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Abstract: The alkaline lamprophyres and diabases from the Spanish Cenwal System carry a
heterogeneous suite of xenoliths including a group of highly altered ultramafic pyroxenites that
contain Cr—Mg-rich high-7 hydrous minerals (Ti-phlogopite and pargasitic to kaersutitic amphi-
bole), indicative of modal metasomatism. The wace element mineral compositions of these xeno-
liths show three patterns: type A xenoliths, with light rare earth element enriched clinopyroxenes
with high field strength element (HFSE) negative anomalies; type B xenoliths, with clinopyro-
xenes and amphiboles with highincompatible wace element contents (large ion lithophile elements
(LILE), HFSE and REE); type C xenoliths, with relatively REE- and HFSE-poor clinopyroxenes
and amphiboles. These metasomatic signatures suggest the involvement of three different meta-
somatc agents: carbonate, silicate and hydrous fluids or melts, respectively. These agents could
have been derived from the progressive differentiation of a CO;—H,O-rich highly alkaline magma,
genetically related to the Late Pennian alkaline magmatism. Because of the original sub-alkaline
natwe of the pyroxenitexenoliths, they might have beenformed originally as pyroxene-rich cumulates
associated with underplated Hercynian calc-alkaline basic magmas. Metasomadsm as a result of
theinfilwation of alkaline magmas within these cumulates might explaintherelatively highradiogenic
Nd composition of the altered ulwamafic xenoliths.

Ultramafic xeneliths carmried by mantle-derived
alkaline velcanic and subvelcanic magmas seme-
times include pyrexenitic types, which are much
less abundant than typical mantle lithelegies
(peridetites). Several pessible erigins have been
prepescd fer pyrexenite xeneliths: (1) cumulates
or segregatiens frem mantle-derived magmas intre-
duced as dykes or veins within the lithespheric
mantle (e.g. Frey & Prinz 1978; Pewnes 2001);
(2) cumulates crystallized within deep magma
chambers near the upper mantle—lewer crust
beundary, asseciated with underplating ef mafic
magmas (e.g. Féménias et al. 2003); (3) restites
preduced during melting and genetically asseciated
with everlying eregenic batheliths (Bucea &
Saleeby 1998); (4) remnants ef eceanic crust, sub-
ducted inte the asthenesphere and then streaked
eut by mantle cenvectien until they were incerper-
ated inte the lithesphere (Allegre & Turcette 1986).
Mereever, seme pyrexenites have been subjected te
a later enrichment precess (Garride & Bedinier
1999; Litasev e . 2000, Xu 2002).

The Upper Permian alkaline lamprephyres and
diabases frem the Spanish Central System (SCS)
carry a heteregeneeus xenelith suite, including
lewer crustal granulites (Villaseca et al 1999)
and ultramafic pyrexenites and hernblendites
(@rejana et al. 2006). Seme types of pyrexenites
have never been studied because eof their scarcity

and alteratien. These altered pyrexenites shew a
relict high-7 paragenesis cempesed ef clinepyre-
xene, amphibele and phlegepite, peinting te the
invelvement ef a metasematic transfermatien at
depth.

The nature ef the metasematizing agents in
enrichment precesses can be breadly divided inte
three categeries: (1) silicate melts (e.z. Ienev
et al. 20024; Witt-Eickschen et al. 2003); (2) car-
benate er carbenatitic melts and/er fluids (e.g.
Tenev 1998; Yaxley et al. 1998; Xu et al. 2003);
(3) hydreus fluids (e.g. Jehnsen ez al. 1996).

