the presence of Ti-rich kaersutitic amphibole and magmatic

textures. Both groups of xenoliths can be assigned to the Al-augite series of Wilshire and Shervais (1975) [Wilshire, H.G.,

Shervais, J.W., 1975. Al-augite and Cr-diopside ultramafic xenoliths in basaltic rocks from western United States. Phys. Chem.

Earth 9, 257–272] with Al-rich and Cr-poor mafic phases. Clinopyroxenes show a very similar trace element composition in all

of the ultramafic xenoliths, characterised by convex-upward chondrite-normalised REE patterns and low contents of incom-

patible elements such as Rb, Ba, Th and Nb. Kaersutite in the amphibole-bearing xenoliths shows a similar convex-upward

REE pattern as clinopyroxene. Whole-rock and mineral geochemistry support an origin as cumulates from alkaline to

subalkaline melts for most of the pyroxenites and hornblendites that have been studied. The Sr–Nd isotope ratios of pyroxenite

xenoliths display two extreme compositional poles: one clinopyroxenite plots in the OIB field towards depleted values

(87Sr/86Sr=0.7028 and qNd=6.2), whereas the other pyroxenites plot in enriched lithospheric fields (0.705 to 0.706 and

�2.8 to �3.4, respectively), which implies that different magmas have been involved in their genesis. The hornblenditic

xenolith suite has a very homogeneous isotopic composition, close to the isotopically depleted values of high qNd and low
87Sr/86Sr ratios of one of the pyroxenite xenoliths. Some of these ultramafic xenoliths fall within the isotopic compositional

range of their host alkaline dykes, which also define a bipolar compositional field, suggesting that most of them are cogenetic

with the lamprophyres. P–T estimates yield temperatures in the range of 970–1080 8C and pressures mainly from 0.9 to 1.2 GPa

for pyroxenites, whilst hornblenditic xenoliths give lower (and probably underestimated) pressures (0.7–0.9 GPa). This pressure

range is in agreement with pyroxenites being formed by an underplating event at the upper mantle–lower crust boundary,

whereas pressure estimates for hornblenditic xenoliths suggest equilibration within the lower crust.
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1. Introduction

Alkaline magmas commonly carry mafic and ul-

tramafic xenoliths that constitute a valuable source of

information on the nature of the upper mantle and

the mantle–lower crust boundary (Nixon, 1987;

McDonough, 1990; Downes, 1993; Griffin et al.,

1999). The alkaline dyke swarm of the Spanish

Central System (SCS) has three main outcrops

(Peguerinos, Bernuy Salinero and San Bartolomé

de Pinares) (Fig. 1), where scarce pyroxenite and

hornblenditic xenoliths are recorded. No unambigu-

ous peridotite xenoliths have been found in any of

the SCS lamprophyres.

Although peridotitic xenoliths are usually more

common than pyroxenites, both types are commonly

associated in alkaline volcanic rocks. Most pyrox-
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enites are interpreted as fragments of high pressure

crystal-segregations from melts flowing through

conduits in the mantle or crystallised in magma

chambers (Wilshire and Shervais, 1975; Frey,

1980; Irving, 1980; Bodinier et al., 1987a,b; Suen

and Frey, 1987; Wilkinson and Stolz, 1997; Ho et

al., 2000), providing information about fractionation

of basaltic magmas in the mantle. Nonetheless, other

origins have been advocated, such as solid-state

recycling of subducted lithosphere (Allegre and Tur-

cotte, 1986) and derivation by metasomatic fluids or

by melt-rock reactions (Garrido and Bodinier, 1999).

As the SCS alkaline dykes carry an abundant pop-

ulation of granulitic xenoliths, interpreted as the

residual counterpart of the outcropping Hercynian

granitic batholith (Villaseca et al., 1999), pyroxenite

xenoliths could be also considered part of the
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residual keel of granitoids, as it has been interpreted

in the Sierra Nevada batholith (Ducea and Saleeby,

1998; Ducea, 2001, 2002).

Hornblende pyroxenite xenoliths within alkaline

rocks have been described worldwide (Brooks and

Platt, 1975; Wilshire and Shervais, 1975; Vinx and

Jung, 1977; Frey and Prinz, 1978; Dautria et al., 1987)

and they have often been related to their host (Men-

zies, 1983; Witt-Eickschen and Kramm, 1998), or

considered unrelated, mainly as metasomatized man-

tle fragments or as cumulates from previous mafic

underplating events (Capedri et al., 1989; Frey and

Prinz, 1978; Irving, 1980).

Peridotite xenoliths and less frequently pyroxe-

nite and amphibole-rich xenoliths of mantle or

lower crustal derivation have been described in

different areas of the Iberian Peninsula (Ancochea

and Nixon, 1987; Capedri et al., 1989) and from

western and central Europe (Becker, 1977; Praegel,

1981; Hunter and Upton, 1987; Downes et al.,

2001; Upton et al., 2001; Downes et al., 2002;

Carraro and Visonà, 2003; Witt-Eickschen and

Kramm, 1998). These xenolith suites are mainly

enclosed within host alkaline volcanic rocks with

ages ranging from Cenozoic to Quaternary times.

Much less frequently ultramafic xenoliths have been

described in Palaeozoic igneous rocks, mainly in

the British Isles (Praegel, 1981; Hunter and Upton,

1987; Downes et al., 2001; Upton et al., 2001).

Recently, some ultramafic xenolith suites from the

Cenozoic Puy Beaunit volcano (French Massif Cen-

tral) have been dated at 257F6 Ma (U–Pb in

zircon, Féménias et al., 2003). The ultramafic xeno-

liths described in this paper represent the first

occurrence of mantle xenoliths belonging to a

Palaeozoic subcontinental upper mantle under the

Iberian Peninsula.

In this work, we present a geochemical data set for

mafic and ultramafic pyroxenitic and related horn-

blenditic xenoliths in the Permian alkaline dykes of

the SCS (bulk geochemical and isotopic analyses),

together with laser ablation ICP-MS trace element

microanalyses of the main mineral components. We

discuss the processes involved in their origin and the

nature of their sources, by estimating melts in

equilibrium with xenolithic clinopyroxene and

amphibole, and the possible connection between host

dykes and xenoliths.
2. Geological background

The Spanish Central System is an orogenic terrane

mainly composed of Hercynian granites in its central

part. This granitic batholith was later intruded during

Permian to Jurassic times by several different dyke

suites. These dykes consist of calcalkaline, shoshoni-

tic, alkaline and tholeiitic types (Villaseca et al., 2004)

(see map in Fig. 1). The alkaline dyke swarms can be

divided into two groups: (i) basic to ultrabasic lam-

prophyres (mainly camptonites) and closely related

diabases, and (ii) red gabbroic to syenitic porphyries.

Ultramafic xenoliths have only been found in the

ultrabasic members of the alkaline dyke suite.

The age of these lamprophyres and diabases is

currently unresolved. They have been dated at

283F30 Ma (Rb–Sr isochron; Bea et al., 1999),

277F5 Ma (K–Ar in phlogopite, Villaseca et al.,

2004) and 264F1.3 Ma (Ar–Ar in amphibole, Perini

et al., 2004), but the geochronological data are still

poorly constrained in such a complex dyke swarm. A

Permian age of 270 Ma is used here for isotopic

calculations.

SCS alkaline dykes constitute a heterogeneous suite

according to their geochemical and petrologic charac-

teristics (Villaseca and de la Nuez, 1986; Bea and

Corretge, 1986; Bea et al., 1999; Villaseca et al.,

2004). Together with ultramafic xenoliths, they also

carry kaersutite, clinopyroxene and plagioclase mega-

crysts, probably xenocrystic minerals. Lamprophyres

show a significant compositional range that is also

reflected in their Sr and Nd isotopic ratios. These have

depleted to enriched compositions (Villaseca et al.,

2004), extending over the whole OIB field. An origin

by melting of an enriched subcontinental upper mantle

at depths of between 60 and 85 Km is proposed for this

magmatism (Bea et al., 1999; Villaseca et al., 2004).

The ultrabasic alkaline dykes carry several types of

xenoliths (Villaseca et al., 1983, 1999; Villaseca and

de la Nuez, 1986; Orejana and Villaseca, 2003):

1. Granitic and metamorphic xenoliths similar to the

wall rocks.

2. Lower-crustal granulitic xenoliths.

3. Mafic and ultramafic xenoliths.

The widespread granulitic xenoliths have been ini-

tially classified into three main types (Villaseca et al.,
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1999): (i) felsic to intermediate charnockites, (ii) meta-

pelites and (iii) felsic meta-igneous types; the last

group represent around 95% in volume of the total

of the granulitic xenolith suite. These xenoliths likely

come from different levels of the lower crust and their

origin has been explained as granulitic residua after

granitic melt extraction.

Ultramafic xenoliths represent much less than 1%

in volume of the total xenolith population carried by

the alkaline dykes. These rare mafic and ultramafic

xenoliths have been classified into four types accord-

ing to their petrography and major element mineral

chemistry (Orejana and Villaseca, 2003):

1. Highly altered ultramafic xenoliths which preserve

Mg and Cr-rich diopsides, brown spinel and ede-

nitic amphibole. Fresh olivine has never been

found in this type of xenoliths.

2. Pyroxenite xenoliths: clinopyroxenites and web-

sterites with Al-rich, Cr-poor augite clinopyroxene

and Al-rich orthopyroxene and green pleonaste.

They never contain hydrated minerals (hornblende,

phlogopite).

3. Pyroxenite xenoliths with hydrated minerals: clin-

opyroxenites with Cr-rich clinopyroxene, pargasi-

tic amphibole and Ti-rich phlogopite. Spinel is

always absent.

4. Hornblenditic xenoliths: gabbroic, hornblenditic

and hornblende clinopyroxenitic xenoliths show-

ing a heterogeneous mineralogical composition

(clinopyroxene, kaersutite–pargasite, plagioclase,

black spinel, Ti-rich phlogopite, apatite, carbonate,

analcite and pseudomorphs of olivine). Clinopyr-

oxene and kaersutite have a wide compositional

range characterised by high Ti and low Cr

contents.

