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Abstract Basic te ultrabasic alkaline lamprephyres and
diabases intruded within the Spanish Central System (SCS)
during Upper Permian. Their high LREE, LILE and HFSE
centents, tegether with pesitive Nb-Ta anemalies, link
their erigin with the infiltratien ef sublithespheric K-rich
fluids. These alkaline dykes may be classified in twe dis-
tinct greups accerding te the Sr—Nd isetepe raties: (1) a
depleted PREMA-like asthenespheric cempenent, and (2) a
BSE-like lithespheric cempenent. A slight enrichment in
radiegenic 2*’Pb and 2**Pb allews the cenwibutien ef a
recycled crustal er lithespheric cempenent in the mantle
seurces. The intrusien ef this alkaline magmatism is likely
te have eccurred due te adiabatic decempressien and
mantle upwelling in the centext of the widespread rifting
develeped frem Carbenifereus te Permian in western
Eurepe. The clear differences in the geechemical affinity ef
Lewer Permian basic magmas frem nerth-western and
seuth-western Eurepe might be interpreted in terms ef a
mere extensive separatien ef beth regiens during that
peried, until they were assembled during Upper Permian.
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Introduction

Alkaline lamprephyres are censidered te be the equivalent
of basaltic recks with high velatile centents, being related
te partial melting of a hydrated mantle enriched in
incempatible elements (Reck 1991). The incerperatien ef
velatiles is theught te be due te metasematism by infil-
wating fluids er silicate melts ascending frem lithespheric
or sub-lithespheric seurces (e.g. Hawkeswerth et al. 1990).

Mafic alkaline lamprephyres were intruded during the
Upper Permian in the Spanish Central System (SCS). @ther
mederately alkaline recks frem the Iberian Peninsula are
breadly ceeval with these lamprephyres (mafic dykes frem
Pyrenees; Deben and Zimmermann 1993), er are very
similar in age (Nerth Pertugal; Pertugal-Ferreira and
Macede 1977), theugh their exact geechrenelegy has yet te
be censtrained. In any case, this intraplate magmatism
represents a small velume eof intruded magma. Previeus
studies, which fecused en the Perme-Carbenifereus mag-
matism frem central Spain (Perini et al. 2004) and en the
Hercynian and pest-Hercynian basic recks ef the SCS (Bea
et al. 1999), have advecated a lithespheric erigin fer the
mantle seurces of the SCS alkaline lamprephyres. @ther
studies have revealed that part ef the SCS Permian alkaline
basic inwrusiens shew an isetepically depleted cempenent,
indicative ef greater heteregeneity than previeusly sug-
gested and the invelvement ef sub-lithespheric seurces
(Villaseca et al. 2004; @rejana et al. 2005).

The geedynamic setting prepesed fer these dyke swarms
is alse the subject of debate. Seme authers link their
generatien te manifestations of Perme-Carbenifereus



magmatism related te the impingement of a mantle plume
prier te the epening ef the Atlantic @cean (Deblasetal. 1998;
Perini et al. 2084), whereas ethers censider that rifting in this
regien ceuld result frem lithesphere thinning and adiabatic
upwelling of the het asphenesphere (@rejana et al. 2006).
In this study we present new data, including majer and
trace element mineral analyses, bulk-reck cempesitien and
isetepe raties (Sr—Nd—Pb), which allew us te elucidate the
petregenesis eof these alkaline dykes. The new sample set
cevers the whele eutcrepping regien of every dyke swarm,
and censiderably enlarging the previeusly available analy-
tical dataset. Particular emphasis is placed en the
heteregeneity ef the mantle seurces, the pessible rele of
crustal cempenents and en the nature of any metasematising
agents. Furthermere, we alse discuss the significance of the
geechemical differences that exist in the widespread Perm-
ian basic magmatism develeped at the end of the Hercynian
eregeny in nerth-western and seuth-western Eurepe.

Geological setting

The SCS is lecated within the Central-Iberian Zene of the
Iberian Massif (Fig. 1). This is a large bathelith that

censists of several granitic bedies emplaced inte Palace-
zeic te Neepreterezeic erthegneisses and metasediments.
The first manifestatien ef this granite magmatism has
been dated at 346 + 63 Ma (Villaseca et al. 1998a),
appreximately 50 Ma after the beginning ef the Hercy-
nian cellisien (408-387 Ma; Gutiérrez Marce et al. 1990).
In velume terms the mest impertant plutens were em-
placed in the range 323-284 Ma (Villaseca et al. 1998b;
Bea et al. 1999; Zeck et al. 2007). The SCS Hercynian
graniteids are mainly peralumineus felsic varieties dis-
playing a narrew cempesitienal range, and which de net
shew any marked cempesitienal trend with time (Villas-
eca and Herreres 2000).

Hercynian basic intrusiens in the SCS are velumetrically
small and eccur as small gabbreic te quartz-dieritic masses.
Ages range frem 322 + S Ma (Rb-Sr whele-reck ise-
chren; Casillas et al. 1991) te 306 + 2 Ma (SIMS U-Pb
dating ef zircen; Zeck et al. 2007). Based en their gee-
chemisty these recks have been linked te crustal recycling
in the mantle or melting of a subductien-medified mantle
seurce (Villaseca et al. 2004). In additien te these miner
basic intrusives, the SCS is cress-cut by a number eof dif-
ferent pest-cellisienal dyke swarms (Fig. 1): (1) E-W
eriented calc-alkaline micredierites (290 + 10 Ma, Rb-Sr

Fig. 1 Schematic map showing
the Permian alkaline
lamprophyres and diabases from =mw ..
the SCS, together with other
post-collisional magmatic
intrusions of calc-alkaline and
tholeiitic affinity. The names of
the nine dyke swarms sampled
in this study are indicated in
italics
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isechren; Galinde et al. 1994), (2) sheshenitic micre-
gabbres, and (3) N-S eriented alkaline dykes. The first twe
sets are asseciated with ceeval granite perphyries. These
three dyke swarm sets have been classified by Villaseca
et al. (2004) inte the fellewing greupings, Gb2, Gb3 and
Gb4, respectively. The Gbl greup was assigned te the
previeusly mentiened Hercynian gabbreic te quartz-dieritic
masses. The last magmatic event recerded in the SCS is
represented by the intrusien ef the large gabbreic Messe-
jana—Plasencia theleiitic dyke (named GbS by Villaseca
et al. 2004), dated at 203 + 2 Ma (Ar—Ar in bietite; Dunn
et al. 1998), which is linked te the epening ef the Atlantic
@ccan.

The alkaline suite (Gb4 greup) may be further subdi-
vided inte: (1) basic te ultrabasic lamprephyres and
diabases, and (2) menzegabbreic te syenitic perphyries.
The mest recent geechrenelegical data ebtained fer these
recks give Upper Permian intrusive ages between
264 £ 1 Ma (Ar-Ar en amphibele frem lamprephyre
dykes; Perini et al. 2004; Scarrew et al. 2006) and
252 £ 3 Ma (U-Pb en zircen frem a syenitic perphyry;
Fernandez Sudrez et al. 2006). The lamprephyres carry
xenecrysts and megacrysts (mainly clinepyrexene,
amphibele and plagieclase), and alse xeneliths that are
relatively abundant in seme eutcreps. The latter can be
breadly subdivided inte granulite and ulwramafic xeneliths.
Maest of the SCS granulites have been interpreted as lewer
crustal restites fermed as the result ef extractien ef the
granite melts which led te the fermatien eof the SCS bath-
elith (Villaseca et al. 1999). Mafic te ultramafic xeneliths,
en the centrary, are deep pyrexenitic cumulates that crys-
tallised directly frem Permian alkaline basic magmas er
melts related te Hercynian calc-alkaline mafic underplating
events (@rejana et al. 20006).

Analytical methods

The majer element cempesitien ef minerals frem SCS
alkaline lamprephyres and diabases were determined at the
Centro de Microscopia Electronica “Luis Bru” (Complu-
tentse University of Madrid) using a Jeel JZA-8900 M
electren micreprebe with feur wavelength dispersive
spectremeters. Accelerating veltage was 15 kV and the
electren beam current 20 nA, with a beam diameter of
S pum. Elements were ceunted for 10 s en the peak and S s
en cach ef twe backgreund pesitiens. Sillimanite, albite,
almandine, kaersutite, micrecline, ilmenite, fluerapatite,
scapelite, Ni alley, cremite, gahnite, bentenite and stren-
tianite mineral standards were empleyed. Cerrections were
made using the ZAF methed.

Trace element cempesitiens (REE, Ba, Rb, Pb, Th, U,
Nb, Ta, Sr, Zr, Hf, Y, Cr, Ni, V and Sc) were determined in

situ en >130 pm thick pelished sectiens by laser ablatien
(LA-ICP-MS) at the University ef Bristel using a VG
Elemental PlasmaQuad 3 ICP-MS ceupled te a VG
LaserPrebe II (266 nm frequency-quadrupled Nd-YAG
laser). Each analysis censisted of 100 s of ceunting time
(including 40 s ef backgreund measurement), using a laser
beam with a diameter of areund 20 pm. NIST 610 glass
was used fer instrument calibratien, and NIST 612 was
used as a secendary standard (results are shewn in eTable
1). Each analysis was nermalised te Ca (clinepyrexene,
amphibele, apatite) er Si (feldspars, phlegepite), using
cencenwatiens determined by electren micreprebe.

Feurteen new whele reck samples were analysed at the
CNRS-CRPG Nancy fer whele reck majer and trace ele-
ments, adding te the existing seven dyke analyses
(Villaseca et al. 2004; @rejana et al. 2006). The samples
were fused using LiB@, and disselved with HN@;. Selu-
tiens were analysed by inductively ceupled plasma atemic
emissien spectremetry (ICP-AES) fer majer elements,
whilst trace elements have been determined by ICP mass
spectremetry (ICP-MS). Uncertainties in majer elements
range tfrem 1 te 3%, excepting Mn@® (5-10%) and P,@s
(>10%). Carignan et al. (2001) have evaluated the preci-
sien of Nancy ICP-MS analyses at lew cencentratien levels
frem repeated analysis ef the internatienal standards BR,
DR-N, UB-N, AN-G and GH. The precisien fer Rb, Sr, Zr,
Y, V, Ga, Hf and mest ef the REE is in the range 1-5%,
whereas they range frem S te 10% fer the rest of trace
elements, including Tm. Analyses of BR (an independent
standard) are shewn in eTable 1.