The presence of multiple types of geechemical
patterns in a single suite of ultramafic xeneliths is
relatively cemmen and semetimes has led te the
cenclusien that varieus genetically unrelated
liquids were invelved (Grégeire et al. 2003;
Witt-Eickschen et al. 2003), whereas, in ether
cases, it has been interpreted as being derived
frem different metasematic agents genetically
related te a single eriginal melt by percelative frac-
tienal crystallizatien (Litasev ez «/. 2000; Ienev
et al. 20024; Xu & Bedinier 2004). The widely
accepted pereus melt flew medel (Naven &
Stelper 1987) predicts the pessibility ef generation
of velatile-rich (H,@®-C@®,) melts or fluids frem a
single velatile-rich magma (Wewnes 2001; Xu &
Bedinier 2004) as a result of a centinueus reactien
with the reck matrix. These lew-viscesity agents



are capable of preducing a streng interactien with
the wall reck.

This paper fecuses en the petregraphy and the
majer and trace element mineral cempesitien of
the altered pyrexenite SCS xeneliths, with the
intentien of censtraining their erigin, and discusses
the interactien with metasematic agents and their
relatienship with the hest alkaline basic magmas
at different emplacement levels.

Geological background

The SCS is a plutenic—metamerphic terrane cem-
pescd eof several Hercynian granitic intrusiens,
emplaced inte Neepreterezeic metasediments and
Palacezeic erthegneisses (Fig. 1). This basement
is cresscut by several pest-eregenic dyke swarms
with centrasting geechemical affinities: calc-
alkaline. sheshenitic, alkaline and theleiitic (Villa-
seca et al 2004). The alkaline suite can be
divided in twe greups: (1) basic te ultrabasic lam-
prephyres (camptenites) and diabases; (2) red
menze-syenitic perphyries. Geechrenelegical data
on this alkaline magmatism yield an age of intrusien
in the range 252-264 Ma (264 Ma, Ar—Ar in
amphibele, Perini et al 2004; Scarrew et al
2006; er 252 Ma, U-Pb in zircen, Femindez-
Sudrez et al. 2006).

The SCS alkaline magmatism eccurred in an
aneregenic setting during the Initial stages ef
Nerth Atlantic epening. @regenic Hercynian meta-
merphism in the area reached its peak at areund
330 Ma and afterwards experienced a marked retre-
grade ceeling path asseciated with mederate uplift
(Escuder Viruete et «l 1998). Buring these
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Fig. 1. Sketch map of the Spanish Central System
showing the location of the Permian alkaline
lamprophyres and diabases, and the outcrops of the
altered ulwramafic xenoliths (P, Peguerinos; SBP, San
Bartolomé de Pinares).

pest-eregenic cenditiens, velumineus granitic and
calc-alkaline magmas intruded these crustal levels,
premeting impertant lecal centact metamerphism.
At 7@ Ma after the regienal metamerphism, during
Late Permian times, lamprephyre dyke swarms
were emplaced at very shallew and ceel levels,
altheugh this did net result in centact metamer-
phism because eof the small velume ef magma.
These uplifted crustal blecks inte which the lampre-
phyres were intruded have net experienced burial
since Early Mesezeic times, as revealed by fissien-
track data (Bruijne & Andriessen 2000). Mercever,
a significant hydrethermal imprint is net ebserved
in either the lamprephyre dykes er the plutene-
metamerphic wall recks, suggesting leng-term
stable crustal cenditiens after the alkaline magma-
tism. Therefere, the significant degree of alteratien
shewn by the studied pyrexenite xeneliths suggests
a genetic relatienship with the hest lamprephyric
melt as discussed belew.

The SCS alkaline lamprephyres and diabases
carry a wide variety of xenelithic material, cempris-
ing wall-reck fragments (granites and gneises),
lewer crustal xeneliths (granulites sensu lato) and
mafic te ultramafic pyrexene-rich cumulates frem
the upper mantle—lewer crust beundary. This last
greup of xeneliths has been divided, in previeus
studies, in feur subgreups accerding te their petre-
graphic characteristics (@rejana et al 2006): (1)
highly altered xeneliths; (2) spinel pyrexenites;
(3) hydrated clinepyrexenites; (4) magmatic
amphibele-rich clinepyrexenites and hemblendites.