Types 2 and 4 are by far the most abundant ultra-

mafic xenoliths in the SCS lamprophyres. Orejana and

Villaseca (2003) relate the highly altered ultramafic

xenoliths to the Cr-diopside suite of Wilshire and

Shervais (1975), also called group I by Frey and

Prinz (1978); types 2 and 4 xenoliths are related to

Al-augite enclaves (Wilshire and Shervais, 1975;

group II of Frey and Prinz, 1978); whereas type 3

pyroxenites cannot be so easily classified within one

of these groups. A cumulate origin from basaltic melts

has been proposed for most of the SCS ultramafic
xenoliths, and a possible linkage with the lamprophy-

ric or diabasic melts of the host dykes is a question to

be discussed (Orejana and Villaseca, 2003). Amphi-

bole megacrysts are also abundant in the outcrops

where xenoliths are found.

Two types of ultramafic xenoliths have been stud-

ied in this work: (a) pyroxenite xenoliths, which

correspond to type 2 pyroxenites of Orejana and

Villaseca (2003), and (b) hornblenditic xenoliths,

which correspond to type 4 xenoliths of Orejana and

Villaseca (2003). We do not include xenoliths from

types 1 and 3 in this work because they are highly

altered (N75 vol.% of secondary minerals in most

cases) and typically very small.

Hornblenditic xenoliths mostly appear in one out-

crop (Bernuy Salinero), whereas pyroxenite xenoliths

have been found in three different outcrops around

Peguerinos and in San Bartolomé de Pinares (Fig. 1).

Nevertheless, due to their larger size, hornblenditic

xenoliths represent more than 50 vol.% of sampled

ultramafic xenoliths.
3. Analytical techniques

Major element mineral composition was deter-

mined at the Centro de Microscopı́a Electrónica

bLuis BruQ (Complutense University of Madrid)

using a Jeol JZA-8900 M electron microprobe with

four wavelength dispersive spectrometers. Analyses

were performed with an accelerating voltage of 15

kV and an electron beam current of 20 nA, with a

beam diameter of 5 Am. Elements were counted for 10

s on the peak and 5 s on each background position.

Corrections were made using ZAF method.

Concentrations of 27 trace elements (REE, Ba, Rb,

Th, U, Nb, Ta, Pb, Sr, Zr, Hf, Y, V, Cr and Ni) in

silicate minerals (clinopyroxene, amphibole and

phlogopite) were determined in situ on N130 Am
thick polished sections by laser ablation (LA-ICP-

MS) at the University of Bristol using a VG Elemental

PlasmaQuad 3 ICP-MS coupled to a VG LaserProbe

II (266 nm frequency-quadrupled Nd-YAG laser). The

counting time for one analysis was typically 100 s (40

s measuring gas blank to establish the background and

60 for the remainder of the analysis). The diameter of

laser beam was around 20 Am. The NIST 610 and 612

glass standards were used to calibrate relative element
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sensitivities for the analyses of the silicate minerals.

Each analysis was normalised to Ca using concentra-

tions determined by electron microprobe. Values

reported in Table 5 correspond to single analyses

from the same thin section.

Whole rock major and trace element analyses of 7

xenoliths and the 3 host alkaline dykes were deter-

mined at the CNRS-CRPG Nancy. The samples were

melted using LiBO2 and dissolved with HNO3. Solu-

tions were analysed by inductively coupled plasma

atomic emission spectrometry (ICP-AES) for major

elements, whilst trace elements have been determined

by ICP mass spectrometry (ICP-MS). Uncertainties in

major elements are bracketed between 1 and 3%,

excepting MnO (5–10%) and P2O5 (N10%). Carignan

et al. (2001) have evaluated the precision of Nancy

ICP-MS analyses at low concentration levels from

repeated analyses of the international standards BR,

DR-N, UB-N, AN-G and GH. The precision for Rb,

Sr, Zr, Y, V, Ga, Hf and most of the REE is in the

range 1 to 5%, whereas they range from 5 to 10% for

the rest of trace elements, including Tm. More infor-

mation on the procedure, precision and accuracy of

Nancy ICP-MS analyses is specified by Carignan et

al. (2001).

Three dykes together with one amphibole mega-

cryst and 6 ultramafic xenoliths were selected for Sr–

Nd isotopic analysis at the CAI de Geocronolog ı́a y

Geoqu ı́mica Isotópica of the Complutense University

of Madrid, using an automated VG Sector 54 multi-

collector thermal ionisation mass spectrometer with

data acquired in multidynamic mode. Isotopic ratios

of Sr and Nd were measured on a subset of whole rock

powder. The analytical procedures used in this labo-

ratory have been described elsewhere (Reyes et al.,

1997). Repeated analysis of NBS 987 gave
87Sr/86Sr=0.710249F30 (2j, n =15) and for the JM

Nd standard the 143Nd/144Nd=0.511809F20 (2j,
n =13). The 2j error on q(Nd) calculation is F0.4.
4. Petrography of xenoliths

The pyroxenite and hornblenditic xenoliths of the

SCS show a marked textural contrast. Pyroxenite

xenoliths always have a metamorphic (crystalloblastic

or porphyroclastic) fabric, whereas hornblenditic va-

rieties have an igneous-like texture. Recrystallization
and crystalloblastic polygonal textures are the com-

monest in the pyroxenites. They have minerals with a

marked lack of twinning and chemical zoning. More-

over, pyroxene crystals never show lamellar exolu-

tion. On the other hand, the presence of chemical

zoning in some clinopyroxenes, together with idio-

morphic habits and the common poikilitic texture of

amphibole, enclosing other phases, suggest a magmat-

ic origin for the hornblenditic xenoliths. The modal

compositions of the xenoliths are listed in Table 1.

4.1. Pyroxenites

This group comprises rounded to planar spinel

clinopyroxenites and one spinel websterite xenolith

that are variable in size (0.4–3.5 cm) (Table 1) and

with a grainsize that almost never exceeds 3 mm.

Commonly, they show equigranular granoblastic tex-

tures, with well-developed triple junctions. Orthopyr-

oxene and clinopyroxene are uncoloured; the former

is usually altered to Mg-rich chlorite whilst the clin-

opyroxenes display purple reaction rims against the

host lamprophyre. Pyroxenite xenoliths usually have

interstitial green spinel of up to 13% in mode and

occasionally accessory calcite. Some accessory sul-

phides appear near the boundary of the xenoliths and

are associated with alteration minerals. Secondary

brown to yellow Mg-rich chlorite is present as veins

or disseminated crystals. Lamprophyric melt can be

seen penetrate the xenoliths along cracks and cause

local alteration. Hydrous minerals like amphibole and

phlogopite are absent. Also remarkable is the absence

of olivine in the studied pyroxenitic xenoliths.

The spinel clinopyroxenite 101892 is petrographi-

cally different to the other pyroxenite xenoliths in

showing a marked cataclastic structure with large

porphyroclastic clinopyroxenes (N1.5 cm) and black

spinel crystals (N4 mm).

4.2. Hornblenditic xenoliths

These xenoliths are almost completely restricted to

Bernuy Salinero, but similar varieties are present in

the San Bartolomé de Pinares outcrop. They have a

variable modal composition that corresponds to gab-

broic, pyroxenitic and hornblenditic types. The main

mineralogy consists of uncoloured to purple clinopyr-

oxene, brown amphibole, plagioclase and black spi-



Table 1

Modal composition and size of SCS pyroxenitic and hornblenditic xenoliths

Type Pyroxenites Hornblenditic xenoliths

Sample 101892 102131 104395 104543D 104546C 104553A 103471 103489 103657A 104382 104385 104389 104391 104392 104529 104543B

Locality* P P P P P P BS BS SB BS BS BS BS BS BS P

Clinopyroxene 94.1 56.8 76.8 69.3 38.7 64.7 61.4 39.7 59.1 0.5 68.5 12.7 76.1 66.5 33.1

Orthopyroxene 32.6

Amphibole 31.6 40.4 86.1 25.2 56.6 15.1 40.5 14.1 14.2 8.7

Phlogopite 0.8 3.0 1.7 0.1 0.7 0.6

Plagioclase 1.7 12.9 12.0 6.9 9.8 0.2

Apatite 0.3 2.8 0.7 0.6

Spinel 5.9 0.8 2.2 13.0 0.8 2.0 0.9 2.7 1.6 0.9 45.1 9.3 35.7

Sulphides 1.1

Calcite 1.1 3.4 0.6 0.9 0.3 0.2

Analcite 1.6 0.9 4.5 1.2

Altered 9.8 18.8 30.7 61.3 22.3 41.3 0.6 18.6 21.9

Size (cm) 0.4�2.2�3 2.7�3.5�1.2 1�1.2 1�0.5 1.5�0.7 1�0.6 3.3�1.2 3.3�1.6 1.1�0.3 3.4�1.7 2�0.6 1.8�0.7 2�1.3 2.2�2.8 1�0.5 0.7�0.8

* P: Peguerinos; BS: Bernuy Salinero; SB: San Bartolomé de Pinares.
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nel. Frequently, they have other minerals in minor

proportions such as rounded olivine pseudomorphs,

interstitial reddish-brown phlogopite–biotite crystals,

globular calcite, interstitial to ocelar analcite and sub-

idiomorphic apatite. Crystals show subidiomorphic

habits and are usually unzoned, excepting some clin-

opyroxenes which show uncoloured cores and pale

purple rims. Poikilitic amphibole enclosing clinopyr-

oxene and probably olivine pseudomorphs is com-

mon, but amphibole can also be included in

clinopyroxene as veins, representing intergrowths, or

interstitial, as well as plagioclase and analcite. Plagio-

clase does not show any textural relationship with

spinel, being an original igneous mineral in the

more gabbroic sectors of the hornblenditic xenoliths.

Thus, a subsolidus transformation of spinel to plagio-

clase by depressurisation is not likely.

Spinel usually appears associated with amphibole

as inclusions. Green clinopyroxene is sometimes pres-

ent in the margins of some xenoliths. The main miner-

als (clinopyroxene, amphibole, plagioclase and spinel)

have variable grainsizes from a few micrometers to

more than 1 cm. The margins of the xenoliths can be

zoned or show evidence of corrosion by lamprophyric

melt.

Similar xenoliths, also accompanied by kaersutite

megacrysts, have been described in Pliocene alkaline

basalts from Tallante (South-eastern Spain) (Capedri

et al., 1989).
5. Mineral chemistry

5.1. Major elements

5.1.1. Pyroxenes

The clinopyroxenes of both xenolith types (pyrox-

enites and hornblenditic xenoliths) have similar com-

positions to those of the Al-augite series of Wilshire

and Shervais (1975) and the group II xenoliths of Frey

and Prinz (1978): they have low MgO (always b16

wt.%) and low Cr2O3 (b0.7 wt.%) concentrations

(Table 2).