Pb isetepe raties have been determined en seven lam-
prephyres and diabases and twe hernblenditic xeneliths
(previeusly analysed fer Sr-Nd isetepe raties; Villaseca
et al. 2004; @rejana et al. 2006) at the Laberatery ef Ise-
tepe Geelegy eof the Natural Histery Museum eof
Steckhelm. These samples were disselved using a 10:1
mixture of HF and HN@; accerding te reutine precedures
of the laberatery. Pb was separated frem the samples using
element specific ien-exchange celumns. The samples were
spiked with a %P tracer selutien of knewn cencentratien
te determine the lead cencentratiens. Isetepe raties were
measured using a Finnigan MAT 261 multicellecter TIMS
in static mede. Empirical measurements of mass fractien-
atien as a functien ef temperature were established using
the internatienal Pb isetepe standards NBS 981 and NBS
982. Data frem unknewn samples, when cerrected in
an analegeus way, are repreducible and accurate within
0.1% (Table 4) and analyses of BCR-1 gave results
(**°Pb/***Pb = 18.79, 2’Pb/’**Pb = 15.63, **Pb/***Pb =
38.74) in agreement with literature values (Z“’Pb/z“Pb =
18.81, 27Pb/***Pb = 15.62, 2**Pb/**'Pb = 38.70).

We are alse repert Sr-Nd isetepic data fer twe new
lamprephyre samples. These were determined at the



Seuthampten @ceanegraphy Cente, using a VG Secter 54
multi-cellecter TIMS with data acquired in multidynamic
mede. Isetepic raties of Sr and Nd were measured en a sub-
sample of whele reck pewder. Repeated analysis of NBS
927 gave *'Sr/*°Sr = 0.710245 + 86 (20) and the
'"ONd/"*Nd ratie of the JM Nd standard was
0.511856 + 05 (20).

Petrography

The SCS alkaline lamprephyres and diabases display a
heteregeneeus perphyritic texture with abundant mafic
phenecrysts (clinepyrexene, kaersutite, elivine pseude-
merphs, phlegepite, ulvespinel). Nevertheless, the relative
abundance and distributien ef these minerals varies sig-
nificantly frem ene dyke te anether. Fellewing the criteria
of Le Maitre et al. (2002) we can classify the SCS lam-
prephyric dykes (leaving aside diabases) as camptenites,
due te the abundance ef clinepyrexene, amphibele and
phlegepite phenecrysts, absence of felsic phenecrysts and
predeminance of plagieclase ever alkali feldspar within the
greundmass. Ne glass has been feund.

Mafic dykes alse carry deep-crystallised megacrysts
(clinepyrexene, amphibele and plagieclase), which are
mere abundant in the diabase dykes, and xeneliths ef
distinctive prevenance (wall-reck, lewer crustal granulites
and pyrexenite xeneliths frem the upper mantle-lewer
crust beundary) (Villaseca et al. 1999; @rejana et al.
2000).

Phenecrysts de net usually exceed 3 mm and vary in
their tetal mede up te 40% in sample 103811. Cline-
pyrexene and kaersutite are nermally zened, the fermer
semetimes shewing multiple rims and escillatery zening
(®rcjana et al. 2007). They are euhedral te subhedral, but
may exhibit spengy inner zenes infiltrated by greundmass.
Fresh elivine has enly been ebserved in ene diabase dyke,
whereas elivine pseudemerphs, which are mainly trans-
fermed te talc greup minerals, are cemmen in mest
lamprephyres and diabases. Plagieclase phenecrysts are
enly present in diabase dykes, which alse eccasienally
centain mafic phenecrysts. In a analegeus fashien te
plagieclase, phlegepite phenecrysts are net present in all
dykes, but are restricted te seme K-rich lamprephyres.
Twe distinctive spinel phenecrysts are feund: black
ulvespinel, which transits te Ti-magnetite, and Cr-rich
brewn spinel micrephenecrysts. @ther phenecrysts feund
in variable quantities are ilmenite, apatite and Fe-
sulphides.

The greundmass is typically helecrystalline, with a fine-
grained inequigranular texture (grain sizes ranging frem 10
te 800 um), altheugh trachytic texture is feund in seme
samples. The main minerals feund in the greundmass are

clinepyrexene, kaersutite, bietite—phlegepite, Ti—magne-
tite—ulvespinel, elivine (nermally pseudemerphesed),
plagieclase and alkali feldspar; with lesser ameunts ef
apatite, analcite, calcite, Fe—sulphides, barite, ilmenite and
menazite. These crystals are euhedral te subhedral, with
the exceptien ef alkali feldspar, calcite and analcite, which
are usually interstitial.

These alkaline recks shew different ecelli and vesicles
types: (1) feldspatic, (2) carbenatic and (3) chlerite-rich
(with acicular clinepyrexene). Feldspatic ecelli (syenitic)
are irregular er semireunded, censisting ef kaersutite,
bietite and alkali feldspar laths, eccasienally shewing an
inner calcite/analcite glebule. Carbenatic ecelli are similar
te these calcite glebules, with miner ameunts ef feldspar
and chlerite. Chlerite-rich vesicles are eutlined by small
clinepyrexene crystals that eccur as prismatic laths. The
inner zene eof these ecelli shews chlerite, calcite, albite and
miner barite. This kind ef ecelli are typical ef alkaline
lamprephyres and are interpreted as velatile exselutien at
shallew emplacement levels (Reck 1991).

Maest of the SCS alkaline dykes are remarkably fresh.
Alteratien of the samples is mainly restricted te pseude-
merphed elivine (by talc), altheugh this secendary precess
is likely te be due te autemetasematism during velatile
exselutien. Thus, it is likely that a selective lew-P late-
magmatic alteratien ef suspended selids (xeneliths and
phenecrysts) eccurred during lamprephyric magma devela-
tilizatien (@rejana and Villaseca 2008).

Mineral chemistry
Clinepyrexene

The majer element cempesitien ef representative cline-
pyrexenes frem SCS alkaline basic dykes is summarized in
Table 1 (see the whele data en eTable 2). They are Ti-
diepsides or Ti-augites, fellewing the criteria of Merimete
et al. (1988). Matrix clinepyrexene is similar in majer
element cempesitien te phenecrysts, but display lewer
Mg# values (0.60-0.81) (Fig. 2). Clinepyrexene yields a
heteregeneeus coempesitien characterized by high Ti@®, and
Al,@®; cencentratiens (up te 5.7 and 11.4 wt%, respec-
tively). Na,@ centent ranges frem 0.33 te 1.10 wt% and
Cr,®; may reach up te 0.9 wt%. Nermal zening is rela-
tively commen in the phenecrysts, and it gives trends eof
increasing Fe, Al, Ti and Ca cencentratiens and decreasing
Mg#, Si and Cr frem cere te rim (@rejana et al. 2007).
Clinepyrexene phenecrysts exhibit high cencentratiens ef
mest trace elements (eTable 3): REE (48-120 ppm), LILE
(Rb = 0.6-5.9 ppm; Ba = 1.5-3.6 ppm) and HFSE (Th =
0.1-0.4 ppm; Ta = 0.1-0.7 ppm; Nb = 0.5-1.6 ppm;
Zr = 43-153 ppm). They display cenvex upward



Table 1 Representadive major element composition of clinopyroxene and amphibele from SCS alkaline lamprophyres and diabases

Mineral Clinopyroxene Amphibole
Type Phenocrysts Mawix Phenocrysts Matrix Ocelli
Sample # 102129 103474 103811 103811 103473 103473 101892 102147A 104403 80318 1033338 103473 103473 103473 101892 103473 104463 U37 104534A 104551
31 9 60 62 91 2 156 79 32 o 21 L] L 104 145 125 35 34 21 16
core core core 1im core 1im core core core rim core
Si0, 4597 4548 43.09 4390 4691 4575 4462 5027 4441 38.38 39.27 38.63 3901 3837 3933 3856 37.12 3824 3832 40.88
TiO, 3.58 251 1.43 3.98 2.5¢ 2.62 4.4¢ 1.5¢ 367 656 529 6.09 6.32 6.13 5135 6.74 7.89 356 6.3 3.33
Al 04 7.28 832 555 7.56 8.42 8.87 7.19 2.45 967 1419 1322 1378 1387 1384 1133 1287 1377 14.866 13.86 920
FeO? 7.9¢ 549 476 6.29 4.62 6.61 %10 1032 7.1¢ 11.18 11.63 11.62 911 1067 16.56 9.48 933 18.97 12.68 23.37
Cr,05 00 007 020 0.18 005 004 .00 [ X ) 017 60608 000 .00 (X ) .65 000 (X .00 [ X L X e00
MnO 087 006 (X 0.13 (X 3 (X}t 014 020 013 026 0.8 005 [ X ) (X 7} 021 011 816 035 028 042
MgO 11.17 1329 1548 1266 13.66 12.8¢ 11.1¢ 11.68 1245 12.5¢ 11.79 1153  13.16 1231 904 1299 1243 746 11.84 5.06
CaO 22.82 2283 2264 2462 2228 2213 2220 22.09 2316 1161 11.74 1183 1225 11.92 1137 1211 1345 1126 11.93 11.13
Na,O 057 0.68 861 638 .67 677 6.58 855 75 267 2686 1.82 1.83 2.63 2.85 209 1.95 243 249 271
K,0 600 000 (X ] (X1} 0.0l (X1} [ X 73 001 0 207 193 2.26 224 2.1¢ 037 1.66 1.52 1.68 1.65 1.65
Total 9931 9872 9877 99.16 9920 9960 9935 990 10091 9876 96.41 9761 9781 9689 9696 9655 97.62 9801 97.48 9775
Mg# 072 0381 035 030 034 .78 .69 .67 076 067 0.66 8.64 072 .69 049 071 e7¢ 041 061 028
Cations calculated on the basis of 6 O for clinopyroxene and 24 (O, OH, F) for amphibole
Si 1734 1.693 1776  1.646 1734 1.6%94 169 1916 1.628 5.658 5.958 5813 5806 579 6677 5812 5628 5865 5.84 6.508
Ti 0100 0070 0040 0112 0676 06073 0125 0043 0035 0721 0604 0689 0707 0.6% 0621 0765 096 0411 0630 0.399
Al 0.323  0.365 0241 0334 0366 0387 0321 6116 0417 2463 2362 2442 2431 2459 2058 22838 2459 2546 2338 1.724
Fe 0249 0171 0147 0197 0143 0204 0288 0328 0218 1379 1.460¢ 1462 1.134 1.271 2137 1.197 1.183 2433 1.612 3.111
Cr 0000 0002 000 0005 0001 0001 0000 0001 0005 0008 G000 0000 0001 000c 0000 0000 0000 0000 0000 e.000
Mn 0002 0002 0003 0004 0003 0000 0001 0006 0004 0032 6010 0006 0001 000 0027 0014 0021 6045 0036 0.057
Mg 0.628 0.738 0848 0703 0753 0767 0.627 0.662 0.68¢ 2747 2.667 2587 2926 276% 263¢ 2923 23816 1766 2.561 1.201
Ca 0922 0911 089% 0965 03832 0878 0901 039 0916 1834 1.968 1.9¢7 1953 1927 1.3838¢ 1959 2185 1.856¢ 1.943 1.898
Na 0042 0049 0044 0023 0043 0055 0043 G040 0.053 0591 0686 0531 €528 059 0852 0612 0573 0723 @733 0.837
K 0000 0000 0000 0000 0000 0008 0001 000! 0000 0330 0374 0434 0425 0404 0171 0320 0294 0329 0320 0.335