Type 2 spinel pyrexenites and type 4 hemblen-
dites are generally larger in size and mere abundant
than the ether ultramafic xeneliths (@rejana et al.
2006). They have been interpreted as magmatic
cumulates or segregates crystallized at the upper
mantle—lewer crust beundary. The amphibele-rich
type 4 xeneliths shew magmatic textures, and
have been interpreted as crystallizing frem the alka-
line melts (@rejana et al. 2006). In centrast, type 2
xeneliths display a graneblastic texture and,
eccasienally, alse centain erthepyrexene (e.g.
websterite  102131). Thus, they have been
interpreted as being related te earlier magmatic
events asseciated with underplating ef calc-alkaline
basic magmas at the base of the crust (@rejana
et al. 2006).

Types 1 and 3 ultramafic xeneliths ef @rejana
et al. (2006) shew a variable ameunt ef high-T
hydrated phases (amphibele and phlegepite).
Nevertheless, their crystalleblastic fabric and
medal mineral cempesitien differentiate them
frem the clearly igneeus-textured type 4 xeneliths
(alse 1ich in amphibele er phlegepite). Their
scarcity and small size represent majer hindrances
te their study, especially when censidering
their whele-reck and isetepe geechemistry.



Nevertheless, in this paper we present a general
petregraphic and geechemical characterization ef
these enclaves, mainly fecusing en majer and
trace element mineral cempesitien, altheugh
whele-reck geechemical analyses and Sr—Nd
isetepe determinatiens have been carried eut en
twe samples.

Analytical methods

The majer element mineral cempesitien has been
analysed at the Centre de Micrescepia Electrénica
‘Luis Bru’ (Cemplutense University of Madrid)
using a Jeel JZA-2900 M clectren micreprebe
with feur wavelength-dispersive spectremeters.
Analytical cenditiens were an accelerating veltage
of 15kV and an electren beam current of 20 nA,
with a beam diameter of S pm. Elements were
ceunted for 10 s en the peak and 5 s en each back-
greund pesitien. Cerrections were made using the
ZAF methed.

We have determined in situ the cencentratiens
of 27 trace elements (rare earth elements (REE),
Ba, Rb, Tb. U, Nb, Ta, Pb. Sr, Zr, Hf, Y. V. Cr
and Ni) in clinepyrexene, amphibele and phlege-
pite. en >130@ um thick pelished sectiens by laser
ablatien inductively ceupled plasma mass spec-
tremetry (LA-ICP-MS) at the University of Bristel
using a VG Elemental Plasma@Quad 3 ICP-MS
system ceupled te a VG LaserPrebe II (266 nm
frequency-quadrupled Nd—YAG laser). The ceunt-
ing time for ene analysis was typically 100s (40 s
measuring gas blank te establish the backgreund
and 60 s fer the remainder of the analysis). The
diameter of laser beam was areund 20 pum. The
NIST 610 and 612 glass standards were used te cali-
brate relative element sensitivities fer the analyses
of the silicate minerals. Each analysis was nermal-
ized te Ca using cencentratiens determined by
electren micreprebe.

The whele-reck majer and trace element cempe-
sitien of twe xeneliths was analysed at the
CNRS-CRPG Nancy. The samples were melted
using LiB®, and disselved with HN@®5. Selutiens
were analysed by inductively ceupled plasma
atemic emissien spectremetry (ICP-AES) feor
majer elements, whereas trace elements were deter-
mined by ICP-MS. Uncertainties in majer elements
are bracketed between 1 and 3%, except fer Mn®
(5-10%) and P,®s (>10%). Carignan et al
(2001) have evaluated the precisien of Nancy
ICP-MS analyses at lew cencentratien levels frem
repeated analyses eof the internatienal standards
BR, BR-N, UB-N, AN-G and GH. The precisien
for Rb, Sr, Zr, Y. V. Hf and mest ef the REE are
in the range 1-5%, whereas they range frem 5 te
10% fer the ether trace elements, including Tm.