Clinopyroxenes of the pyroxenite xenoliths are Cr-

poor augites to diopsides with mg numbers ranging

from 0.77 to 0.85 (Fig. 2). They have high Al2O3 (7–

11 wt.%) and low Na2O (0.5–1 wt.%) contents and

Cr2O3 is usually below 0.2 wt.%, reaching a maxi-
mum of 0.6 wt.% in some high mg number clinopyr-

oxenes. TiO2 concentrations are also quite low,

ranging from 0.5 to 1.2 wt.%. There is a slight trend

to higher Na2O and Al2O3 values and to lower SiO2

and CaO contents with decreasing mg number (Fig.

2). Orthopyroxenes of the websterite xenolith have a

homogeneous composition around En78–En80 and can

be classified as Al-rich, Cr-poor bronzite (Al2O3 from

7.2 to 7.9 wt.% and Cr2O3 from 0.01 to 0.05 wt.%)

(Table 2).

The clinopyroxenes from the hornblenditic xeno-

lith suite are Ti and Al-rich, Cr-poor augites to

salites. They have wider compositional ranges than

those of the pyroxenites: TiO2 (0.5–2.75 wt.%);

Na2O (0.4–1.4 wt.%); CaO (17–24 wt.%); Al2O3

(4–10 wt.%) and mg values from 0.62 to 0.84

(Table 2). The heterogeneity in the clinopyroxene

composition between samples is accompanied by a

core to rim zoned pattern in some crystals from the

same xenolith, characterised by a decrease in mg

number, Cr2O3 and SiO2, and an increase in

Al2O3, TiO2 and Na2O towards the rim, as indicated

with an arrow in Fig. 2. The scarce green clinopyr-

oxene is Fe-rich (mg values around 0.65) and Ti-poor

(sample 103489-23 in Table 2). Similar composition-

al trends of Na, Si, Ca and Al with decreasing mg

number to those observed in the pyroxenites are seen

in the hornblenditic xenoliths.

The major element composition of clinopyroxenes

from both SCS pyroxenite xenolith suites is similar to

that of some clinopyroxenite and hornblendite xeno-

liths from Northern Scotland (Hunter and Upton,

1987; Upton et al., 2001). This similarities mainly

consist of mid to high Al and Ti contents, moderate

mg values (0.66–0.86) and low Cr concentrations,

which are regarded as typical of segregates from

basic alkaline magmas (Wilshire and Shervais, 1975;

Frey and Prinz, 1978).

5.1.2. Amphiboles

The amphiboles of the hornblenditic xenoliths

are kaersutites and pargasites following the classifi-

cation of Leake et al. (1997). As with the clinopyr-

oxenes of this xenolith type, the amphiboles have

wide compositional ranges characterised by high

TiO2 (from 2.6 to 6.8 wt.%) and low Cr2O3

(b0.3 wt.%) contents and mg numbers ranging

from 0.56 to 0.77 (Table 3). Amphiboles show



Table 2

Major element composition of pyroxenes

Clinopyroxenes Orthopyroxene

Type of xenolith Pyroxenites Hornblenditic xenoliths Pyroxenites

Sample 101892 (11) 102131 (59) 104395 (136) 104543D (143) 103489 (23) 103489 (41) 103489 (42) 104382 (198) 104529 (120) 102131 (53) 102131 (66)

SiO2 47.68 48.18 50.08 49.02 50.13 47.37 47.03 47.35 48.31 51.12 50.95

TiO2 0.87 0.55 0.79 0.66 0.64 1.42 2.15 1.46 1.44 0.13 0.17

Al2O3 9.00 9.34 7.78 7.50 5.00 8.24 9.14 8.73 7.79 7.75 7.43

FeOt 6.91 5.87 5.13 5.72 10.77 6.92 7.91 7.92 5.73 11.33 11.49

Cr2O3 0.00 0.02 0.25 0.58 0.06 0.21 0.04 0.00 0.25 0.01 0.02

MnO 0.09 0.09 0.13 0.14 0.31 0.03 0.03 0.16 0.19 0.14 0.03

NiO 0.01 0.04 0.00 0.00 0.07 0.00 0.02 0.00 0.00 0.00 0.03

MgO 13.45 14.26 14.72 14.46 11.22 13.05 10.89 11.94 14.49 27.01 28.03

CaO 20.31 20.36 21.25 21.32 19.65 20.39 20.93 21.28 20.96 1.10 0.70

Na2O 0.94 0.65 0.68 0.65 1.35 0.93 1.14 1.09 0.83 0.06 0.05

K2O 0.00 0.02 0.02 0.01 0.00 0.00 0.00 0.00 0.00 0.01 0.02

Total 99.26 99.38 100.83 92.56 99.20 98.56 99.28 99.93 99.99 98.66 98.93

Cations calculated on the basis of six oxygens

Si 1.759 1.768 1.813 1.793 1.887 1.767 1.759 1.750 1.767 1.834 1.817

AlIV 0.241 0.232 0.187 0.207 0.113 0.233 0.241 0.250 0.233 0.166 0.183

AlVI 0.150 0.172 0.145 0.116 0.109 0.129 0.161 0.131 0.102 0.161 0.129

Ti 0.024 0.015 0.022 0.018 0.018 0.040 0.060 0.041 0.040 0.004 0.005

Fe 0.213 0.180 0.155 0.175 0.339 0.216 0.248 0.245 0.175 0.340 0.343

Cr 0.000 0.001 0.007 0.017 0.002 0.006 0.001 0.000 0.007 0.000 0.001

Mg 0.740 0.780 0.794 0.788 0.630 0.726 0.607 0.658 0.790 1.444 1.490

Ni 0.000 0.001 0.000 0.000 0.002 0.000 0.001 0.000 0.000 0.000 0.001

Mn 0.003 0.003 0.004 0.004 0.010 0.001 0.001 0.005 0.006 0.004 0.001

Ca 0.803 0.801 0.824 0.835 0.792 0.815 0.839 0.843 0.821 0.042 0.027

Na 0.067 0.046 0.048 0.046 0.099 0.067 0.083 0.078 0.059 0.004 0.004

K 0.000 0.001 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.001

Cation sum 4.000 3.999 3.999 4.000 4.000 4.000 4.000 4.000 4.000 3.999 3.999

mg 0.78 0.81 0.84 0.82 0.65 0.77 0.71 0.73 0.82 0.810 0.810

End-members

Wo 45.65 45.40 46.36 46.33 44.75 46.36 49.50 48.14 45.82 2.31 1.44

En 42.07 44.24 44.68 43.72 35.55 41.30 35.84 37.59 44.07 78.90 80.09

Fs 12.28 10.36 8.96 9.95 19.70 12.34 14.66 14.27 10.11 18.79 18.47
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mg numbers close to that of coexisting clinopyrox-

enes. Considering all the amphibole analyses to-

gether, there is a trend towards increasing Ti with

decreasing mg values; this trend is also apparent in

the Ca and K concentrations (both decreasing).

Nevertheless, amphibole crystals are not significant-

ly zoned from core to rim. The kaersutite usually

has a poikilitic texture, whilst pargasite is interstitial

or included within clinopyroxene.
5.1.3. Other minerals

The spinels from both types of xenoliths are Al-rich

and Cr-poor (Table 4). Nevertheless, there are clear

differences between the two types. The pyroxenites

have green compositionally more homogeneous pleo-

naste, with high Al2O3 ranging from 61 to 66 wt.% and

high mg numbers ranging from 0.58 to 0.71 (Fig. 3).

The hornblenditic xenoliths have Fe-rich black spinel

with wider compositional ranges (mg numbers from



Table 3

Major element composition of amphiboles

Type of xenolith Hornblenditic xenoliths

Sample 104382 (201) 103489 (36) 104529 (137) 103471 (52) 104392 (98)

SiO2 39.36 39.02 40.59 38.68 38.94

TiO2 5.52 5.18 3.57 5.32 5.67

Al2O3 14.81 14.64 14.84 14.46 14.90

FeOt 10.80 12.63 8.40 10.49 9.04

Cr2O3 0.00 0.08 0.01 0.00 0.01

MnO 0.12 0.00 0.09 0.07 0.11

NiO 0.07 0.03 0.00 0.01 0.03

MgO 11.98 10.43 14.19 11.90 12.28

CaO 11.15 11.31 11.30 11.11 12.83

Na2O 2.88 2.96 2.80 2.95 2.63

K2O 0.92 1.23 1.40 1.10 1.19

Total 97.61 97.51 97.19 96.09 97.63

Cations calculated on the basis of 24 (O, OH, F)

Si 5.929 5.940 6.090 5.820 5.810

AlIV 2.071 2.056 1.910 2.180 2.186

AlVI 0.556 0.570 0.713 0.370 0.435

Ti 0.625 0.590 0.403 0.600 0.640

Fe 1.361 1.610 1.054 1.320 1.130

Cr 0.000 0.010 0.001 0.000 0.001

Mg 2.690 2.370 3.174 2.670 2.730

Mn 0.015 0.000 0.011 0.010 0.010

Ca 1.800 1.850 1.817 1.790 2.050

Na 0.841 0.880 0.815 0.860 0.760

K 0.177 0.240 0.268 0.210 0.230

Cation sum 16.066 16.116 16.256 15.830 15.982

mg 0.66 0.60 0.75 0.67 0.71
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0.36 to 0.56, Al2O3 from 50 to 60 wt.% and slightly

higher TiO2 concentrations). The black spinel of sam-

ple 101892 (sp-clinopyroxenite xenolith) shows com-

positional characteristics that connect both groups (Fig.

3). Nevertheless, spinels from this cataclastic clinopyr-

oxenite show higher estimated Fe2O3 concentrations,

plotting outside the general trend (Fig. 3).

The hornblenditic xenoliths have Ti-rich, Cr-poor

phlogopite–biotite (TiO2 ranges from 4.7 to 6.1 wt.%

and Cr2O3 b0.2 wt.%) (Table 4). These are heteroge-

neous in composition, reflected in their mg numbers

(0.61–0.80) and SiO2 (34–37.5 wt.%) and K2O (7.3–

9.3 wt.%) concentrations. As with the coexisting clin-

opyroxene and amphibole, the micas show a slight

compositional trend of decreasing Si, Ti, K and Na

with decreasing mg number.