Cations sum.  4.008 4,001 4002 399 41000 399 41000 1000 4.000 15814 15889 15871 15.906 15925 15903 15890 16.053 15902 1599 16.67¢

? Total Fe expressed as FeO



Fig. 2 Major and #race element
composition of clinopyroxene
from the SCS alkaline basic
dykes. The normalising values
of chondrite and primitive
mantle are after Sun and
McDonough (1989%) and
McDonough and Sun (1945},
respectively
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chendrite-nermalised REE patterns (Fig. 2), similarly te
clinepyrexenes crystallized at depth frem basaltic melts
(Irving and Frey 1984). Negative Ba, K, Nb, Pb and Sr
anemalies may be feund in their primitive mantle-nerma-
lised wace element patterns.

Amphibele

The majer element cempesitien ef representative amphi-
beles frem SCS alkaline basic dykes is summarized in
Table 1 (see the whele data en eTable 4). They are
classified as kaersutites accerding te Leake et al. (1997).
These amphibeles are Al-Ti-rich, with Al,@; up te 14.8
wt% and Ti@; up te 7.7 wt% (Fig. 3). Phenecrysts shew a
hemegeneeous cempesitien, with Mg# in the range 0.61—
0.72. Matrix amphibeles everlap phenecrysts cempesitien,
but generally have mere evelved cempesitiens resembling
the majer element cempesitien of amphibele frem felds-
patic ecelli (Fig.3). Amphibele twace element
cempesitiens (eTable 3) mimic these ef ceexisting clin-
epyrexene phenecrysts, with characteristic cenvex upward
chendrite-nermalised REE patterns (Fig. 3). Nevertheless
they shew a slight enrichment in mest trace elements with
respect te clinepyrexene. They have high Ba (537-
826 ppm), Nb (40-126 ppm), Ta (2.3-5.6 ppm) and Sr
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(>1,150 ppm) cencentratiens, this is reflected in pesitive
anemalies fer these elements in primitive mantle-nerma-
lised patterns.

@livine

Fresh elivine is enly present in a scarce greup ef diabases
(beth as phenecrysts and within the greundmass). Never-
theless, the abundance ef pseudemerphs in mest SCS
alkaline dykes highlights its petential impertance during
crystal fractienatien. Fersterite centent varies frem Fe;; te
Feee in phenecrysts (including slightly Fe-rich rims)
(eTable S). These values match the Mg/Fe raties ef clin-
epyrexene phenecrysts (0.67-0.88), indicating equilibrium
crystallizatien. @livine Mg# cerrelates pesitively with Ni@
centent (0.05-0.28 wt%) (eFig. 1). Matrix elivine cempe-
sitiens everlaps these eof phenecrysts, but they extend
tewards lewer Mg (Fe;5—Feg3) and Ni® (0.05-0.13 wt%)
cencentwatiens.

Micas

They censtitute a heteregeneeus greup ranging frem Ti-
bietite te Ti-phlegepite, whese main characteristic is
high Ti@®, (up te 10.5 wt%) and Al,@; (up te 17.8 wt%)



Fig. 3 Major and #race element corcll
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(eFig. 1; Table 2 and eTable 6). Similar te amphibele,
mica phenecrysts (which are mainly phlegepites) display
high Mg# values (0.65-0.78) and majer element cen-
centratiens similar te these ef greundmass micas, with
the exceptien of Mg#, which may be as lew as 0.28 in
the matrix, resembling cempesitien ef bietites frem
feldspatic ecelli (eFig. 1). They may alse have high F
cencentwratiens (up te 3.4%). Phlegepite phenecrysts
exhibit high wace element cencentratiens (eTable 3),
netably Ba (3,000-6,000 ppm), Rb (280-360 ppm), Nb
(15-50 ppm) and Ta (0.9-2.2 ppm). These cempesitiens
are very similar te these ef phlegepite phenecrysts frem
ether alkaline lamprephyres (Feley et al. 1996) (eFig. 1).

Feldspars

The majer element cempesitien ef representative feldspars
(plagieclases and alkali feldspar) in SCS alkaline dykes is
summarized in eTable 7. Phenecrysts are exclusively
plagieclases (frem andesine te labraderite, An;,—An;e
(eFig. 2)) and are restricted te diabase dykes. The cempe-
sitienal field eof greundmass feldspars is wider, with
plagieclases everlapping the phenecrysts range, but pletting
tewards mere albite and ertheclase-rich cempesitiens, and
alkali feldspar falling within the sanidine cempesitienal
field (@rs,—@riqy). Plagieclase phenecrysts are usually

zened with cere cempesitiens ef Ang;_7e¢ and rims ef
Anye_g; (eFig. 2).

@®ther minerals

Spinel cempesitiens are shewn in eTable S. Phenecrysts
are Ti—magnetite—ulvespinel and Cr-spinel. The first greup
is mere abundant and displays a relatively heteregeneeus
cempesitien with Fe@® + Fe,®; = 52-76 wt% and Ti@®; in
the range 12-36 wt%, whilst Al,@®; and Mg@® de net
exceed 9 and 3 wt%, respectively (eFig. 3). Cr-spinels are
euhedral and always evergrewn by ulvespinel rims. Their
Cr,@; and Al,®; cencentratiens range frem 10 te 38 wt%
and frem 28 te 52 wt%, respectively. A negative cerrela-
tien exists between Al and Cr (Mg) centents. Greundmass
spinels are restricted te Ti—-magnetite—ulvespinel series and
everlap the cempesitienal field of ulvespinel phenecrysts,
altheugh they tend tewards slightly Fe-enriched cempesi-
tiens (eFig. 3).

Apatite may appear as phenecrysts er within the matwrix.
This phase is always F-rich (1.4-2.7 wt%) (eTable 5) and is
classified as fluerapatite. Cl dees net exceed 0.5 wt% and
Sr@® ranges frem 0.01 te 0.35 wt%. Ilmenite is restricted te
the San Bartelemé de Pinares dyke and it is characterized
by high Mgz@® (0.02-10 wt%) and NMn@® (0.5-10 wt%)
(eTable S). Mg—Mn-rich ilmenites have been prepesecd by



Table 2 Representative major element composition of micas and olivine from SCS alkaline lamprophyres and diabases

Mineral Mica ®livine
Type Phenocrysts Matrix Ocelli Phenocrysts Matrix
Sample 80318- 103474- 1036%4- 103473- 101892- 103811-  102129-  104551- 1018%2A- 1018%92A- 101892A- 104867- 101892- 101892-
53 25 107 123 138 67 37 11 60 62 68 57 119 129
core 1nm core core
Si®, BSKT 3482 35.51 3691 3410 3473 3477 3596 4034 40.31 3830 3878 3762 3847
Ti®, 8385 866 765 668 764 348 g19 454 000 003 005 002 003 001
Al,®, 16.51 16.05 14.48 1512 1348 15.65 14.00 12.65 008 015 005 007 001 004
Cr,@, 0.10 003 000 0.13 000 003 000 002 NA NA NA NA NA NA
Fe®® 393 966 11.05 1203 2400 10.51 18.14 2355 999 18.12 2005 1296 2536 1794
Ni® NA NA NA NA NA NA NA NA 028 009 006 028 000 011
Mn@® 001 0.04 012 001 022 004 009 0.17 028 039 042 020 026 022
Mg@® 16.93 15.14 15.45 1471 588 14.87 930 209 4920 3999 4125 4654 3644 4161
Ca® 000 025 004 005 002 0.10 003 007 030 024 025 028 0.16 0.14
NA ,® 042 065 055 069 052 053 078 045 000 004 003 000 003 002
K,® 857 821 875 847 846 239 829 281 002 000 000 000 000 001
Ba® 000 069 134 0.19 000 129 000 003 NA NA NA NA NA NA
F NA 000 049 128 NA 036 NA 0.17 NA NA NA NA NA NA
Total 8714 9420 8543 .27 9432 9498 9409 9551 10049 9936 100.96 9913 9991 9856
Me# 077 074 071 068 030 072 049 041 090 080 079 087 072 0381
Cations calculated on the basis of 24 (@, ®H, F, C1) for mica and 4 @ for olivine
Si 5360 5.400 5550 5.670 5.660 5420 5610 5380 0988 1031 09%0 0.978 0.995 0.9%6
i) 1000 1.010 0900 0.770 0.950 1000 0990 0560 0000 0001 0001 0.000 0001 0.000
Al 29815 2.934 2665 2.738 2.637 2876 2660 2436 0002 0005 0002 0.002 0.000 0001
Cr 0010 0.000 0000 0.020 0.000 0000 0000 0000 0000 0000 0000 0.000 0.000 0.000
Fe 1130 1.250 1440 1.550 3.330 1370 2450 3220 0205 0388 0428 0.273 0561 0.3%8
Ni 0000 0.000 0000 0.000 0.000 0000 0000 0000 0006 0002 0001 0.006 0.000 0.002
Mn 0000 0010 0020 0.000 0.030 0010 0010 0020 0006 0008 0009 0.004 0.006 0.005
Mg 3780 3.500 3600 3.370 1.460 3460 2360 2220 1796 1525 1569 1.750 1.437 1.606
Ca 0000 0.040 0010 0010 0.000 0020 0010 0010 0008 0007 0007 0.008 0.005 0004
Na 0.120 0.200 0.170 0210 0.170 0.160 0240 0.140 0000 0002 0001 0.000 0.002 0001
K 1830 1.630 1740 1.860 1.79%0 1670 1710 1840 0001 0000 0000 0.000 0.000 0.000
Ba 0000 0.040 0080 0010 0.000 0080 0000 0000 0000 0000 0000 0.000 0.000 0.000
Cations 16.145  16.014 16.175 16208 16.027 16.066 16.040 16.326 3012 2969 3008 3021 3.007 3.003

sum.