Mere infermatien en the precedure, precisien and
accuracy eof Nancy ICP-MS analyses has been
given by Carignan et al. (2001).

Sr—Nd isetepic analyses of twe xeneliths were
carried eut at the CAI de Geecrenelegia y Geequi-
mica Isetépica ef the Cemplutense University of
Madrid, using an autemated VG Secter 54 multicel-
lecter thermal ienizatien mass spectremeter with
data acequired in multidynamic mede. Isetepic
raties of Sr and Nd were measured on a subset of
whele-reck pewders. The analytical precedures
used in this laberatery have been described
elsewhere (Reyes et al. 1997). Repeated analysis
of NBS 987 save 'Sr/%6Sr = 0.710249 + 30 (20,
n=15) and fer the JM Nd standard '**Nd/™**
Nd = 0511809 + 20 (20. n = 13). Tbe 20 errer
on e(Nd) calculatien is + @.4. An estimated age of
265Ma was used fer calculating initial
isetepic raties.

Petrography of xenoliths

Altheugh the altered pyrexenite xenelith suite
has been previeusly classified inte twe types, the
similarity ef their petregraphy (bigh degree of
alteratien and the cemmen presence eof high-
temperature hydrated minerals), suggests that they
all ferm a heteregenceus, genetically related
greup. Thus, fer the sake ef simplicity, we shall
refer te them hereafter as altered ultramafic
SCS xeneliths.

These altered ultramafic SCS xeneliths have
been sampled at twe eutcreps: Peguerines (P) and
San Bartelemé de Pinares (SBP) (Fig. 1). They
are small in size, never exceeding 2.7 cm, and are
irregular te semi-reunded in shape. Their medal
cempesitien 1s summarized in Table 1.

SCS altered pyrexenite xeneliths are cempesed
of variable ameunts ef twe mineral parageneses:
(1) a graneblastic high-T assemblage of clinepyrex-
ene, amphibele, phlegepite and spinel; (2) a later,
velatile-rich alteratien assemblage eof chlerite
greup and talc minerals that pseudemerph grane-
blastic crystals. The texture of the altered ultramafic
SCS xeneliths is fine-grained. equigranular and
graneblastic, shewing typical triple junctiens
indicative of selid-state equilibratien. This high-T
crystalleblastic fabric is preserved irrespective of
the degree of secendary alteratien.

Mineral heteregeneity might be related te the
small size of these xeneliths, giving rise te a wide
range of medal cempesitien. Mereever, the lack of
elivine suggests a cumulate erigin instead ef
representing mantle fragments. Primary high-T
minerals are restricted te unceleured clinepyrexene,
pargasitic te kaersutitic amphibele, Ti-phlegepite
and brewn spinel (Table 1). Clinepyrexene medal
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prepertien ranges frem 2.6 te 81%. Spinel, amphi-
bele and phlegepite are net always all present in
these xeneliths. Altheugh spinel is regularly disse-
minated when it appears, amphibele and phlegepite
are mere dispersed. Neither mineral zening ner pyr-
exene exselutien lamellae have been ebserved in
these high-7 minerals.

These pyrexenite xeneliths have secendary min-
erals in variable prepertiens frem 19 te 95%. These
alteratien phases are mainly talc and chlerite greup
minerals, pale brewnish chlerite being the mest
cemmen. Unaltered erthepyrexene has never been
ebserved In these xeneliths. @livine pseudemerphs
are unlikely because the presence of this mineral in
the eriginal paragenesis is very limited accerding te
their nermative cempesitien as deduced frem
whele-reck chemistry: @/ dees net exceed 9%,
whereas Hy ranges frem 80 te 99% (see Table 4).
The nermative cempesitiens of analysed samples
plet within the field of erthepyrexenite in the ultra-
mafic recks classificatien diagram, peinting te
erthepyrexene as the main eriginal mafic phase
(new pseudemerphed) in the medal cempesitien
of these xeneliths. In summary, nermative and
medal cempesitiens peint te a wide range ef
altered pyrexenites prebably including erthepyrex-
enites and websterites.