Plagioclaseonlyoccurs inhornblenditic xenoliths and

has a homogeneous andesine composition (An34–An48).
5.2. Trace elements

5.2.1. Clinopyroxenes

Clinopyroxenes from both pyroxenite and horn-

blenditic xenoliths have very similar high REE

contents (Table 5), showing convex-upward patterns

on chondrite-normalised abundance plots with the

peak abundance close to Sm or Eu. The REE are

typically greater than 10 times chondrite concentra-

tions (Fig. 4A).

Multielement primitive mantle-normalised dia-

grams display similar homogeneous patterns for

both types of xenoliths, with Ba, Nb, Sr, Zr

and Ti showing characteristic troughs. Except for

LILE and some other incompatible elements (Nb,

Ta, Sr and Zr), the clinopyroxenes are around 10

times enriched with respect to primitive mantle

(Fig. 4B).



Table 4

Major element composition of spinels and micas

Spinel Phlogopite/biotite

Type of xenolith Pyroxenites Hornblenditic xenoliths Hornblenditic xenoliths

Sample 101892 (8) 104553A (16) 103471 (53) 104543B (69) 103471 (103) 104529 (135)

SiO2 0.08 0.04 0.07 0.14 36.06 36.4

TiO2 0.39 0.25 0.86 5.08 6.08 5.39

Al2O3 60.18 63.45 57.35 31.87 16.18 16.74

NiO 0.01 0.00 0.04 0.06 0.00 0.00

Cr2O3 0.00 0.53 0.23 13.00 0.06 0.04

FeO* 16.44 15.01 21.33 30.12 11.71 9.13

Fe2O3** 6.52 2.19 5.30 12.82 – –

MnO 0.11 0.10 0.09 0.36 0.03 0.07

MgO 17.01 17.76 13.14 7.48 14.55 17.23

CaO 0.00 0.00 0.00 0.00 0.02 0.06

Na2O 0.00 0.01 0.00 0.00 0.58 0.75

K2O 0.00 0.01 0.01 0.00 9.34 8.83

Total 100.75 99.35 98.42 100.93 94.61 94.64

Cations calculated on the basis of 32 and 16 oxygens for spinel and mica, respectively

Si 0.020 0.010 0.020 0.040 5.600 5.560

Ti 0.060 0.040 0.140 0.970 0.710 0.620

Al 14.990 15.510 14.940 9.530 2.961 3.011

Ni 0.000 0.000 0.010 0.010 0.000 0.000

Cr 0.000 0.090 0.040 2.610 0.010 0.000

Mn 0.020 0.020 0.020 0.080 0.000 0.010

Fe2+ 2.860 2.590 3.890 6.160 1.520 1.170

Fe3+ 1.020 0.340 0.870 2.360 – –

Mg 5.360 5.500 4.330 2.830 3.370 3.920

Ca 0.000 0.000 0.000 0.000 0.000 0.010

Na 0.000 0.000 0.000 0.000 0.170 0.220

K 0.000 0.000 0.000 0.000 1.850 1.720

Cation sum 24.330 24.100 24.260 24.590 16.191 16.241

Cr 0.00 0.01 0.00 0.22

mg 0.58 0.65 0.48 0.25 0.69 0.77

* Fe content of phlogopite–biotite analyses is expressed as FeOtotal.

** Fe2O3 content in spinel analyses is calculated after Droop (1987).
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These data show compositional similarities and

display equivalent normalised patterns when com-

pared to pyroxenites and hornblendites from sev-

eral localities in Scotland (Tingwall, Duncansby

Ness and Fidra) (Downes et al., 2001; Upton et

al., 2001); the French Massif Central (Downes

and Dupuy, 1987) and the Eifel (Germany)

(Witt-Eickschen and Kramm, 1998). Similar trace

element contents, convex-upward REE patterns

and negative anomalies in Ba, Nb, Sr and Zr

are common in clinopyroxenes from those Euro-

pean ultramafic xenoliths. Nevertheless, clinopyr-

oxenes from pyroxenites and hornblendites from
the Eifel (Witt-Eickschen and Kramm, 1998),

interpreted as mafic layers or veins within a

lherzolitic mantle, show a marked negative anom-

aly at Th–U, which is absent in the SCS ultra-

mafic xenoliths.

5.2.2. Amphiboles

The amphibole trace element compositions from

hornblenditic xenoliths are shown in Table 5. They

show convex-upward REE patterns with a positive

Eu anomaly that closely resemble those of clino-

pyroxenes, but with higher concentrations (Fig.

5A). This is consistent with cumulate processes as
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described for Al-augite pyroxenites (Irving and

Frey, 1984; Ho et al., 2000). The trace element

abundances show characteristic peaks in Ba, Nb,

Ta, Sr, Eu and Ti, and troughs in Th and Zr

(Fig. 5B). These data are similar to amphiboles

from pyroxenitic and hornblenditic magmatic segre-

gates (Bodinier et al., 1987a, 1990; Witt-Eickschen

and Kramm, 1998; Upton et al., 2001).

5.2.3. Phlogopites

Trace element primitive mantle-normalised dia-

grams of phlogopites from hornblenditic xenoliths

are characterised by an irregular pattern with marked

troughs at Th and LREE and peaks at Nb–Ta, Sr and

Hf–Zr (Fig. 6). Nb–Ta contents in phlogopites are

comparable with those of the accompanying amphi-

boles. This feature and the trace element patterns

closely resemble those of phlogopites from ultramafic

xenoliths that have previously been interpreted as

magmatic segregates or the products of crystallization
in veins within the mantle (Moine et al., 2000; Ionov

et al., 1997).
6. Bulk chemistry of xenoliths

6.1. Major and trace elements

The major element chemistry of pyroxenites is

characterised by phases with higher mg numbers

(0.76–0.77) and higher SiO2 and CaO contents

when compared to the hornblenditic xenoliths, whilst

their TiO2, Na2O, K2O and Fe2O3 concentrations are

generally lower (Table 6; Fig. 7). Where heteroge-

neity exists in the pyroxenites, it is mainly due to

presence of orthopyroxene in websterite and Si-poor

alteration products in sample 104395, whereas the

proportions of clinopyroxene and kaersutite deter-

mine the whole-rock composition of the hornblendi-

tic xenoliths. In terms of CIPW normative
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compositions, pyroxenite 104395 has 18.7 wt.% ol-

ivine (it would plot as an olivine clinopyroxenite on

a Hy–Ol–Di normative diagram) whereas the other

pyroxenites have very similar modal and normative

proportions.

Within each group, the xenoliths exhibit homoge-

neous trace element compositions (Table 6). Pyrox-

enites show convex-upward chondrite-normalised

REE pattern (Fig. 8A) which is typical of pyrox-

ene-dominated segregates (McDonough and Frey,

1989). Primitive mantle-normalised trace element

abundances show differences in some LILE (Ba,

Rb and K) and HFSE (Nb, Ta and Ti), but are
similar for other trace elements (Fig. 8B). Xenolith

101892 is poorer in Rb, Ba, Th, K and P, with

respect to the other pyroxenite xenoliths, but has

similar MREE and HREE abundance to the horn-

blenditic suite. Troughs in Nb–Ta, Sr, P, Zr and Ti

and a positive peak in Pb are common in analysed

pyroxenite xenoliths, with the exception of clinopyr-

oxenite 101892 which shows low Pb concentrations

(b0.9 ppm) (Fig. 8B).

The hornblenditic xenoliths are generally enriched

in REE and other trace elements (specifically LILE

and some HFSE: Th, U, Nb, Ta and Zr) when com-

pared to the pyroxenites. In addition, they have almost

flat LREE patterns from La to Nd and steep patterns

from Nd to Lu (Fig. 8A). Trace element-normalised

diagrams show a homogeneous pattern characterised

by a positive anomaly at Nb–Ta and troughs at Th–U,

P and Zr (Fig. 8B). The variable Ti and Sr composi-

tional patterns may be due to differences in rock

mode; abundance of kaersutite would control whole

rock Ti concentrations and plagioclase would control

Sr concentrations. Pb concentrations also show

marked variability, with some samples displaying

positive anomalies, whereas others have negative

anomalies (Fig. 8B).

6.2. Sr–Nd isotopic composition

The pyroxenites have remarkably heterogeneous

initial Sr (0.7028–0.7056) and Nd (0.51211–

0.51261) isotopic ratios (Table 7) falling at two

extremes within the OIB compositional field (Fig.

9). Two of the pyroxenite samples (websterite and

altered clinopyroxenite) have more radiogenic com-

positions, which is characteristic of lithospheric

mantle, very common in post-Hercynian basic mag-

matism (Villaseca et al., 2004), whereas clinopyr-

oxenite 101892 has a very different isotopic

signature, similar to the hornblenditic xenolith

suite (Fig. 9). This latter group shows a much

more homogeneous composition with high qNd
(5.9–6) and low 87Sr/86Sr (0.7029–0.7034) when

compared with the pyroxenites, and they plot near

the depleted extreme of the OIB field, close to the

MORB compositional field.

The isotopic composition of pyroxenites from

different European regions is plotted for comparison

in Fig. 10 (isotopic ratios calculated to 270 Ma).



Table 5

LA-ICP-MS analyses of mafic minerals from SCS xenoliths

Clinopyroxenes

Type of xenolith Pyroxenites Hornblende pyroxenites

Sample 101892-5 101892-9 101892-16 102131-5 102131-7 103471-5 103471-9 103471-16 103471-17

(I)

V 399.70 384.60 409.80 503.00 526.20 365.80 425.40 367.90 366.30

Cr 17.49 485.60 22.85 286.60 292.60 506.80 586.20 1605.00 90.42

Ni 146.80 189.00 130.60 119.10 125.50 226.20 239.80 255.00 186.50

Rb 0.66 0.46 n.d. 0.62 0.44 0.46 0.50 0.85 0.88

Sr 78.80 53.98 79.13 46.87 48.17 64.76 81.95 61.83 116.60

Y 17.58 16.14 16.85 19.61 19.06 15.37 18.85 17.26 17.31

Zr 42.36 35.96 41.32 30.77 28.43 29.57 39.04 89.80 67.02

Nb 0.41 0.34 0.54 0.14 n.d. 0.64 0.51 0.79 0.91

Ba 0.88 0.86 0.59 n.d. 1.10 n.d. 1.36 n.d. n.d.