? Total Fe expressed as Fe®. NA not analised



Reck (1991) as
lamprephyres.

a diagnestic feature ef alkaline

Whole-rock geochemistry
Majer and trace elements

The majer and trace element cempesitien ef the SCS
alkaline dykes is shewn in Table 3. Altheugh all samples
have high L@I numbers (mainly 2.9-5.7 wt%), due te the
abundance ef hydreus minerals (amphibele and phlege-
pite), these displaying the highest values cerrespend with
ecelli-rich varieties.

Due te their silica and alkalis centents (ranging frem
41.2 te 47.4 wt% and frem 3.0 te 7.4 wt%, respectively,
Table 3) the SCS lamprephyres and diabases plet within
the alkaline area in the TAS diagram (taken frem Le Bas
etal. 1986), mainly within the basanite cempesitienal field.
The K,@/Na,® ratie of the lamprephyres (a parameter used
te differentiate petassic frem sedic recks) is higher than
unity (Fig. 4) (Le Bas et al. 1986; Le Maitre et al. 2002),
whereas the diabases are sedic. Nevertheless, twe lampre-
phyre samples which yield K,®/Na,@ > 2 ceuld be
included within an ultrapetassic greup, fellewing the cri-
teria of Feley et al. (1987) and Le Maiwe et al. (2002)
(Fig. 4). Apart frem being high in K, they are characterized
by high Ti®, (1.4-4.1 wt%) and P,@s (0.28-1.0 wt%)
cencenwatiens and mederate te lew Mg# (0.43-0.7)
(Table 3).

These alkaline dykes are markedly heteregeneeus in their
majer and wace element cempesitien (e.g. Mg® =4.5-12.2
wt%; AlL@®; = 103-16.8 wt%; Ca® = 5-13 wt%;
Rb = 46-145 ppm; Zr = 112-367 ppm; Y = 22-66 ppm)
(Table 3). The diabases can be differentiated frem lampre-
phyres due te their lewer K-Ti-Ta—Zr-Hf-V and higher
Mn-Cs centents (Fig. 5). When censidered separately,
samples frem a single dyke usually shew cempesitienal
variatiens characterized by an increase in Si, Al Na, K and
mest incempatible trace elements, and a decrease of Ti, Ca,
Cr, Ni and V tewards lewer Mg# (Fig. 5).

The dykes are alse characteristically enriched in
incempatible trace elements. The REE are fractienated
shewing steep chendrite-nermalised patterns with highly
enriched LREE and depleted HREE (Fig. 6). The chen-
drite-nermalised values are between 100 and 400 with
respect te the La centent, whereas Yb and Lu values are
predeminantly <20. This is reflected in their high (La/
Yb)n values frem 9.6 te 23.3. LILE and HFSE alse
display high cencentratiens, giving rise te pesitive Rb-Ba
and Nb-Ta anemalies in primitive mantle-nermalised
patterns (Fig. 6). It is alse werth neting the K peak and
the Th-U and Pb treughs. These cempesitiens resemble

these of @B, but shew higher Rb, Ba, Th, U, K, Nb and
Ta centents.

Sr—Nd-Pb isetepe raties

All isetepic data fer SCS alkaline lamprephyres and dia-
bases are cerrected te 265 Ma (Table 4), taking inte
censideratien the mest recent geechrenelegical results.
Figure 7 shews beth the new Sr—Nd analyses presented in
this werk and these recently ebtained by eur research
greup (Villaseca et al. 2004; @rejana et al. 2006). The data
everlap the wide cempesitienal ficld of @IB, falling within
the mantle array. The mest radiegenic cempesitiens par-
tially ceincide with previeus data frem Bea et al. (1999)
and Perini et al. (2004), cenfirming the marked hetere-
genceus cempesitien ef these Permian intrusive recks, as
previeusly suggested by Villaseca et al. (2004) and @rejana
et al. (2006). This heteregeneity allews us te differentiate
twe greups: (1) ene isetepically depleted, pletting clese te
M@ORB cempesitiens and with (*’St/*®Sr)e in the range
0.7023-0.7038 and ¢Ndg in the range +4.0 te +7.1, and (2)
an isetepically enriched greup, resembling bulk silicate
earth (BSE) isetepic values, with (87Sr/868r). ranging frem
0.7044 te 0.7052 and ¢Ndy frem —0.9 te +1.4 (Fig. 7). All
diabases and an ultrapetassic lamprephyre frem the Sierra
de la Paramera dyke plet within the depleted greup. The
isetepically enriched greup cerrespends te camptenitic
dykes. There is a clese resemblance between the Sr—Nd
isetepic cempesitien ef the SCS alkaline basic dykes and
that ef the mest depleted alkaline recks frem western
Eurepe Perme-Carbenifereus magmatism (Fig. 7), this is
discussed belew.

The Pb isetepe analyses display mere reswicted cem-
pesitienal variatien with (***Pb/**'Pb)e = 18.16-18.51,
(**’Pb/***Pb)e = 15.54-15.64 and (***Pb/>*'Pb)e = 37.93—
38.44 (Table 4). The enly previeus Pb isetepe data avail-
able en the SCS alkaline dykes is that ef Perini et al.
(2084), these recks beleng te the Sr—Nd isetepically enri-
ched greup ef lamprephyres (Fig. 8). @verall, the Pb
isetepe cempesitiens are clese te¢ PREMA (Prevalent
Mantle) and BSE (mainly when censidering 2**Pb/**'Pb),
altheugh they display seme tendency tewards being
slightly 2*’Pb and 2**Pb-enriched. Nevertheless, the Pb
radiegenic raties indicate derivatien frem a relatively
depleted seurce. When censidered in detail, the same
divisien made en the basis ef Sr—Nd isetepe raties can alse
be made en the basis ef Pb isetepe raties; the Sr—Nd ise-
tepically enriched lamprephyres clearly display the mest
radiegenic Pb values within the narrew cempesitienal
range of SCS alkaline dykes (Fig. 8). Absence ef highly
radiegenic Pb data implies that the PREMA cempenent
(and net HIMU) is deminant in the isetepically depleted
SCS alkaline greup (@rejana et al. 2005). A similar



Table 3 Major and trace element composition of SCS alkaline lamprophyres and diabases

Lamprophyres

Pyke Maragato Puerto del Pico Villatoro  Paramera San Bartolomé  Tomnadizos-Avila
de Pinares

Sample 103811 103818 103681 103333A 76547 77753 104541° 30318 103474 103473®
GC® UK UK UK UK UK UK UK 703879 UK UK UK

286775 258893 289655 1518%0 433819 433819 660973 660973 660973
Si®, 4384 4491 44 82 4744 4262 4120 4396 4359 4537 4566
Ti®, 309 371 372 347 247 275 285 409 368 361
AL®; 1034 1398 1572 1523 1440 1328 1467 1617 1649 1668
Fe,®:% 1014 1144 1118 1132 318 1233 1025 1223 1242 1239
Fe® NA NA NA NA 73 NA NA NA NA NA
Mn® 013 017 016 015 017 016 013 012 013 012
Ms® 1222 763 604 607 1078 1105 783 583 581 491
Ca® 1291 791 632 552 931 1024 832 595 589 507
Na,® 131 230 233 289 209 118 231 160 317 297
K.® 169 359 390 377 258 352 379 426 386 439
P.®; 028 043 038 043 051 058 072 075 074 078
Lel 399 353 450 369 370 331 529 422 292 358
Total 9994 9960 10007 9993 9963 9960 10012 93281 10004 10016
Mg# 070 057 052 051 065 064 060 049 046 044
Ba 1353 1429 1083 1078 963 854 1425 1021 1203 2475
Rb 489 107 145 113 46 74 115 132 105 137
Cs 431 151 375 211 NA NA 649 NA 368 55
Sr 514 631 705 591 536 585 1266 781 923 803
Pb 296 467 519 5.1 NA 328 609 NA 624 656
Th 265 517 498 596 NA 5 694 6 625 621
u 064 103 112 155 NA 132 182 NA 163 175
Vs 177 241 274 283 112 167 356 329 355 367
Nb 457 747 793 866 NA NA 69 107 110 107 110
Y 425 242 256 268 31 25 235 43 542 66.2
Sc NA NA NA NA NA 34 NA 31 NA NA
Co 472 362 315 30 NA 48 34.4 32 367 34.1
v 288 321 296 354 NA 280 256 420 384 377
Ni 103 558 27 186 165 176 103 40 25 225
Cr 767 183 664 524 NA 415 272 60 406 354
Cu 253 449 216 394 NA 80 392 4 305 28.7
Zn 7538 102 112 116 NA 83 95.9 %0 107 110
Ga 159 204 209 216 10 22 20.1 27 222 225
Ta 381 6.14 657 662 NA NA 852 NA 369 337
Hf 476 605 6.3 676 NA NA 747 NA 799 761
La 291 409 436 532 50 387 61.3 %6 693 823
Ce 544 843 855 108 56 697 120 1185 128 137
Pr 7.8 101 104 129 NA NA 13.6 NA 178 213
Nd 332 396 408 493 NA 352 50.9 74.2 723 84.4
Sm 707 737 762 349 NA Te1W2 369 1491 134 16.9
Eu 207 211 243 2.6 NA 24247 232 356 383 464
Gd 731 602 631 7.04 NA 656 635 1137 119 14.6
Tb 101 036 092 098 NA NA 038 NA 173 211

Dy 556 472 484 539 NA 4.9 482 857 931 11.¢




Table 3 continued

Lamprophyres

Pyke Maragato Puerto del Pico Villatoro  Paramera San Bartolomé  Tomadizos-Avila
de Pinares

Sample 103811 103818 103681 103333A 76547 T7753" 104541° 30318 103474 103473®
GC® UK UK UK UK UK UK UK 703879 UK UK UK

286775 258893 289655 1518%0 433819 433819 660973 660973 660973
Ho 1.1 035 088 103 NA NA 033 NA 1.9 244
Er 291 228 233 251 NA 239 225 330 456 5385
Tm 037 032 034 034 NA NA 031 NA 061 079
Yb 217 208 219 24 NA 184 203 296 386 525
Lu 032 032 034 036 NA 022 029 035 057 077