The mineral chemistry ef chlerite pseudemerphs
alse supperts the interpretatien that erthepyrexene
was the main primary mineral of these pyrexenite
xeneliths. When cemparing the chemical cempe-
sitien of the abundant chleritized pseudemerphs
with secendary chlerite frem the partial replace-
ment of erthepyrexene frem the websterite sample
102131 (type 2 xeneliths ef @rejana et al. 2006)
we netice the geed everlap eof the twe cempe-
sitienal fields (Fig. 2). Furthermere, the pale brewn-
ish celeur and the geed cleavage eof beth chlerite
crystals reinferce the suggestien that they beleng
te the same chlerite type. The wide chemical cem-
pesitien shewn by these chlerites suggests cemplex
chemical substitutien precesses tewards talc end-
member cempesitiens (Fig. 2). Talc and eccasienal
Fe-sulphide are ether secendary mineral phases.

Mineral chemistry

Accerding te mineral chemistry, we have classified
the altered xeneliths inte three sub-types by their
trace element centents (mainly light rare earth
elements (LREE) in clinepyrexene and amphibele):
type A xeneliths, with Sr—LREE-enriched cline-
pyrexene and lacking high-7 hydreus phases
(amphibele er phlegepite); type B xeneliths, with
LREE-enriched clinepyrexene and amphibele; and
type C xeneliths, with REE-peer clinepyrexene
and amphibele.
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Fig. 2. Major element contents of secondary alteration
minerals of the ulwamafic SCS xenoliths (@, brownish
chlorite @, talc). Talc and chlorite (diabantite)
compositional fields taken from data summarized by
Beer e al (1976).

Major elements

Clinepyrexene is diepside and augite with a het-
eregenceus majer and trace element cempesitien
(Tables 2 and 3). Al,®;, Ti®, and Na,® may
reach high cencentratiens: 4.2-7.7 wt%, 0.3—
1.4 wt% and 0.41—1.75 wt%, respectively. Never-
theless, the heteregeneity shewn by the majer
element cempesitien highlights the large cempe-
sitienal ranges shewn by clinepyrexenes frem
type B xeneliths (Fig. 3). This latter greup has
Meg-number values ranging frem 0.78 te ©.93,
whereas types A and C are restricted te
Mg-number = 0.89-0.93 and are generally heme-
geneeus with respect te majer element cempesition,
except for Na (Fig. 3).

Amphibele is absent in type A xeneliths
(Table 1). Similar te what is ebserved fer clinepyr-
exene, amphibele majer and trace element cempe-
sitien is heteregeneeus for type B xeneliths (Fig. 3).
On the whele, they are Ti—Al-rich pargasites er
kaersutites (Ti@®@,: 1.9-5.1 wt%; Al,@®;: 12.9-
15.7 wt%), with Na,® in the range 2.2-3.3 wt%,
K,® frem 0.71 te 1.84 wt% and high Mg-number
(0.73-0.89), which everlaps the values fer cline-
pyrexene (Table 2). Type C amphibeles de net
differ significantly in their majer element cempe-
sitien frem type B (Fig. 3). but have higher Cr
centents (7436—7845 ppm, cempared with 2004 —
3236 ppm fer type B; Table 3).