La 3.29 2.32 3.21 2.83 3.61 2.40 3.17 7.41 6.63

Ce 12.61 8.66 11.94 13.30 13.42 8.59 11.17 20.81 20.39

Pr 2.09 1.53 1.90 2.14 2.29 1.63 1.98 2.95 3.19

Nd 11.65 10.07 11.42 12.89 12.72 8.93 11.92 13.95 16.30

Sm 4.63 3.67 3.28 4.30 5.36 3.10 3.72 4.70 4.94

Eu 1.40 1.54 1.34 1.22 1.32 1.38 1.61 1.48 1.78

Gd 3.46 2.21 3.56 3.83 3.91 4.22 4.42 4.04 2.69

Tb 0.67 0.60 0.67 0.61 0.74 0.52 0.68 0.65 0.84

Dy 3.60 2.91 3.63 3.80 3.79 3.71 4.30 4.06 3.56

Ho 0.63 0.63 0.72 0.72 0.85 0.49 0.74 0.69 0.89

Er 1.86 1.73 1.66 2.15 2.07 1.26 1.97 2.04 1.54

Tm 0.29 0.26 0.28 0.29 0.33 0.17 0.18 0.28 0.37

Yb 1.76 1.58 1.60 2.27 2.40 1.30 1.33 2.13 1.65

Lu 0.27 0.23 0.20 0.29 0.35 0.20 0.29 0.25 0.23

Hf 1.93 2.08 1.83 1.58 1.56 1.08 2.17 2.47 2.78

Ta 0.10 n.d. 0.10 n.d. n.d. 0.07 0.11 0.15 0.13

Th 0.09 0.08 0.12 0.22 0.30 n.d. 0.15 0.39 n.d.

U n.d. n.d. n.d. n.d. 0.09 0.08 n.d. 0.22 n.d.

Orthopyroxenes Amphiboles Phlogopite

Type of xenolith Pyroxenites Hornblende pyroxenites Hornblende pyroxenites

Sample 102131-1 102131-3 103471-2 103471-10 103471-11 103471-12 103471-1 103471-7

(II)

V 224.1 225.9 418.2 516 524.9 453.3 359 374.6

Cr 151.9 161.0 237.1 77.58 72.04 89.41 264.8 364.5

Ni 102.6 126.7 154.9 293.7 198.9 209.8 327.1 369

Rb 0.58 n.d. 6.541 4.839 4.779 6.801 634.3 763.3

Sr 0.22 0.20 791.2 853.1 891.1 762.9 18.88 18.75

Y 1.76 1.75 23.16 24.15 24.84 28.85 n.d. 0.243

Zr 3.43 4.03 57.07 42.84 50.94 54.52 46.84 24.97

Nb 0.20 n.d. 46.83 35.33 33.79 47.35 73.49 32.36

Ba n.d. n.d. 454.9 399.1 442.1 448.5 662.4 1136

La n.d. n.d. 7.648 6.556 6.689 8.267 0.094 n.d.

Ce n.d. 0.08 27.21 20.16 21.46 28.37 n.d. n.d.

Pr n.d. n.d. 4.397 3.487 3.752 5.13 0.057 n.d.

Nd n.d. n.d. 22.26 20 20.44 25.27 0.454 0.394

Sm n.d. n.d. 6.968 5.825 5.68 7.468 n.d. 0.887

Eu 0.09 0.08 2.727 2.396 2.753 3.267 0.146 0.102

Gd n.d. n.d. 6.445 6.321 5.691 7.816 n.d. 0.391

Tb 0.07 n.d. 0.905 0.97 0.829 1.234 n.d. n.d.
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Orthopyroxenes Amphiboles Phlogopite

Type of xenolith Pyroxenites Hornblende pyroxenites Hornblende pyroxenites

Sample 102131-1 102131-3 103471-2 103471-10 103471-11 103471-12 103471-1 103471-7

Dy 0.37 0.24 4.763 5.156 5.337 6.284 0.248 0.175

Ho 0.08 0.09 0.869 0.975 0.924 1.016 0.045 n.d.

Er 0.23 0.38 2.1 1.884 2.243 2.569 n.d. n.d.

Tm 0.06 0.07 0.259 0.379 0.177 0.451 0.049 n.d.

Yb 0.53 0.46 2.01 1.723 1.792 3.02 n.d. 0.209

Lu n.d. 0.09 0.271 0.28 0.25 0.33 n.d. n.d.

Hf 0.17 0.25 1.897 2.1 1.821 2.059 0.977 0.582

Ta n.d. n.d. 2.371 1.79 1.671 2.11 4.344 2.681

Th n.d. n.d. 0.15 0.187 n.d. 0.139 n.d. 0.08

U 0.06 n.d. n.d. 0.049 n.d. n.d. 0.218 0.111

n.d.: not detected.

Table 5 (continued)
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Scottish (Fidra) pyroxenites (Downes et al., 2001)

have an isotopic signature very close to that of the

hornblenditic xenoliths suite, whilst pyroxenitic

xenoliths from French Massif Central (FMC), main-

ly restricted to the Puy Beaunit volcano, plot to-

wards more radiogenic fields (Downes and Dupuy,

1987).
7. Bulk chemistry of alkaline dykes

Except in few instances, the SCS alkaline lampro-

phyres and diabases are ultrabasic in composition and

show a predominant potassic character, with K2O/

Na2O ratios ranging from 0.4 to 2.7. Their mg numb-

ers are variable (0.42–0.70) and have high TiO2 and

P2O5 contents. Based on whole rock geochemistry,

they are alkaline lamprophyres (following Rock,

1991), although some would be better classified as

diabases due to the presence of plagioclase pheno-

crysts. They have high LILE contents, around 100

times primitive mantle values (Fig. 8D). Although

SCS lamprophyres and diabases show slight differ-

ences in trace element composition, their REE chon-

drite-normalised and trace element primitive mantle-

normalised patterns are very similar. The host dykes

of Peguerinos, Bernuy Salinero and San Bartolomé de

Pinares show similar trace element patterns, with

steep REE and characteristic peaks at Ba, K and Ta

and troughs at Pb, U and Th, falling within the SCS

lamprophyre compositional field (Fig. 8C,D). The

Peguerinos dyke is slightly depleted in trace elements
when compared to the Bernuy Salinero and San Bar-

tolomé de Pinares dykes, and there are some differ-

ences in P and Zr concentration (Fig. 8D). The high

Ce/Pb and Nb/U ratios of lamprophyres (around 25

and 50, respectively) are in a similar range to OIB

values (Wilson, 1989) and they also show a similar

trace element pattern, although lamprophyres show

higher incompatible trace element contents, mainly

in the LILE (Fig. 8D).

The Sr–Nd isotopic ratios of the host lamprophyres

are shown in Fig. 9. They plot in two isotopically

differentiated fields: one of them falls near the Sr-

depleted isotopic pole defined mainly by the horn-

blenditic xenoliths suite, whilst the other field plots

close to the enriched extreme corresponding to some

pyroxenites. These similarities in their isotopic com-

position suggest some relationship between the xeno-

liths and the host alkaline dykes. In both cases, there

is a lack of intermediate values between these two

compositional poles (Fig. 10).
8. Discussion

8.1. P–T conditions

Pressure and temperature estimates of the equili-

bration conditions for the SCS mafic and ultramafic

xenoliths have been calculated using geothermoba-

rometers based mainly on clinopyroxene and amphi-

bole compositions. This is due to the absence of

unaltered garnet, olivine or orthopyroxene in the ma-
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jority of the xenoliths. Nonetheless, we have applied

three thermometers based on two-pyroxene chemistry,

to the websterite xenolith (Wood and Banno, 1973;

Wells, 1977; Brey and Köhler, 1990). The results are

summarised in Table 8.

The average temperatures obtained for single-py-

roxene thermometry (Mercier, 1980) in the pyroxe-

nites show a narrow range from 1031 8C to 1077 8C.
Two-pyroxene thermometers yield temperatures in

general agreement with those of the Mercier (1980)

single-clinopyroxene thermometer, although the latter

gives temperatures that are higher by 60–80 8C. The
average T-values estimated for hornblenditic xenoliths
using the Mercier (1980) geothermometer are gener-

ally lower than those for the pyroxenites and show a

wider range from 848 8C to 1059 8C, with the excep-

tion of sample 104543B (1187 8C). These results are

clearly controlled by differences in clinopyroxene

composition, not only between different xenoliths,

but also due to the presence of chemical zoning.

The standard deviation (r) for calculated T-values

using the Mercier (1980) geothermometer, indicates

a narrow variation for pyroxenites (whose clinopyr-

oxenes are homogeneous in composition), with r-
values from F6–26 8C, whilst hornblenditic xenoliths
have similar r-values from F4 to F27 8C, excluding
xenoliths 103471 and 103489, which show higher

values (F40 to F47 8C). This higher uncertainty is

due to wider compositional ranges in clinopyroxenes

of these hornblenditic xenoliths. To assess the effect

on temperature estimates, we have calculated tempera-

tures for a zoned clinopyroxene crystal from sample

103489 (chemical zoning is shown in Fig. 2). Esti-

mated temperature for the core analysis (which shows

the highest mg number) yields 1107 8C, whereas the
middle and rim analyses yield 1023 and 834 8C,
respectively. The lower T-estimates in other hornblen-

ditic xenoliths (in the range 848–927 8C) may indicate

conditions close to those of clinopyroxene rims, sug-

gesting a relatively lower range of T-estimates for this

suite. The geothermometer of Otten (1984), based on

the Ti content in amphibole, has been applied to

hornblenditic xenoliths, yielding generally higher av-

erage temperatures (with r-values always below F27



Table 6

Whole-rock analyses of xenoliths and host rocks

Type of rock Pyroxenite xenoliths Hornblenditic xenoliths Host dykes*

Sample 101892 102131 104395 103471 104382 104386 104392 101892 (P) 81839 (BS) 104541 (SB)