Lamprophyres Diabases

BPyke Hoyo de Pinares Bernuy Salinero Peguerinos
Sample 103673 76543 78846 103674* 76542 78850 u37 31843 21839° 31938 101892°
GC® UK 813816 UK 816812 UK 862729 UK 813816 UK 816812 UK 682881 UK 645784 UL 645035 UL 656048 UK 950982 UK 950982
Si®, 4357 4343 4238 4362 4340 4429 4272 4628 4394 4696 4245
Ti®, 246 341 356 336 327 316 198 143 230 186 239
AlL,®; 1418 1426 1570 1521 1529 1558 1521 1616 1598 1681 1604
Fe,®,Y 1162 1192 402 1182 1166 1108 1233 1056 1234 1183 1199
Fe® NA NA 691 NA NA NA NA NA NA NA NA
Mn® 015 016 014 015 015 017 019 019 019 0.15 01
Ms® 844 794 752 700 669 583 638 574 574 450 595
Ca® 1013 920 347 857 845 785 901 762 849 595 862
Na,® 240 250 317 266 233 251 354 301 314 313 314
K.-@ 248 292 367 310 316 471 167 279 298 258 175
P.®s 043 056 100 053 054 042 077 057 100 061 043
LeI 351 352 319 400 457 443 537 567 331 528 705
Total 9937 10042 9973 100.02 100.01 10003 9967 100.02 9941 9966 10000
Meg# 059 057 056 054 053 051 053 052 048 043 050
Ba 809 769 1157 963 318 1194 505 932 947 576 616
Rb 62.9 80 74 LR %07 116 75 109 129 54 56.5
Cs 651 NA NA 344 784 386 NA 451 757 NA 56.1
Sr 716 776 987 830 814 LA 619 860 942 633 1387
Pb 406 NA NA 547 607 49 NA 518 365 NA 456
Th 4.04 6 bl 526 4.8 535 3 756 642 5 401
u 0987 NA NA 119 125 14 NA 249 187 NA 102
Vs 210 215 182 263 246 290 185 214 216 214 174
Nb 61.6 69 NA 815 777 79.1 85 742 93 59 491
Y 237 24 25 24.6 233 2792 32 308 285 30 27
Sc NA 33.9 NA NA NA NA 237 NA 17 1629 NA
Co 41.2 37 NA 43 401 345 29 295 32 17 36
v 323 342 NA 329 322 240 190 130 152 111 159
Ni 823 %0 58 U2 722 55.6 36 949 53 49 53.5
Cr 258 285 NA 227 213 167 245 283 142 214 118
Cu 42.6 51 NA 40.3 393 37.1 59 39 36 45 37.9
Zn 91.9 78 NA 106 934 156 72 332 36 69 75.1
Ga 17.7 25 11 204 197 21 21 174 18 20 16.5

Ta 499 NA NA 634 645 701 NA 544 601 NA 352




Table 3 continued

Pyke

Sample 103673

Hf
La
Ce

Pr

Nd
Sm
Eu
Gd
Tb

Lamprophyres Diabases
Hoyo de Pinares Bemnuy Salinero Peguerinos
76543 78846 103674* 76542 78850 u-37 31843 g1839° 31938 101892°
GC® UK 813816 UK 816812 UK 862729 UK 813816 UK 816812 UK 682881 UK 645784 UL 645035 UL 656048 UK 950982 UK 950982

516 NA NA 5385 574 6.5 NA 487 54 NA 383
34.4 38.6 70 M 429 435 538 541 561 404 55.3
713 722 92 921 249 87.7 946 937 104 716 104

84 NA NA 104 102 10.3 NA 101 115 NA 11.3
36.5 37.7 NA 429 391 40.2 393 376 465 317 422

7 783 NA 745 704 V5 302 671 391 691 765
229 250 NA 243 232 252 21512 219 294 219 2.4
661 638 NA 654 614 658 705 618 752 606 665
036 NA NA 094 0.9 0.9 NA 093 121 NA 093
456 486 NA 476 468 5 586 556 606 527 516
034 NA NA 039 086 0.8 NA 111 106 NA 0987
222 253 NA 233 2.1 207 349 313 33 33 256
031 NA NA 032 032 0.3 NA 048 045 NA 038
203 184 NA 211 192 174 277 306 275 254 242
029 022 NA 033 03 028 036 045 041 033 038

Lu

# Analyses taken from Villaseca et al. (2004)
® Analyses taken from @rejana et al. (2006)

¢ GC geographic co-ordenates; all samples are within the 30T zone of the Universal Transverse Mercator co-ordinate system

4 Total Fe expressed as Fe,@;, with the only exception of samples 76547 and 78846. NA: not analysed. bdl: below detection limit
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Fig.4 K.,® versus Na,® (wt%) contents of the SCS alkaline basic
dykes. The line for K,®/Na,® > 2, which separates potassic from
ultrapotassic rocks has been constructed with the criteria of Foley
et al. (1987)

cempesitien is ebserved in the Permian alkaline basic
dykes frem the western Alps (Fig. 8).

The Sr—Nd-Pb isetepic cempesitien ef the SCS alkaline
magmatism represents the irruptien ef a new mantle-
derived cempenent in the Central-Iberian Zene. The
PREMA-like alkaline dykes centrast with the previeus

calc-alkaline Hercynian basic magmatic suites (Gbl, Gb2
and Gb3; Villaseca et al. 2004) that are clearly lithesphere-
derived (87Sr/86Sr. ranging frem 0.7045 te 0.7087 and cNdy
frem —3.9 te +0.6; Fig. 7). This new cempenent is net
recerded previeusly in the whele Hercynian Iberian Massif,
suggesting a significant geedynamic change during pest-
Hercynian times, this is discussed in mere detail belew.

Petrogenesis
Magma differentiation

®nc eof the main features of the SCS Permian alkaline
magmatism is its chemical and pewelegical heteregeneity,
giving rise te the lamprephyre-diabase divisien and vari-
able phenecryst medal cempesitien. These characteristics
are alse manifested in the absence of a unique variatien
wend for the greup of dykes as a whele fer many majer and
wace elements (e.g. Ti, K, V, Rb, Zr), altheugh there are
beth negative and pesitive cerrelatiens between these ele-
ments and Mg# when censidering the samples of each dyke
separately (Fig. S). This heteregeneity ceuld be explained
by the intrusien ef several magma batches derived frem
slightly different mantle seurces, or it might be caused by
variable ameunts eof melting. We regard the Sr—Nd isetepic
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Fig. S Major and trace element composition of the SCS alkaline basic
dykes. Concentrations expressed as weight % (Si@,, Al,@®;, Ca®, Ti®;
and K,@®) and ppm (V, Cr, Rb, Sr, Nb, Zr and Ce). The black arrews
indicate the compositional variation wrend observed within samples
from a single dyke. The selid grey line displays the output data of a
fractional crystallizasion model applied on major and trace elements
and made on the basis of the general Rayleight equation. The model
input data consider frachonation of 20% cpx, 7% ol and 13% amph,
obtained by averaging phenocrysts modal proportions. Clinopyroxene
103811-62, amphibole 80318-9 and olivine 104867-57 from Tables 1

differences te be due te a significant mantle cempesitienal
effect. This is discussed belew.

Spanish Central System alkaline recks de net shew
primary magma cempesitiens accerding te the criteria ef
Frey et al. (1978): Mg# > 0.6-0.7; Cr > 500-1,000 ppm
and Ni > 200-500 ppm (Table 3). Mercever, the fersterite

and 2 have been used in major element modeling. As initial magma
composition we have considered the most Mg-rich non cumulate
samples from La Paramera dyke (76547 and 77753). Mineral/melt
pariition coefficients for clinopyroxene, olivine and amphibole used for
modeling wace elements (except Cr, V) taken, respectively, from Foley
etal. (1996), Zanetti et al. (2004) (except Nb after Taura et al. 1998) and
LaTourrette et al. (1995). BEpvmelt ppvmelt ., g p@lmelt ,rior
Ringonod (1970), BGmPVmelt apg PEVmel reor Wostal et al. (1983)
and BETPVmEI e Matsui et al., (1977)

centent of elivines frem primary magmas are nermally in
the range 88-94, whilst elivines frem SCS lamprephyres
and diabases de net exceed Fegq, suggesting the invelve-
ment of ene or mere differentiatien precesses. @f particular
interest is the alkaline dyke frem Maragate, which shews
the richest cempesitien in Mg, Cr and Ni (Fig. 5). These
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centents are prebably influenced by the cumulative nature
of this dyke, as deduced frem its high prepertien (>40%)
of mafic phenecrysts (mainly clinepyrexene and pseude-
merphesed elivine).

The pesitive cerrelatien of Ca, Ni, Cr and V versus Mg#
value peints te el 4+ Cr-sp + cpx crystal fractienatien.
Additienally, the trends of Ti depletien ebserved in Fig. S
are likely te be due te kaersutite fractienatien. These pre-
mises are censistent with the petregraphic ebservatiens.
We have applied a crystal fractienatien medel based en
majer and trace elements fer the lamprephyric melts; the
results are pletted in Fig. S. A 40% fractienatien ef
cpx + amph + el is eneugh te acceunt fer the cempesi-
tienal trends ebserved in the SCS lamprephyric magmas
(mere details in captien te Fig. S). This medel sheuld be
censidered as a general indicatien ef the fractienatien
precess fellewed by the different alkaline dyke swarms
(e.g. for diabasic magmas a different crystal fractienatien
precess invelving plagieclase sheuld be censidered).

Rele of crustal assimilatien

The enwapment ef granulite and cumulate ultramafic
xeneliths whese estimated pressure of equilibratien ranges
frem 7 te 12 kbar (Villaseca et al. 1999; @rejana et al.
2006) seems te indicate that the SCS lamprephyric and
diabasic melts might have stagnated at lewer crustal levels.
This is reinferced by the fact that seme of these ultramafic
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cumulate xeneliths are genetically related with the Permian
alkaline magmatism (@rejana et al. 2006), and alse because
seme lamprephyres carry a cemplex high-pressure phene-
cryst pepulatien (@rejana et al. 2007). Thus, the question of
a pessible lewer crustal centaminatien precess arises.
Raties of trace elements with centrasting cencentratiens in
mantle and crustal recks may help te evaluate this pessible
influence. Ce/Pb and Ba/Nb raties in the centinental crust
are areund 3.9 and S7, respectively (Rudnick and Gae
2003) due te the high Pb and Ba cencentratiens in the crust.
These values are clese te these eof the SCS granulite
xeneliths frem the lewer crust (Ce/Pb ~ S and Ba/Nb ~ 66;
Villaseca et al. 1999). The same raties in the SCS alkaline
lamprephyres and diabases are significantly different (Ce/
Pb = 14-28 and Ba/Nb = 9-15), appreaching the trace
element cempesitien ef typical mantle-derived recks (@IB:
Ce/Pb ~25 and Ba/Nb ~7.3; Sun and McDeneugh 1989)
(Fig. 9a). Three SCS lamprephyres shew Ba/Nb frem 15 te
29, altheugh these high values are prebably derived frem
the high prepertiens ef phlegepite (Ba-rich) and clinepy-
rexene (Nb-peer) phenecrysts.