Phlegepite is present enly in type B xeneliths
(Table 1). Its majer element cempesitien is
hemegeneeus, with Mg-number ranging frem
082 te 0865 everlapping the values for
clinepyrexene and amphibele (Table 2). They

typically have high Ti@®, (2.46-5.14 wt%), C1,@-
(042-1.11 wt%) and AlL®; (15.6-16.8 wt%)
centents (Fig. 3). This cempesitien centrasts with
the lewer Mg-number and Cr centents, and higher
Ti cencentratiens ef phlegepites frem the SCS
hernblenditic xeneliths, which have been inter-
preted as magmatic segregates genetically
linked te the hest alkaline melts (@rejana e al.
2006), and alse with phlegepites frem typical
cumulate xeneliths (Fig. 3); but 1t is very
similar te that ef phlegepites frem metasematic
ultramafic xeneliths, such as these reperted by
Shaw (2004). Because ef the scarcity and small
size of phlegepite frem the altered ultramafic SCS
xeneliths, we ceuld net analyse their trace
element cempesitien.

Spinel is present in the three altered ultramafic
SCS xenelith types. It is always Al-Cr-rich and
Ti-peer, with Cr,@®; ranging frem 4.8 te
143 wt%, AlL,®; frem 49.7 te 63.5 wt%, Ti@®,
<022 wt% and Mg-number frem 0.69 te 0.79
(Table 2). Nevertheless, spinel frem type B xene-
liths shews the lewest Cr,®; and highest Al, @5
cencentratiens (4.8 and 63.5 wt%, respectively).
Spinel of type A and C xeneliths displays the
same narrew cempesitienal range: 11.3—14.3 wt%
for Cr,®; and 49.7-55.9 wt% fer Al,®;.

Trace elements

Clinepyrexene trace element characteristics
emphasize the existence eof three types ef altered
ultramafic xeneliths (Fig. 4a). Clinepyrexenes
frem type A xeneliths display the mest
LREE-enriched patterns, which may reach 100
times chendrite values, whereas heavy REE
(HREE) tend te cenverge te cencentratiens shewn
by clinepyrexenes frem the ether twe xenelith
types. This LREE enrichment is alse accempanied
by high centents ef Sr (208—23@ ppm). but lew
values fer Zr (22-26ppm) and Nb (0.12—
0.24 ppm) (Table 3). Accerdingly, their primitive
mantle-nermalized trace element pattern is distinc-
tive, with streng negative anemalies at Zr-Hf and
Nb-Ta, and at Ba and Ti (Fig. 4b). Type B
clinepyrexenes are alse enriched in LREE, but
with lewer cencentratiens than type A. Mereever,
they yield cenvex-upwards chendrite-nermalized
REE patterns with the peak pesitien between Ce
and Nd, which is characteristic of clinepyrexenes
fermed as deep cumulates crystallized frem basic
alkaline magmas (Irving & Frey 1984) (Fig. 4a).
Nevertheless, the LREE cencentratiens ef type B
clinepyrexenes are significantly higher than these
shewn by Irving & Frey (1984). The primitive
mantle-nermalized trace element pattern ef these
clinepyrexenes is very similar te that ef type A,
but cencentratiens ef Zr (32.1-72.5 ppm), Hf



Table 2. Major element compesition and P—T estimates of representative high-T minerals frem the SCS altered ultramafic xeneliths

Clinopyroxene Amphibole Phlogopite Spinel

Type: A B B B € B B B «C C B B B A B @
Sample: 104394 104546B 104534A 104535 105787 104546B 105788 104535 105787 105787 103656-1 103657B-1 105788 104394 104546B 105787