SiO2 46.82 47.25 39.75 43.94 42.01 41.19 43.90 42.45 43.94 43.96

TiO2 1.36 0.60 0.59 2.66 1.72 1.45 2.52 2.39 2.30 2.85

Al2O3 9.44 9.06 15.40 10.39 14.31 9.82 11.60 16.04 15.98 14.67

Fe2O3t 8.21 10.86 9.45 10.27 10.78 11.81 8.05 11.99 12.34 10.25

MnO 0.16 0.17 0.12 0.17 0.15 0.16 0.11 0.19 0.19 0.13

MgO 13.18 18.15 15.10 11.90 11.53 13.89 12.26 5.95 5.74 7.83

CaO 19.00 11.39 14.82 15.87 13.85 15.24 18.78 8.62 8.49 8.32

Na2O 0.94 0.43 0.50 1.73 1.95 1.01 1.25 3.14 3.14 2.31

K2O 0.02 0.09 0.052 0.62 0.61 0.49 0.36 1.75 2.98 3.79

P2O5 0.05 0.11 b.d.l. 0.15 0.15 0.16 0.10 0.43 1.00 0.72

LOI 0.59 1.72 4.30 2.25 2.80 4.71 0.89 7.05 3.31 5.29

Total 99.77 99.83 100.08 99.95 99.86 99.93 99.82 100.00 99.41 100.12

mg 0.76 0.77 0.76 0.70 0.68 0.70 0.75 0.50 0.52 0.60

Ba 25 99 26 166 104 192 80 616 947 1425

Rb 2.4 10.5 7.6 10.4 21 11.8 8.6 56.5 129 115

Cs 2.0 4.5 6.5 1.3 49.6 1.8 6.9 56.1 75.7 6.5

Sr 82.2 47.2 60.7 373 248 177 182 1387 942 1266

Pb b.d.l. 1.6 2.6 2.2 1.9 4.2 b.d.l. 3.8 3.7 5.8

Th 0.18 0.19 0.27 0.99 0.72 0.72 0.47 4.01 6.42 6.94

U 0.08 b.d.l. 0.07 0.33 0.19 0.23 0.14 1.02 1.87 1.82

Zr 53 26 28 84 79 67 73 174 216 356

Nb 1.61 0.84 0.65 19.3 12 15.9 7.45 49.1 96.8 107

Y 20.8 15.5 16 21.9 23.8 20.1 20.6 27 28.5 23.5

Co 39 62 86 48 60 62 47 36 32 34

V 401 398 356 342 314 271 392 159 152 256

Ni 45 65 290 206 209 265 110 54 53 103

Cr 13.2 248 1226 1104 308 1033 161 118 142 272

Cu 9.2 29.5 56 66.3 39 58.9 53 37.9 36 39.2

Zn 32.7 55.9 143 62.1 113 99 48.8 75.1 86 95.9

Ga 11.4 11.5 22.4 13.3 21.5 16.6 15.1 16.5 18 20.1

Ta 0.21 0.08 0.06 1.34 0.96 1.11 0.65 3.52 6.01 8.52

Hf 2.07 1.13 1.18 2.14 2.6 2.02 2.77 3.83 5.4 7.47

La 3.82 2.61 3.21 9.25 9.73 9.64 6.98 55.30 56.1 61.30

Ce 12.80 7.84 10.60 24.40 24.60 22.10 18.20 104.00 104 120.00

Pr 2.20 1.47 1.95 3.53 3.75 3.17 2.93 11.30 11.5 13.60

Nd 11.60 8.76 10.80 17.10 18.70 15.30 15.20 42.20 46.5 50.90

Sm 3.62 2.72 3.37 4.86 5.02 3.94 4.60 7.65 8.91 8.69

Eu 1.37 0.74 0.98 1.78 1.76 1.42 1.69 2.44 2.94 2.82

Gd 4.60 2.89 3.42 5.12 5.09 4.17 4.96 6.65 7.52 6.85

Tb 0.62 0.39 0.53 0.74 0.79 0.68 0.77 0.93 1.21 0.88

Dy 3.91 2.41 3.03 4.25 4.63 3.97 4.35 5.16 6.06 4.82

Ho 0.86 0.57 0.58 0.79 0.85 0.75 0.79 0.97 1.06 0.82

Er 2.05 1.60 1.60 2.01 2.32 1.95 1.99 2.56 3.3 2.25

Tm 0.29 0.24 0.22 0.28 0.32 0.28 0.26 0.37 0.446 0.30

Yb 1.88 1.59 1.37 1.70 2.02 1.71 1.55 2.42 2.75 2.03

Lu 0.26 0.25 0.20 0.26 0.28 0.26 0.21 0.37 0.405 0.29

b.d.l.: below detection limit. P2O5 b 0.05 wt.%, Pb b 0.9 ppm and U b 0.07 ppm.

* P: Peguerinos; BS: Bernuy Salinero; and SB: San Bartolome de Pinares.
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8C) when compared to those obtained by Mercier

(1980) (Table 8).

Pressure estimates are broadly constrained by the

absence of garnet from all xenoliths. The experimen-

tally determined low-pressure limit for stability of

garnet in pyroxenites is in the narrow range of 1.1–

1.3 GPa (Irving, 1974; Griffin et al., 1984; Hirsch-

mann and Stolper, 1996), that is less than 40 km in

depth. The spinel to plagioclase subsolidus transfor-

mation in pyroxenites has a higher uncertainty, but

both minerals have been found coexisting at pressures
below 0.8 GPa in experiments with a garnet clinopyr-

oxenite (Irving, 1974), but a more precise lower pres-

sure limit is difficult to establish for the SCS

pyroxenitic xenoliths. The presence of plagioclase in

hornblenditic xenoliths is not related to any recrystal-

lization process after spinel consumption, being an

abundant igneous mineral in the more gabbroic sec-

tors of this type of xenolith.

Pressure estimates have been obtained using the

barometer of Nimis and Ulmer (1998), which consid-

ers only clinopyroxene composition. Pyroxenite xeno-
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liths yield P-estimates ranging from 0.88 to 1.17 GPa,

except sample 104543D which gives a much lower

pressure of 0.77 GPa. The hornblenditic xenoliths

yield lower pressures from 0.68 to 0.87 GPa (Table

8). Nimis and Ulmer (1998) considered four different

compositional pressure calibrations: anhydrous alka-

line (BA), hydrous alkaline (BH), tholeiitic (TH) and

mildly alkaline (MA). Although the BH calibration

seems to be the best approximation for some of the

xenoliths studied here (those with hydrous minerals

amphibole and phlogopite), the results obtained, using

the Mercier (1980) geothermometer estimated tem-

peratures as a necessary input, are unrealistic. Esti-

mated pressures in hornblenditic xenoliths would

range from 1 to 2.4 GPa, which should be reflected

in the common presence of garnet in most of them, in

obvious contradiction with their petrography. On the

other hand, Nimis and Ulmer (1998) showed that
results obtained using the BA composition could be

underestimated by 0.1 GPa per 1 wt.% of H2O in the

melt. Thus, the data set presented here is based on the

BA calibration, which gives narrower pressure ranges

(r-values of F0.1 GPa) in accordance with the men-

tioned experimental results from pyroxenitic xenoliths

(Irving, 1974; Griffin et al., 1984; Hirschmann and

Stolper, 1996). The BA pressure calibration of Nimis

and Ulmer (1998) is independent of temperature, so

the variation in pressure observed in Table 8 is due to

the compositional variability of clinopyroxene.

We consider that pressure estimates using the BA

calibration are more reliable for the anhydrous para-

genesis of pyroxenite xenoliths than for the volatile-

rich hornblenditic xenoliths. Nevertheless, differences

in the range of pressure estimates are small (0.2–0.3

GPa), and might indicate a deeper lithospheric level of

provenance of the pyroxenite xenoliths.



Table 7

Sr and Nd concentrations (ppm) and isotope data of SCS xenoliths and host dykes

Sample Type of rock Rb**

(ppm)

Sr**

(ppm)

87Rb/86Sr 87Sr/86Sr F (2r) 87Sr/86Sr270 Ma Sm**

(ppm)

Nd**

(ppm)

147Sm/144Nd 143Nd/144Nd F (2r) e(Nd)270 Ma

101892 Pyroxenite xenolith 3.4 82 0.12 0.703261F5 0.70280 3.62 11.6 0.1887 0.512943F4 6.2

102131 Pyroxenite xenolith 10.5 47 0.64 0.707639F5 0.70517 2.72 8.8 0.1877 0.512450F3 �3.4

104395 Pyroxenite xenolith 7.6 61 0.36 0.706989F6 0.70560 3.37 10.8 0.1886 0.512482F3 �2.8

103471 Hornblenditic xenolith 10.4 373 0.08 0.703418F6 0.70311 4.86 17.1 0.1718 0.512901F3 6.0

104382 Hornblenditic xenolith 21.0 248 0.25 0.704333F6 0.70339 5.02 18.7 0.1623 0.512881F3 5.9

104392 Hornblenditic xenolith 8.6 182 0.14 0.703419F6 0.70289 4.60 15.2 0.1830 0.512919F3 6.0

102135 Amphibole megacryst 6.1 673 0.02 0.702670F5 0.70257 5.38 18.0 0.1807 0.512907F3 5.8

101892 (P)* Alkaline dyke 56.5 1387 0.11 0.703741F8 0.70329 7.65 42.2 0.1095 0.512832F5 6.8

81839 (BS)* Alkaline dyke 129 942 0.39 0.705276F12 0.70375 8.91 46.5 0.1158 0.512860F5 7.1

104541 (SB)* Alkaline dyke 115 1266 0.26 0.705798F7 0.70479 8.69 50.9 0.1032 0.512500F6 0.5

* P: Peguerinos; BS: Bernuy Salinero; and SB: San Bartolome de Pinares.

** Elemental abundances of Rb, Sr, Sm and Nd are taken from ICP-MS analyses.
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We estimate the equilibration depth of the pyrox-

enite xenoliths, according to the pressure calculations

(~0.9–1.2 GPa), to be between 30 and 40 Km. Thus,

the estimated level is situated close to the lower crust–

upper mantle boundary, near the Moho. Mohorovicic

discontinuity, based on geophysical data, is situated

presently between 31 and 34 Km under the SCS

region (Suriñach and Vegas, 1988).

P–T estimates in the granulitic xenolith suite carried

by the lamprophyres, which appears together with the

ultramafic xenoliths, yield pressure values mainly from

0.8 to 1 GPa and temperatures mostly in the range 850–

950 8C (Villaseca et al., 1999). These thermodynamic

data are very similar to those obtained in hornblenditic

xenoliths (Table 8), suggesting a lower crustal origin

for these igneous ultramafic mantle derivatives.

P–T data calculated for the mafic and ultramafic

xenoliths from the SCS suggest a thermal situation

under the SCS hotter than expected for a standard

Moho level in stable areas. Nevertheless, thermal

studies in this region (Fernández et al., 1998; Tejero

and Ruiz, 2002) have stated a lithospheric thermal

regime which is in accordance with geotherms

reported for ultramafic xenoliths from active tectonic

areas (Pearson et al., 2004). Equilibration conditions

of the pyroxenitic and hornblenditic xenoliths studied

here, at the age of entrapment by the alkaline Permian
dykes, might correspond to hotter geotherms than

those from stable or cratonic areas.