We have tested an AFC medel using Ce/Pb and Ba/Nb
raties te quantify the degree of assimilatien of lewer crustal
materials en the cempesitien of the SCS alkaline dykes (see
input data in Fig. 9 captien). The results shewn in Fig. 9a
are based en three different assimilatien/fractienatien (r)
values. Leaving aside the three samples with high Ba/Nb
discussed abeve, the small cempesitienal differences



Table 4 Sr—Nd-Pb Isotopic composition of SCS alkaline lamprophyres and diabases

Lamprophyres Diabases

Pyke Paramera Tomadizos- Hoyo de Pinares Maragato Puerto del Pico San Bartolomé de Pinares Bernuy Salinero Peguerinos Peguerinos
Avila

Sample 77753 103473 103674* 103811 103818 104541° 31839° 81938* 101892°
Rb (ppm) 74 137 914 489 107 115 129 54 56.5
St (ppm) 429 203 220 514 631 1266 942 633 1387
S7Rb/3*Sr 050 049 030 028 049 026 040 025 012
¥81/%%sr + (20) 0704850 + 03 0.706246 & 06 0.705803 & 05 0.706147 + 32 0.707004 & 23 0.705798 + 07 0.705276 + 12 0.704455 £ 06 0.703741 + 08
8781/% 81565 Ma 0.70297 0.70438 0.70467 0.70511 0.70515 0.70481 0.70378 0.70352 0.70330
Sm (ppm) 7.12 16.9 745 707 737 269 291 691 765
Nd (ppm) 352 844 429 332 396 509 465 3168 422
L7 S m/ 4 Nd 0.122 0.121 0.105 0.129 0.113 0.103 0.116 0.132 0.110
ISNd/Nd + (20) 0512841 + 08 0512465 + 03 0512551 & 04  0.512523 & 05 0.512444 + 06 0.512500 + 06 0.512860 + 10 0.512728 + 03 0512832 + 05
e(Nd)26s Ma 6.5 -08 1.4 0.1 -09 05 7.1 4.0 67
U (ppm) 132 175 119 103 182 187 1.02
Th (ppm) 500 621 526 5.17 694 642 401
Pb (ppm) 328 656 547 467 609 365 456
2387/204py 300 19.4 17.0 17.2 228 374 17.0
22T/ ph 1250 690 75.1 862 263 1284 66.8
Hepp/2Ph + (20)  19.548 + 0.006 19.281 4 0.004 19047 =+ 0.020 19.129 + 0.010 19.411 + 0.010 19208 + 0040 19225 4+ 0.014
27ph/ P + (20)  15.675 + 0.006 15.617 & 0.004 15640 =+ 0.020 15.680 + 0.010 15.649 + 0.010 15629 + 0040 15624 + 0.012

25pb/2Pb + (20)
2.‘Pb/2.4rb(155 Ma)
2.7Pb/2.4rb(2‘5 s
zoan/zotan(z‘s v

39.658 + 0.006
18.163
15.604
38.008

39.268 + 0.004
18.465
15.575
38.357

39211 + 0.020
18.334
15.603
38.21%

39.582 + 0.010
18.409
15.643
38.445

39.553 4+ 0.010
18.456
15.600
38.408

39632 4+ 0040
18239
15548
37937

39.180 £ 0.014
18512
15587
38298

Rb, Sr, Sm, Nd, U, Th and Pb concentrations deterinined by ICP-MS

* Sr—Nd isotopic data of these samples taken from Villaseca et al. (2004)

b Sr-Nd isotopic data of these samples taken from @rejana et al. (2006)
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Fig. 7 Sr-Nd isotopic composition of the SCS alkaline basic dykes
compared with that of other alkaline or moderately alkaline Permian
basic rocks from western Europe, including previous analyses of Bea
et al. (1999) and Perini et al. (2004) for the SCS alkaline
lamprophyres. Maragato and Puerto del Pico samples represent new
data, whilst the rest of plotted samples are taken from Villaseca et al
(2004) and @rejana et al. (2006). Compositional field of Pyrenees,
@slo Graben, Scotland, Corsica and Western Alps are taken from
Lago et al. (2004), Neumann et al. (2004), Upton et al. (2004), Bonin
(2004) and Monjoie (2004), respectively. It has been also plotted for
comparison the composition of the Gbl and Gb2-Gb3 calc-alkaline
post-collisional dykes from the SCS, after Villaseca et al. (2004). The
isotopic signatures of the SCS lower crustal felsic granulite xenoliths
and metapelitic xenoliths are taken from Villaseca et al. (1999). SCS
upper crustal materials (grey vertical bar) plot mostly out of the
diagram, towards much higher *’Sr/*Sr values (Villaseca et al
1998b). ®IB and MORB fields after Wilson (1989)

displayed by the SCS alkaline dykes weuld require ne mere
than 7% assimilatien ef lewer crustal recks. Merecever,
there is net a pesitive cerrelation ef silica centent with Sr
isetepe radiegenic raties er Rb/Sr values in these alkaline
recks (Fig. 9b,c), as weuld be expected if a silica-rich
crustal cempenent were invelved in their genesis. Addi-
tienally, the negative Pb anemalies and Nb—Ta peaks shewn
by the SCS alkaline dykes when nermalized te primitive
mantle centents (Fig. 6), suppert the cententien that cen-
taminatien by lewer crustal recks did net exert a significant
influence en their cempesitien.

Seurce enrichment and mantle heteregeneity

The primitive mantle-nermalised Sm/Yb raties in the SCS
alkaline basic recks range frem 2.4 te 5.3, and these values
are censistent with melting in the presence eof residual
gamet (e.g. McKenzie and @'Niens 1991). Furthermere,
their high incempatible trace element centents prebably
indicate the invelvement ef an enrichment precess in the
mantle seurce.

Th/Yb and Ta/Yb raties in basic recks are a useful
petregenetic indicater. In Fig. 1@a we have represented the
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Fig. 8 Pb isotope ramos of the SCS alkaline basic dykes. The single
data of Perini et al. (2004) corresponds with a single SCS alkaline
lamprophyre. It has also been plotted for comparison the composi-
monal field of the Permian moderately alkaline dykes from westem
Alps (Monjoie 2004). Compositional fields of @IB, DMM, BSE, EMI,
EMII, PREMA and HIMU are taken from Zindler and Hart (1986).
NHRL: Northern Hemisphere Reference Line

cempesitienal fields of mantle-derived recks frem depleted
and enriched seurces (fellewing the mantle array) and
these of island arc basalts (IAB) and active centinental
margins (taken atter Wilsen 1989). The invelvement ef
crustal recks er subductien cempenents in IAB and cen-
tinental margins is reflected in their Th enrichment and Ta
depletien with respect te REE. The SCS alkaline basic
dykes plet within the mantle array and cempletely everlap
the enriched field of mantle recks, with a cempesitien
similar te @IB (Fig. 10a), thus supperting a miner centri-
butien ef crustal assimilatien and suggesting that primary
magmas ef these recks were generated by partial melting ef
a metasematised mantle.

Fer SCS alkaline lamprephyres there are pesitive cer-
relatiens between Rb/La and K/La raties, and alse between



Fig. 9 Whole-rock chemical composition of SCS alkaline basic p

dykes for a Ce/Pb versus Ba/Nb, b Si®; versus Rb/Sr and ¢ Si®;
versus (87Sr/“Sr.).. Plot (a) also shows an AFC model made for three
contrasting assimilation/fractionation ratios (0.2, 0.5 and 0.8). Initial
model melt composition: sample 77753 (La Paramera dyke).
Contaminant composition: averaged values of SCS lower crustal
granulite xenoliths (Villaseca et al. 1999). The bulk Dyy (006), Dy,
(005), D¢, (007) and By, (0.03) have been calculated using the
mineral/melt parition coefficients and the proportions of fractionating
phases described in Fig. 5 capion, with the exception of Dy, for
which ol/melt and amph/melt partition coefficients have been taken
from McKenzie and @Nions (1991). M@ORB and @IB average
composition in diagram (a) are taken from Sun and McDonough
(1989)

Ba/Nb and Ba/Ce raties (Fig. 1@b, c). These features might
acceunt fer the presence of phlegepite in the seurce during
partial melting as this mineral may preferentially incer-
perate LILE when cempared te REE and HFSE. This is
alse supperted by the petassic character of lamprephyres;
petassic and ultrapetassic recks are asseciated with the
presence of phlegepite in the mantle (e.g. Feley 1992). The
high Nb-Ta cencentratiens ebserved in the SCS alkaline
dykes (Table 3) suggest that pargasitic amphibele has alse
participated in their genesis centrelling the behavier ef
Nb-Ta during mantle melting (e.g. Ienev et al. 1997).
Mercever, the SCS diabases have higher Nb/Ta raties
(13.6-16.1) when cempared te the lamprephyres (11.2—
13.1). Green (1995) feund that pargasite is the enly mineral
invelved in the genesis of basaltic magmas that shews Dy,
Ta > 1, and thus the melt Nb/Ta ratie is centrelled by
amphibele during melting (Tiepele et al. 2000). Therefere,
altheugh beth petassic phases might have ceexisted,
amphibele was prebably predeminant in the mantle seurces
of SCS diabases, whilst the influence of phlegepite is
evident mainly in the case of lamprephyres. The mederate
P,®s centent of the SCS alkaline dykes (0.3-1 wt%;
Table 3) indicate that a P-rich phase, such as apatite, might
have been a stable metasematic mineral in the mantle
seurce. Slight negative P anemalies can be ebserved in
these dykes (Fig. 6) indicating the presence of a residual
P-rich mineral in the mantle. Samples shewing pesitive P
anemalies are these characterized by high prepertiens ef
accumulated apatite phenecrysts (e.g. sample 81839).