13 RS, 33 26 45 23 33 24 46 47 36 4 40 5 22 43
Si@, 51.28 5027 5092 5042 5058 41.68 4077 4121 4126 4221 37.48 36.93 37.47 0.03 0.06 0.07
Ti®, 0.48 0.79 032 054 031 4.25 432 287 198 2.5 2.46 4.92 340 013 0.16 0.12
Al, @, 5.83 7.46 7.26 5.63 599 1534 1424 1319 1457 1499 1575 15.81 16.76  55.91 63.47  53.09
Fe®" 2.44 3.23 6.45 6.89 2.90 3.60 6.63 9:25 426 408 7.26 7.41 598 11.33 479 1301
Cr,@;* 0.79 0.35 0.19 042 087 - - - - - 1.11 0.76 069 1094 1029 1313
Mn@ 0.09 0.07 0.05 010 004 0.13 007 003 004 000 0.04 0.03 007 008 0.08 007
Mz® 16.02 1548 1368 1373 1524 1633 1438 13.60 1699 1722 20.03 18.69 1993 2051 2133 2061
Ca® 22.98 2033 1941 2008 2087 1094 1151 1075 1050 11.11 002 0.03 0.06 0.00 0.00 0.00
Na,® 0.95 1.02 127 1.55 1.59 3.09 2.49 3.18 3.08 3.09 122 0.837 064 000 0.00 0.00
K,® 0.00 0.00 0.00 000 000 1.04 1.71 0.74 1.12 1.05 3.84 5.08 9.15 0.00 0.00 001
Total 100836 99500 10085 9936 9839 9640 9612 9487 0380 9580 9421 94.53 9415 9893 100.18 100.11
Mg-no. 092 0.39 033 078 090 0.39 079 072 038 033 0.33 032 08 077 0.79 0.74

Cations calculated on the basis of 6 @ for clinepyrexene; 24 (@, @H, F) for amphibele; 24 (@, @H, F, Cl) fer phlegepite; 32 @ feor spinel

Si 1.837 1.835 1.837 1856 1853 6854 7491 6395 6.19 6.062 5.720 5.620 5630 0.010 0010
Ti 0013 0022 0039 0015 0003 0526 0597 0335 0224 0221 0.230 0.560 0390 0.020 0.020
Al 0246 0321 0213 0245 0259 2970 3081 2410 2577 2.535 2.8330 2.835 2990 13.820 15.030
Fe 0073 0099 0170 0212 0038 0495 1019 1200 0535 0490 0.030 0.940 0760 1.330 0.760
Cr 0022 0010 0010 0012 0025 0075 0050 0074 0151 0.143 0.130 0.000 0030 10920 1.730
Mn 0003 0002 0002 0003 000! 0012 0011 0011 0005 0000 0010 0.000 0010 0010 0010
Mg 0356 0.8342 0336 0754 03832 4003 3939 3146 3.804 3.687 4560 4.240 4.500  6.420 6.390
Ca 0882 0795 0844 0792 0819 1927 2266 1787 1.690 1.709 0.000 0.000 0010 0.000 0.000
Na 0066 0072 0048 0111 0113 0985 0387 0957 03897 03861 0360 0.260 0.150 0.000 0.000
K 0000 0000 0001 0000 0000 0213 0401 0146 0215 0192 1.720 1.760 1.770  0.000 0.000

SCations  3.998  3.998 4000 4000 3008 183071 19751 16461 16.294 15900 16.540 16305 16380 24.080 23950

70 206 1049 1092 1078 988 1004 1009 966 937 938
P (kba)" 6.7 9.9 10.7 76 102

*Cr contents in amphibole have been determined by LA-ICP-MS (see Table 3).
T estimations calculated using single pyroxene and Al-Ti in amphibole thermometers of Mercier (1980) and Otten (1984), respectively. » estimations calculated using the barometer of Nimis & Ulmer
(1998).



Table 3. Trace element cempesition ef representative clinepyrexenes and amphibeles frem SCS altered ultramafic xeneliths

Clinopyroxene Amphibole

Type: A A A B B B C G C B B B B B o C @
Sample: 104394 104394 104394 104546B 104535 104534A 105787 105787 105787 104546B 104546B 104534A 104534A 104534A 105787 105787 105787

12 21 51 41 33 41 10 W 9 31 85 22 23 24 1 2 3
Ba 0.34 1.3% 242 1.57 092 392 260 217 bd 172 178 236 247 228 797 821 843
Rb bd bd 1.65 bd 0.67 0.43 065 047 bd 4.84 Sul2 6.01 6.03 6.20 5:69 597 633
Sr 230 212 215 953 1076 1012 448 440 409 278 208 474 488 504 120 120 117
Pb na na na na na na 0.46 016 017 na na na na na 029 045 0.43