8.2. Origin of pyroxenite xenoliths

The pyroxenite xenoliths carried by the SCS lam-

prophyres and diabases can be assigned to the Al-

augite series of Wilshire and Shervais (1975) or to

group II of Frey and Prinz (1978). The high-Al and

low-Cr composition of the orthopyroxene and the

presence of green pleonaste spinel in these xenoliths

are also characteristics that allow us to distinguish

these xenoliths from the Cr-diopside series (Wilshire

and Shervais, 1975; Frey and Prinz, 1978).

The absence of olivine and the variable and low

concentration of compatible elements such as Ni

(44.9–290 ppm) and Cr (13–1226 ppm) (Table 6)

preclude the possibility of the pyroxenites being gen-

erated as primary melts from the partial melting of

peridotites.

Cryptic metasomatism of pyroxenites leads to

changes in the chondrite-normalised LREE and

MREE patterns and to a selective enrichment of

highly incompatible elements over moderately in-

compatible elements (Dawson, 1984; Xu, 2002;



Table 8

P–T estimates for SCS ultramafic xenoliths

Temperature (8C)* Pressure (GPa)**

opx-cpx cpx Ti in amph cpx

Sample Type of xenolith Wells (1977) Wood and Banno

(1973)

Brey and Köhler

(1990)

Mercier (1980) Otten (1984) Nimis and Ulmer (1998)

101892 Pyroxenite 1051 1.1

102131 Pyroxenite 971 1015 988 1041 1.08

104395 Pyroxenite 1050 0.88

104543D Pyroxenite 1031 0.77

104546C Pyroxenite 1049 1.17

104553A Pyroxenite 1077 1.02

103471 Hornblenditic xenolith 1059 1054 0.73

103489 Hornblenditic xenolith 1025 1022 0.68

103657A Hornblenditic xenolith 1031

104382 Hornblenditic xenolith 918 1018 0.74

104385 Hornblenditic xenolith 927 1018 0.87

104389 Hornblenditic xenolith 886 988 0.68

104391B Hornblenditic xenolith 848 1020 0.7

104392 Hornblenditic xenolith 850 1033 0.7

104529 Hornblenditic xenolith 1025 977 0.77

104543B Hornblenditic xenolith 1187 1076 0.78

* Temperatures represent the average value for each geothermometer and sample. The standard deviation of the average values for pyroxenites is in the range 6 – 26 8C, whilst it
ranges from 4 – 27 8C in hornblenditic xenoliths, except samples 103471 and 103489 with standard deviations of 40 – 47 8C.
** Pressure represent the average value of each geobarometer and sample. The standard deviation of the average values for hornblenditic xenoliths never exceeds 0.1 GPa.
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Downes et al., 2003). This geochemical fingerprint

has been attributed to the chromatographic effect of

melt percolation (Navon and Stolper, 1987); howev-

er, these features are not apparent in the SCS pyr-

oxenites. Thus, both a metasomatic process and the

possible presence of trapped melt in the pyroxenites,

are not favoured. Nevertheless, the two lithospheric

(isotopically enriched) pyroxenites show a slight

LILE (Rb–Ba) enrichment and a more marked Nb–

Ta trough (Fig. 8B).

Pyroxenites may precipitate as veins at different

pressures within conduits in the upper mantle (Irving,

1980). However, the absence of composite xenoliths

and the scarce presence of peridotitic xenoliths within

the SCS xenoliths, together with the moderate pres-

sure estimates (Table 8), favour their formation as

intrusive bodies near the mantle–crust boundary or

by underplating, as has been suggested for lower

crustal xenoliths from other areas (Downes, 1993;

Kempton et al., 1995; Litasov et al., 2000). Nonethe-

less, the presence of highly altered ultramafic xeno-

liths and lower crustal granulitic xenoliths implies that

lamprophyres and diabases sample different litho-

spheric levels, from the uppermost mantle to the

lower crust.

The convex-upwards chondrite-normalised REE

patterns are typical of amphibole and clinopyroxene

megacrysts precipitated from basic melts at high

pressure (Irving and Frey, 1984). This characteristic,

together with the low abundance of incompatible

elements like Rb, Ba, Th and Nb in the clinopyr-

oxenes of the xenoliths (Fig. 4), the mineral major

element chemistry and their petrography, support a

magmatic origin of pyroxenites as cumulates or

segregates from basic alkaline melts. The presence

of orthopyroxene in some xenoliths also suggests

the involvement of more subalkaline silicate melts.

Recrystallization textures point to a solid-state resi-

dence at depth before being transported by ascend-

ing lamprophyric melts. There are some

geochemical and petrographic differences between

clinopyroxenite 101892 and the other pyroxenites

which suggest that their parental melts are not re-

lated. This xenolith does not exhibit the negative Eu

and Ti anomalies present in the other pyroxenites,

and it shows a less marked Nb–Ta trough. It is also

depleted in Pb when compared to the pyroxenites

(Fig. 8B).
The trace element composition of parental melts

in equilibrium with clinopyroxenes has been calcu-

lated using the clinopyroxene/melt partition coeffi-

cients of Hart and Dunn (1993), except for Rb

from Foley et al. (1996) and Ta from Forsythe et

al. (1994). Partitioning is dependent on composition

and temperature, so this method can only give a

first-order impression of the melt type from which

the xenoliths crystallised. Melts based on clinopyr-

oxene composition yield steep chondritic-normal-

ised REE patterns for the pyroxenites that fall

within the range of the host lamprophyres and

diabases (Fig. 11A). The primitive mantle-normal-

ised diagram for trace elements for the calculated

melts falls within the compositional range of that

defined by the host dykes, except for Ta that is

depleted when compared to the lamprophyres (Fig.

11B). This suggests that the pyroxenites may have

formed from melts similar in composition to the

host alkaline dykes.

The isotopic heterogeneity of the pyroxenite

xenoliths originating as high-pressure magmatic seg-

regates has three possible interpretations (Wilkinson

and Stolz, 1997): (i) crystallization over a large

time interval, (ii) crystallization from isotopically

variable magmas and (iii) isotopic signatures mod-

ified by interaction with wall-rocks or subsequent

magmatism. From interpretation (i), only small

changes in isotopic composition would be expected,

so hypotheses (ii) and (iii) seem more probable.

Clinopyroxenite 101892 has clear textural and geo-

chemical differences to the other pyroxenite xeno-

liths; it has a markedly different isotopic signature

that clearly suggests a non-cogenetic origin with

regard to other pyroxenites (Fig. 9). Moreover, it

has very similar isotopic (Sr, Nd) ratios to its host

alkaline dyke.

The other pyroxenite xenoliths that fall within

the OIB field, typically have more enriched litho-

spheric values and are also near the q(Nd)-depleted
extreme for the range defined by the host lampro-

phyres and diabases (Fig. 9). It is likely that some

of the pyroxenites are not the direct product of host

dykes crystallization, due to these isotopic differ-

ences, but their geochemical similarities to other

lamprophyres and diabases of the same alkaline

event suggest that they may have originated from

similar sources.
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8.3. Origin of hornblenditic xenoliths

This is the only type of SCS xenoliths that show a

clear magmatic cumulate texture. Moreover, they

have different, more heterogeneous mineralogical

compositions. Nevertheless, although they exhibit dif-

ferences in major element chemistry with regard to

pyroxenite xenoliths, their clinopyroxene trace ele-

ment geochemistry is very similar, with comparable

chondrite and primitive mantle-normalised trace ele-

ment diagrams (Fig. 4). They can be assigned to the

Al-augites series of Wilshire and Shervais (1975)

according to their mineral composition and their pet-

rographic characteristics.

Textural observations suggest an olivine–clinopyr-

oxene–amphibole–(plagioclase–phlogopite–spinel)

order of crystallization, identical to that experimental-
ly determined by Allen et al. (1975) at 1.3 GPa for a

water-saturated nephelinite. Absence of fresh olivine

may be a consequence of its alteration with increasing

melt volatile content (e.g. calcite and analcite ocel-

lum). Clinopyroxene and kaersutite major element

chemistry shows wide compositional ranges with lin-

ear trends of decreasing Cr and increasing Ti with

decreasing mg number which is in accordance with a

cumulate process.

Orthopyroxene and olivine-poor mafic to ultra-

mafic xenoliths of gabbroic, hornblenditic and py-

roxenitic types, carried by basaltic and basanitic

melts are also common in other regions and have

been described by many authors (Brooks and Platt,

1975; Wilshire and Shervais, 1975; Frey and Prinz,

1978; Dautria et al., 1987; Reid and Le Roex, 1988;

Capedri et al., 1989; Bondi et al., 2002). They have
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been interpreted in most cases as segregates from

crystallizing melts.

As was discussed for the pyroxenites, the convex

upward REE normalised patterns for the mafic miner-

als from these xenoliths are consistent with an origin

by accumulation processes at high pressures from a

basic alkaline magma (Irving and Frey, 1984). Pres-

sures calculated for this group of xenoliths range from

approximately 0.7 to 0.9 GPa according to the Nimis

and Ulmer (1998) geobarometer (Table 8). This is in

agreement with formation at lower crustal levels or in

a very shallow upper mantle.

Melts in equilibrium with clinopyroxenes and

amphiboles from hornblenditic xenoliths have been

calculated with the same clinopyroxene/melt partition

coefficients used for the pyroxenites (Hart and Dunn,

1993; except Ta following Forsythe et al., 1994) and

amphibole/melt partition coefficients of LaTourrette et

al. (1995) except for Ta (Dalpé and Baker, 1994).

Melts in equilibrium with clinopyroxenes from the

hornblenditic xenoliths yield steep REE chondritic-

normalised patterns that fall within the range of the

host lamprophyres and diabases (Fig. 11A). The trace

element patterns for the calculated melts are also

similar for both types of xenoliths (Fig. 11B). Melts

calculated from amphibole compositions also show

trace element normalised patterns similar to host

dykes compositions (Fig. 11C,D), but with signifi-

cantly higher values in Ba, Nb, Ta, LREE and Sr.

This suggests that the hornblende-bearing xenoliths

may also have formed from melts similar in compo-

sition to their host alkaline dykes.