A diabase-lamprephyre asseciatien within the Perme-
Carbenifereus magmatism in western Eurepe has alse been
reperted in seuthern Scandinavia by @bst et al (2004).
Nevertheless, these diabases are theleiitic in cempesitien
and they are derived frem a depleted mantle seurce sub-
jected te a metasematic event that is genetically unrelated
te the ceeval alkaline lamprephyres. @n the centrary, the
SCS diabase-lamprephyre asseciatien censists ef similar
alkaline magma batches (e.g. Fig. 6), which alse everlap in
their Sr—Nd-Pb isetepic cempesitienal fields, suggesting
that they are derived frem similar mantle seurces with enly
slight differences in their medal accessery mineralegy.
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The isetepic cempesitien ef the SCS alkaline magmas
implies the invelvement ef at least twe different mantle
seurces: ene isetepically depleted (PREMA-like) and the
ether isetepically enriched. The depleted Sr—Nd isetepe
signatures of diabases and seme lamprephyres indicate
participatien ef a sublithespheric seurce (prebably
asthenesphere-related). Hewever, the lamprephyres with
mere radiegenic Sr—Nd isetepic cempesitiens clearly



(a) 10 —

£ B e AR L) e
- Continental - ]
i cms(\ *’ 1
e ;/ \ zconiingntal . 4
E ! ')‘u mr,gfy " Enriched
r Mo mantle ]
T}I/Yb : i Owa:nl::land ,r 0IB :
[
0.1F \ i -
F \\ o T. ' ]
| .‘.hl ¥ Depleted ]
i MORS Imamle :
- 0.01 0.1 1 10
Ta/Yb
(b) 5
> Villatoro X Hoyo de Pinares|
¥ Pucrtodcl Pico B Bermuy Salinem!
% Maragato Q Paramera
41 H- Tomadiaos-Avila @ Pegucrimos H
P> San Bartolomé de Pinares |
v
3r 5 O ]
Rb/La Diabases - Y x
2r /B R y
A
| - F + ,.
1| X -
0 1 1 I I
0 200 400 600 800 1000
K/La
(c) 40
30 *
Ba/Nb Diabases i
20} y v.
10
0 1 1
0 10 20 30

Ba/Ce

Fig. 10 Whole-rock chemical composition of SCS alkaline basic
dykes for a Th/Yb versus Ta/Yb, b Rb/La versus K/La and ¢ Ba/Nb
versus Ba/Ce. Arrews represent the general wend described by the
SCS alkaline dykes. M@ORB and @IB average composifion in diagram
(a) are taken from Sun and McDonough (198%), and Continental crust
average composition taken from Rudnick and Gao (2003). The fields
of @ceanic Island Arcs and Active Continental Margins after Wilson
(1929)

indicate the invelvement ef a lithespheric mantle. Meta-
sematism ef beth asthenespheric and lithespheric mantle
seurces is likely te have acted in a similar way, preducing
the same enrichment patterns; the highly incempatible

wace element raties in beth lamprephyres and diabases are
net significantly different (e.g. Fig. 10a).

Mantle metasematism has been attributed te either (1)
fluids er melts generated by subductien precesses (e.g.
Peaceck 1990), er (2) velatile- and K-rich, lew-viscesity
melts that leak frem the asthenesphere and accumulate in
the everlying lithesphere (e.g. McKenzie 1989). The
cempesitien ef these agents is believed te change centin-
ueusly as they percelate thereugh the mantle frem their
seurce regiens (Naven and Stelper 1987). Nermalised
multi-element plets (Fig. 6) fer the SCS alkaline basic
dykes de net have subductien-related signatures, such as
large negative Nb, Ta and Ti anemalies, and thus we
attribute the seurce enrichment te metasematising melts
derived frem the cenvecting mantle. McKenzie (1989)
suggested that these melts weuld freeze in the lithesphere
and might cencentrate in thin zenes ever leng perieds of
time, resulting in substantial velumes accumulated as
veins, sills er dykes in a mechanical beundary layer.
Melting ef this metasematised mantle might lead te the
generatien of petassic—ultrapetassic recks (e.g. Chalapathi
Rae et al. 2004). The petassic nature of the SCS alkaline
lamprephyres is in accerdance with this latter medel.

The invelvement eof a centinental cempenent in the SCS
lamprephyre mantle seurces is difficult te assess. The Sr—
Pb isetepic signatures ef the enriched lamprephyres are
indicative of the inweductien of a *’Sr—>*"Pb->**Pb-rich
cempenent inte the mantle. These characteristics cannet be
explained by the generatien ef phlegepite in mantle seur-
ces during the metasematic event. This mineral usually
displays high Rb/Sr and lew U/Pb raties, thus an enrich-
ment in radiegenic Pb weuld net be expected. Furthermere,
the high Rb-REE cencentatiens in the isetepically deple-
ted dykes argue against extended evelutien ef the mantle
seurces atter being metasematised. We censider that the
207pph_*®phrich cempesitien ef these recks ceuld be
derived frem a cempenent similar te the reserveir EMH,
which ceuld be related te the incerperatien ef centinental
crust inte the mantle (Zindler and Hart 1986). The sub-
centinental lithespheric mantle seurce eof these
lamprephyres has been slightly medified by subducted
crustal cempenents, new enly detectable because of their
isetepic signatures. But the erigin and age ef this meta-
sematic event is difficult te establish with the current data.

The geodynamic context of the SCS alkaline
magmatism within the Permian magmatic province
of western Europe

The intrusien ef the SCS alkaline magmas is censidered te
be part of the widespread magmatism develeped in western
Eurepe at the end of the Hercynian eregeny, with extensive



alkaline magmatic manifestatiens frem the nerthern fere-
land te the internal zenes (Wilsen et al. 2004 and
references therein). In Fig. 11 we have highlighted the
lecatien ef the mest impertant Permian basic magmatic
regiens in western Eurepe, tegether with the main struc-
tural lineatiens that were active at that time (see references
in Fig. 11 captien). Accerding te different studies, this
Permian magmatism ceincided with a peried of incipient
regienal rifting (Benin 1988; Ziegler 1993; Heeremans
et al. 2004). Nevertheless, a palacemagnetic study en
Permian velcanic recks frem the western Alps has shewn
that a single geedynamic setting might net be applicable te
the whele area (Mutteni et al. 2003). These authers prepese
that part ef the S-Eurepe regien weuld have been assem-
bled with Africa (Gendwana) during Early Permian times.
This is in agreement with the medel of Irving (1977),
which suggests that a significant change might have
eccurred in the palacegeegraphic cenfiguratien ef the
Pangea supercentinent frem early te late Permian, placing
Gendwana farther te the East by appreximately 3,000 km
with respect te Laurasia at the beginning ef this peried.

This transitien frem Pangea ‘B’ te Pangea ‘A’ has been
asseciated with an intraplate dextral megashear system and
with the reactivatien of Hercynian shear zenes (Mutteni
et al. 2003). The Hercynian frent ceuld be related te ene of
these megashear bands.

Figure 12 shews the time intervals ef Permian basic
magmatismas a functien ef magmatic affinity (calc-alkaline,
alkaline and theleiitic) within western Eurepe. Calc-alkaline
recks are clearly cenfined te lewer Permian er elder ages
within SW Eurepe and de net ceexist withalkaline intrusiens
in the internal zene of the eregen, with the exceptien ef
Cersica-Sardinia (Cecherie et al. 2005) (Fig. 12). Addi-
tienally, Carbenifereus alkaline recks are cenfined te NW
Eurepe. In Scetland this magmatism starts in the Dinantian
(frem 342 £ 1 Ma; Menaghan and Pringle 2004) and per-
sists during Permian times (Upten et al. 2004; Kirstein et al.
2006). Semething similar is ebserved in the @sle Graben,
where alkaline basalts were intruded between 305 and
299 Ma and larvikitic and basanite lavas fellew in several
stages until 243 Ma (Neumann et al. 2004). Highly alkaline
basalts and basanites are characteristic of the lewer Permian
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Fig. 11 Sketchy map made after Franke (1989%) showing the location
of the main magmatic regions within western Europe during Permian.
WIM West Iberian Margin, after Gardien and Pagquette (2004);
P Portugal, after Portugal-Ferreira and Macedo (1977); PY Pyrenees,
after Debon and Zimmermann (1993) and Lago et al. (2004);
IC Tberian Chain, after Lago et al. (2005); AM Armorican Massif,
after Bellon et al. (1988); CS Corsica-Sardinia, after Bonin (1988);
ALP western and southern Alps, after Cortesogno et al. (1998) and

Rottura et al. (1998); SCT Scotland, after Upton et al. (2004); NS
North Sea, after Heeremans et al. (2004) and Stemmerik et al. (2000);
NEGB North East German Basin, after Neumann et al. (2004), @G
®slo Graben, after Neumann et al. (2004) and SC Scania, after
Neumann et al (2004). Structural lineatons after Bonin (1988},
Ziegler (1993}, Heeremans et al. (2004) and Ziegler et al. (2004).
Hercynian front after Kirstein et al. (2006)
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Fig. 12 Chronology of the main Permian-Triassic basic magmaism
in western Europe. PY Pyrenees, after Alibert (1985), Debon and
Zimmermann (1993) and Lago et al. (2004); WIM West Iberian
Margin, after Gardien and Paquette (2004); IC Iberian Chain, after
Lago et al (2005); AM Armorican Massif, after Bemard-Griffiths
et al. (1985) and Bellon et al. (1988); CS Corsica-Sardinia, after
Traversa et al. (2003), Bonin (2004) and Cocherie et al. (2005); AL®
western and southern Alps, after Rottura et al. (1998), Eichhom et al.
(2000), Carraro and Visona (2003) and Monjoie (2004); SCT
Scotland, after Upton et al. (2004); NS North Sea, after Stemmerik
et al. (2000); NEGB North East German Basin, @G ®slo Graben and
SC Scania, after Neumann et al. (2004). NW Europe tholeiitic
magmatic event at 295 Ma are taken from Heeremans et al. (2004)

in Scania (294-274 Ma) and the NE German basin (294
302 Ma) (Neumann et al. 2004). A similar age range has
been ebtained for basic velcanics (strengly alkaline basalts
and basanites) frem the Nerth Sea basins (breadly 299—
260 Ma; Stemmerik et al. 2000; Neumann et al. 2004).
Miner theleiitic velcanics may accempany the mere abun-
dant alkaline recks in NW Eurepe Perme-Carbenifereus
regiens. Mercever, a regienal theleiitic magmatic event
recerded areund 295 Ma characterizes these nerthern areas
(Heeremans et al. 2004), but was net seen in SW Eurepe
(Fig. 12). @n the other hand, theleiitic magmas eccur in SW
Eurepe in centinental areas at the Triassic—Jurassic beund-
ary, as exemplified by the SCS and Pyrenees intrusiens.
Accerdingly, a geechemical centrast exists when cem-
paring SW and NW Eurepe basic magmatism during the
Permian. In SW Eurepe theleiitic and alkaline magmatism
is mestly absent during the Lewer Permian (excepting
Cersica-Sardinia; Fig. 12), whereas calc-alkaline magma-
tism is deminant and it dees net appear in NW Eurepe. This
discrepancy supperts the pessibility eutlined by Mutteni

et al. (2003), that NW and SW Eurepe were geegraphically
farther apart during the Early Permian than previeusly
theught. The widespread alkaline magmatic event recerded
in beth SW and NW Eurepe (SCS, PY, CS, ALP, SCT, @G,
SC, NS and NEGB) during the Mid Permian might repre-
sent the assembly ef all western Eurepe, te cenfigure
Pangea ‘A’ within the framewerk of a cemmen general
geedynamic setting.

In the SCS, the intrusien ef the alkaline suite during
Upper Permian marks the change frem the last Hercynian
extensienal stages te widespread pest-Hercynian rifting.
This latter glebal faulting might represent the break up eof
Pangea, but it has alse been linked te the epening ef the
Atlantic @cean and the develepment ef the Central
Atlantic Magmatic Prevince (Benin 1988). This latter
pessibility ceuld be supperted by the alkaline-theleiitic
wansitien during the Upper Triassic. This mainly eccurs
near ecean margin regiens (the ecean—centinent transitien
zene in the NW eof the Iberian Massif and Armerican
Massif; Fig. 12).

The marked change in the geechemical cempesitien ef
the magmatism frem Lewer te Upper Permian in SW
Eurepe, means the intreductien ef deeper mantle-derived
melts with isetepically depleted cempenents, as evidenced
by their pesitive ¢(Nd) values (Cersica, Benin 2004; wes-
tern Alps, Menjeic 2004; Pyrenees, Lage et al. 2004, and
the SCS) (Fig. 7). Altheugh this new isetepic signature is
alse recerded in NW Eurepe (@sle Graben, Neumann et al.
2004; Scetland, Upten et al. 2004), it appears as early as
342 £ 1 Ma in Scetland (Menaghan and Pringle 2004),
indicating a different geelegical histery fer this nerthern
secter when cempared te seuthern Eurepe, reinfercing the
geedynamic hypethesis prepesed abeve.

Permian alkaline melts frem the SW Eurepe (e.g. Cer-
sica-Sardinia, SCS area) display magma types with lewer
eNd values than NW Eurepe alkaline regiens, pletting
clese te BSE (Fig. 7). Thus, an enriched lithespheric
mantle cempenent has been invelved in the genesis of
alkaline magmas in these seuthern Eurepean areas (e.g.
Perini et al. 20@84). This is in agreement with Pb isetepe
data, as discussed in the previeus sectien. Nevertheless,
Upper Permian alkaline magmatism in western Eurepe is
censidered te be mainly derived frem mantle seurces
witheut the invelvement ef significant subductien-
centaminated cempenents (Wilsen et al. 2004). Intracen-
tinental rifting at the end ef the Hercynian eregeny within
central-western FEurepe has been suggested, implying
lithesphere thinning and ascent ef het deep mantle (Wilsen
et al. 2004 and references therein). Feur pessible mecha-
nisms may acceunt fer this general precess of rifting and
asseciated mantle melting: (1) breakeff of a subducting
slab; (2) delaminatien ef the lewer crust; (3) impingement
of a mantle plume; and (4) passive upwelling eof



asthenesphere as centinental fragments diverge and melt-
ing eccurs by adiabatic decempressien.

Maedels invelving crustal sinking (slab breakeff er lewer
crustal delaminatien) are unlikely due te the absence ef
significant subductien-related cempenents in the SCS
lithespheric mantle seurces.

The erigin ef the Perme-Carbenifereus velcanic prev-
ince in Eurepe and NW Africa has been interpreted in
terms of a superplume impinging en the base of the lith-
esphere (Emst and Buchan 1997). Accerding te this medel,
the head eof this superplume weuld have spread nerthward
asymmetrically frem the incipient Atlantic rift (@yarzun
et al. 1997; Wilsen 1997), cevering a reughly elliptical area
of 4,000 km frem Merecce te the @sle Graben. Its influ-
ence in western Eurepe is speculated te centinue during
Mesezeic and Cenezeic times and is further related te the
epening of the Atlantic @cean (e.g. Burke et al. 1973;
White and McKenzie 1989; @yarzun et al. 1997). The
small magma velumes represented by these alkaline dykes
and the absence of magmatism between 252 + 3 Ma (the
yeungest age determined fer the SCS alkaline suite;
Fernandez Sudrez et al. 2006) and 203 + 2 Ma (intrusien
of the theleiitic Messejana-Plasencia dyke; Dunn et al.
1998) in central Spain, centradicts the classical theery of a
deep mantle plume, centinueusly generating large magma
velumes ever a leng peried of time (Campbell 2005 and
references therein). Mereever, ne anemaleusly thick crust
due te igneeus accretien (underplating) ef mafic recks is
knewn te have existed beneath the SCS. In fact, the cem-
pesitien ef the lewer crust seems te be felsic as indicated
by the granulite xeneliths carried by the alkaline dykes
(Villaseca et al. 1999). Recently, based en the absence of
large magma velumes, thermal anemalies and lew *He/*He
raties, Kirstein et al. (2004) feund ne cempelling evidence
of mantle plume invelvement in the genesis of Perme-
Carbenifereus magmatism in NW Eurepe. This criticism
with the plume medel has alse been extended te the
epening ef the central Atlantic @cean (McHene 2000).

We suggest that the mest prebable geedynamic setting
for the generatien ef the SCS alkaline magmas is that ef
lithesphere thinning, passive upwelling of het asphene-
spheric mantle and melting ferced by adiabatic
decempressien. Asthenesphere-like melts might be identi-
fied with the isetepically depleted SCS dykes, whilst the
lamprephyres with BSE-like isetepic cempesitiens are
recerding melting at the base eof the lithesphere. The
present lithespheric thickness in central Spain is areund
110 km (Fernandez et al. 1998; Tejere and Ruiz 2002) and
the regien seems te have been tectenically stable since
Permian times. Mereever, alkaline melt generatien eccur-
red at great depth (the stability field ef gamet in peridetites
ranges dewn te areund 80 km; Nickel 1986) clese te the
prepesed  lithesphere—asthenesphere  beundary. The

eccurrence of alkaline mafic dykes in the western Alps at
260 + 1 Ma (Menjeic 2004) has alse been ascribed te
melting of an asthenesphere-like mantle as a censequence
of lithesphere thinning. The clese similarities, which exist
in the geechrenelegy and isetepe geechemistry ef the
alkaline magmas frem the SCS, Pyrenees and western Alps
suppert the regienal scale extensien ef this geedynamic
centext in seuthern Eurepe during the Permian.

Summary and conclusions

The alkaline lamprephyres and diabases frem the SCS
censtitute a petregraphically and geechemically hetere-
genceus suite eof dykes. The abundance eof mafic
phenecrysts, the absence of primary magmas and presence
of variatien trends characterized by decreasing Ca, Ti, Nj,
Cr and V tewards lewer Mg#, is in accerdance with frac-
tienatien ef elivine + clinepyrexene + kaersutite + Cr-
spinel + ulvespinel + plagieclase (this latter mineral enly
in the case eof diabases).

Their bulk chemistry has net been influenced signifi-
cantly by assimilatien ef crustal recks, as their
incempatible trace element raties are similar te these ef
recks typically derived frem mantle seurces (Ce/Pb and
Ba/Nb in @B and M@RB). Mercever, they de net shew
pesitive cerrelatien ef silica centent with Rb/Sr er *’Sr/*®Sr
raties.

The clear pesitive Nb—Ta and negative Pb anemalies
indicate that enrichment ef their seurces was net caused by
any subductien-related cempenent. The highly fractienated
chendrite-nermalised REE patterns and high Sm/Yby
raties suggest that they fermed within the gamet stability
field. The petassic nature ef the SCS lamprephyres and
their Rb/La and K/La raties peint te phlegepite deminating
their generatien, whereas amphibele prevailed in the case
of the sedic diabases. It is likely that the enrichment event
was caused by infiltratien ef K- and velatile-rich fluids er
melts. The high REE centents shewn by the isetepically
depleted dykes imply that melting eccurred shertly after
metasematism.

Twe isetepic greups ef SCS alkaline dykes are ebserved:
(1) a PREMA-like (asthenesphere) cempenent (eNd = +4
te +7.1; ¥St/*°Sr = 0.7029-0.7037; **°Pb/**'Pb = 18.1-
18.5); and (2) a BSE-like er slightly enriched lithespheric
cempenent (¢Nd = +1.4 te —0.9; *’Sr/*Sr = 0.7043-
0.7051; **Pb/***Pb = 18.3-18.5). The slight enrichment in
57Sr, 2*’Pb and 2**Pb isetepe raties can be ascribed te the
intreductien inte the mantle seurces of centinental er sub-
ductien-medificd cempenents.

A clear geechemical centrast can be ebserved when
cemparing lewer Permian basic magmatism frem SW
and NW Eurepe. In areas nerth ef the Hercynian frent, ne



calc-alkaline er peralumineus magmatism is recerded at
that time and alkaline manifestations are widespread. In
areas affected by the Hercynian eregeny alkaline magmas
are scarce befere Upper Permian times. Mercever, nerthern
areas shew a regienal theleiitic event areund 295 Ma,
which dees net exist in SW Eurepe. This difference agrees
with the medel eutlined by Mutteni et al. (2003) in which
NW and SW Eurepe were geegraphically assembled during
mid Permian times.

Theugh a mantle plume has been prepesed as the prin-
cipal facter respensible fer the rifting precess during
Perme-Carbenifereus times there are features that are net
in accerdance with this medel when applied te the SCS.
This has alse been argued fer the magmatism in Nerthern
Eurepe (e.g. Kirstein et al. 2004, 2006). Thus we faver a
passive medel in which rifting weuld fellew frem lithe-
sphere thinning and upwelling eof the het asthenesphere.
This tectenic regime might be wansitienal between the
general Perme-Carbenifereus extensien in western Eurepe
and the final epening ef the Atlantic @cean during the
Mesezeic.
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