Whether these xenoliths are related to their hosts,

or represent the crystallization products of different

magmas, is more problematic. The trace element com-

position of melts in equilibrium with clinopyroxene

from these hornblenditic xenoliths is very similar to

that calculated for the pyroxenites, due to similarities

in clinopyroxene geochemistry. Nevertheless, the iso-

topic signature of these xenoliths is very homoge-

neous and clearly different from most of the

pyroxenites, falling within the field of depleted OIB

and near the MORB field (Fig. 9).

There are several major chemical similarities be-

tween hornblenditic xenoliths and their host lampro-

phyres (Table 6). Moreover, their magmatic

appearance, without any trace of textural recrystalli-

zation, suggests that these volatile-rich xenoliths
maintained their original igneous features, and that

not much time might has passed between their forma-

tion and transport by the alkaline dykes. As for the

isotopic composition, the hornblenditic xenoliths co-

incide with the Nd-enriched field of the lamprophyres,

as it occurred with clinopyroxenite 101892, and more

specifically with the isotopic composition of the

corresponding host lamprophyre (Bernuy Salinero

dyke: 87Sr/86Sr value of 0.70375 and a qNd value of

7.1) (Fig. 9). All these suggest that the hornblenditic

xenoliths were generated by melts geochemically and

isotopically similar to the host alkaline lamprophyre.

According to the P–T estimates discussed above, lam-

prophyric magmas would have stopped at lower-crust-

al levels and formed these hornblenditic xenoliths by

igneous differentiation. A new lamprophyre magmatic

pulse would have trapped them before their complete

cooling and precluding a recrystallization process. A

similar origin for hornblendites in Cenozoic alkali

basalts from Tallante (Spain) has been proposed by

Capedri et al. (1989). These hornblendites and related

amphibole megacrysts are interpreted as fractionates

from magmas of comparable composition to their host

basalts, also formed near the crust–mantle boundary,

but small differences in isotope signatures between

them point to a non-comagmatic origin.

8.4. Heterogeneous mantle in central Spain

The compositional bimodality shown by the ultra-

mafic xenolith suite in the SCS alkaline lamprophyres

suggests a heterogeneous mantle beneath central

Spain. The presence of granulites and pyroxenites

also marks a boundary between these two lithological

domains representative of a bpetrological MohoQ,
being pyroxenite xenoliths the mantlellic counterpart.

In fact, estimated equilibration conditions of the py-

roxenite xenoliths give P–T estimates that are higher

by ~0.2 GPa and ~100 8C than those of the lower

crustal granulitic xenolith suite and that of the horn-

blenditic xenoliths, originated from close-to-Moho

magma chambers.

The isotopic composition of pyroxenitic and horn-

blenditic xenoliths and their clear overlap with the

lamprophyre compositional fields (Fig. 9) implies

that mantle beneath SCS has a btwo-pole
compositionQ: one a depleted isotopic component

with high qNd (3.5 to 7.1) and low 87Sr/86Sr ratios
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(0.7029 to 0.7044); the second is an enriched litho-

spheric mantle with low qNd values (�0.9 to 1.5) and

relatively high 87Sr/86Sr ratios (0.7043 to 0.7051). The

lack of any positive correlation of the Sr–Nd isotopic

composition of the ultramafic xenoliths (Fig. 9) is

most likely due to the absence of mixing between

the two defined components. This absence of mixing

is also shown by the lamprophyre data. The enriched

lithospheric signature of mantle derived basic Hercy-

nian and post-Hercynian magmas is common in the

SCS (Bea et al., 1999; Villaseca et al., 2004), but OIB

mantle values appear exclusively related to post-Her-

cynian alkaline magmatism. The involvement of a

subduction-modified mantle source is not suggested

for the genesis of the alkaline suite as all the lampro-

phyres, irrespectively of their isotopic signature, show

high Ta/Yb, Ce/Pb and Nb/U ratios, typical of OIB

values (Villaseca et al., 2004; Perini et al., 2004).

The marked geochemical change in basic magma-

tism, and the involvement of a new mantle compo-

nent would require an evolving geodynamic setting,

from a post-collisional distensive transtensional set-

ting to a rifting process starting at mid Permian

times. This has previously been observed in adjacent

areas: the Pyrenees (Debon and Zimmermann, 1993;

Innocent et al., 1994; Lago et al., 2004a), the Iberian

Range (Lago et al., 2004b) and other places from

western Europe (Bonin, 1988; Ziegler, 1993). The

involvement of magmas derived from more primitive

mantle sources seems to be very limited without the

entrainment of a vigorous re-emplacement or con-

vection within the subcontinental lithospheric mantle

layers. Later lower Jurassic tholeiitic basic magma-

tism in the SCS does not show an isotopically

depleted OIB mantle component anymore (Cebriá

et al., 2003).

Pyroxenite xenoliths of western and central Eur-

ope frequently resemble SCS xenoliths in their geo-

chemical and petrological characteristics (Fig. 10).

Those of the Eifel (Germany) are considered to

have formed from melts genetically related to Qua-

ternary alkaline volcanics (Witt-Eickschen and

Kramm, 1998). Scarce pyroxenites from Puy Beau-

nit (French Massif Central, FMC) have been

explained as segregates from melts unrelated to

their Tertiary alkaline hosts; a possible linkage

with granulites of the lower crust is mentioned

(Downes and Dupuy, 1987). They have been recent-
ly related to a Permian underplating event in the

upper mantle–lower crust boundary (Féménias et al.,

2003). The latter suggestion is also invoked for the

much more abundant pyroxenites described from

Permian alkaline dykes from Northern Scotland

(Downes et al., 2001; Upton et al., 2001), where

granulites show geochemical similarities to pyroxe-

nites and it has been proposed that these xenoliths

formed by underplating as cumulates cogenetic with

mafic granulites. Moreover, Permian pyroxenite xe-

nolith suites from FMC and Scotland are similar in

isotopic compositions to related mantle xenoliths

(e.g. peridotites), but clear peridotitic xenoliths are

absent in central Spain. The Scottish ultramafic

xenoliths show a more homogeneous isotopic com-

position towards depleted OIB values close to those

of the SCS hornblenditic xenoliths and host alkaline

lamprophyres (Fig. 10). The mid Permian alkaline

magmatism in Scotland is also related to lithospher-

ic extension (Upton et al., 2001).

French Massif Central pyroxenitic xenoliths also

show a restricted range of isotopic values, clearly dis-

placed towards enriched lithospheric fields, similar to

those of the SCS websterite and clinopyroxenite

104395 xenoliths. In the FMC, these Permian ultramaf-

ic xenoliths are interpreted as cumulates derived from a

calcalkaline underplating event, spatially controlled by

post-collisional transtensional tectonics in a within-

plate continental setting (Féménias et al., 2003).

The wider compositional range and the bimodal

distribution of isotopic values in the SCS alkaline

lamprophyres and related ultramafic xenoliths, sug-

gest a complex geodynamic environment beneath

Central Spain during Permian times. The small out-

cropping volume of lamprophyres and the limited

mafic underplating related to this alkaline magmatism

suggest low melt productivity linked to an intraconti-

nental extensional setting.
9. Conclusions

The alkaline lamprophyres and diabases of the

Spanish Central System carry scarce pyroxenitic and

hornblenditic xenoliths which can be divided into two

types according to their geochemical and petrological

characteristics: (a) pyroxenite xenoliths, consisting of

Al-rich, Cr-poor phases and showing recrystallization
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textures, and (b) hornblenditic xenoliths with Fe-rich

phases and variable compositional ranges showing

magmatic textures.

Both types of xenoliths have clinopyroxenes with

convex-upwards chondrite normalised REE patterns

and low incompatible trace element contents. They are

interpreted as segregates formed by the fractional

crystallization of alkaline melts. The occurrence of a

websterite xenolith implies the presence of a subalka-

line component.

P–T estimates suggest a deeper lithospheric level of

provenance for pyroxenite xenoliths, possibly imme-

diately below the Moho, whereas hornblenditic xeno-

liths could be sampled from stagnant alkaline melts

emplaced at lower crustal levels.

The calculated trace element composition of mag-

mas in equilibrium with clinopyroxenes from both

types of xenolith closely resembles the range for the

host lamprophyres and diabases, implying that these

xenoliths formed from melts with a similar composi-

tion to the alkaline dykes. Nonetheless, only clinopyr-

oxenite 101892 and the hornblenditic xenoliths have

isotopic signatures that fall within the isotopic com-

positional range of their lamprophyre hosts, support-

ing a possible cogenetic link. The more LILE- and

Pb-enriched pyroxenites have enriched lithospheric

isotopic compositions that are different to their host

alkaline dykes.

Isotopic heterogeneity shown by ultramafic xeno-

liths and their host lamprophyres suggests two differ-

ent mantle sources: one which gave rise to the

hornblenditic xenoliths and some alkaline magmas

(depleted OIB pole), whilst the other represents a

more radiogenic in Sr and less radiogenic in Nd

isotopic composition. The isotopically depleted and

enriched OIB mantle signatures are exclusively relat-

ed to the SCS Permian alkaline magmatism, contrast-

ing with the subduction-related signatures shown by

the previous basic Hercynian and post-Hercynian

magmatic events (Villaseca et al., 2004).
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Permian magmatism and basin dynamics in the southern Pyr-

enees: a record of the transition from late Variscan transtension

to early Alpine extension. In: Wilson, M., Neumann, E.R.,

Davies, G.R., Timmerman, M.J., Heeremans, M., Larsen, B.T.

(Eds.), Permo-Carboniferous Magmatism and Rifting in Europe,

Spec. Publ. Geol. Soc. London, vol. 223, pp. 439–464.

Lago, M., Arranz, E., Pocovı́, A., Galé, C., Gil-Imaz, A., 2004.
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Suriñach, E., Vegas, R., 1988. Lateral inhomogeneities of the

Hercynian crust in central Spain. Phys. Earth Planet. Inter. 51,

226–234.

Tejero, R., Ruiz, J., 2002. Thermal and mechanical structure of

the central Iberian Peninsula lithosphere. Tectonophysics 350,

49–62.

Upton, J., Aspen, P., Hinton, W., 2001. Pyroxenite and granulite

xenoliths from beneath the Scottish Northern Highlands Ter-

rane: evidence for lower-crust/upper-mantle relationships. Con-

trib. Mineral. Petrol. 142, 178–198.

Villaseca, C., de la Nuez, J., 1986. Diques camptonı́ticos en el
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