Th 006 010 003 031 0.24 0.14 bd bd 0.06 0.20 033 0.15 0.16 0.19 bd bd bd
U bd bd 003 0.00 0.03 0.05 bd bd bd 0.05 011 0.03 0.05 004 bd bd bd
7r 245 248 259 384 70.5 56.2 1#7:S: 167 164 66.7 7342 52.6 51.8 52.6 168 180 156
Nb 010 017 013 1.56 0.24. 0.59 0.16 bd 011 78.4 532 43.1 45.3 45.2 155 1.23 1.36
X 16.8 155 149 19.9 244 18.6 16:7-  15:5 15.1 214 21.8 217 227 21.8 17.3 182 178
v 254 246 251 286 623 709 344 320 319 440 450 909 944 905 501 545 543

Ni 393 404 386 315 116 74 432 286 325 605 596 129 149 129 na na na

Cr 5215 4948 5020 2046 2892 1745 5239 4687 5310 3124 3236 2087 2182 2118 7436 7845 7721
Ta 001 004 002 0.00 0.07 011 0.05 bd bd 273 1.61 1.83 1.90 1.83 007 010 bd

Hf 039 089 116 1.50 241 1.61 0338 038 075 1.51 1.56 1.46 1.34 1.41 095 083 062
La 2071 2076 2043 6.73 9.05 6.88 285 224 2611 10.10 12.00 9.94 10.29 10.35 3.14 3.02 3'32
Ce 70.19 6942 7024 2241 2893 21.65 6.61 6.27  6.37 30.73 35:51 27.40 27.48 27.49 841 898 o110
Pr 10.64 1014 10.23 8 73 4.15 322 1.05 050 099 4.71 4.74 4.04 4.14 4.25 1.29 1.40 127
Nd 4637 4940 4452 1845 1925 1556 5.81 542 5.63 21.61 24.53 19.82 20.19 19.78 703 68 719
Sm 8.61 891 829 5.64 5.50 3.61 1.84 1.81 2.07 5.89 5.61 5.08 5.55 5.07 2.59 2= 2.45
Eu 214 215 248 1975, 149 1.42 0.71 066  0.65 2.04 1.90 1.78 1.94 2.04 030 030 075
Gd 574 511 5.48 4.99 4.84 3.47 2.58 192 246 5.50 5.61 4.56 4.31 4.64 243 281 D]
Tb 030 072 075 072 0.50 058 0.43 039 042 0.39 078 0.71 0.72 070 045 054 056
Dy 3.60 336  3.60 4.81 5.16 4.02 3.25 267 276 4.30 4.14 4.17 4.29 4.66 3r21 297 288
Ho 0.68 057 066 0.97 1.06 0.71 0.67 0.58 0.56 091 0.38 038 097 0.92 056 075 0.69
Er 1.86 172 167 2.20 271 2.00 1.98 1.70 1:85 2.18 223 218 2.45 2.22 1.76 198 200
Tm 0.27 022 020 0.27 0.39 0.25 030 029 024 0.26 0.33 033 032 0.32 0.27 0.30 022
Yb 1.44 1.43 1.38 2.00 2:572 1.80 1.83 1.74 1.95 2151 1.56 2.16 2.54 1.86 1:50 284 1.61
Lu 018 020 017 0.26 039 0.27 026 026 024 0.22 028 031 031 028 020 024 022

LREE 15652 15863 15371 5696 6688 5092 1765 1664 1717 7305 8239 6628 6765 6694 2247 2248 2332
HREE 1456 1334 1391 1621 1796 1318 11380 9054 1017 1636 1584 1530 1590 1559 1054 1195 10.95
REE 17322 17412 16980 7492 8663 6544 2066 2684 2799 0145 10013 8336 8549 8457 3398 3523 3582

na, not analysed; bd, below detection limit.
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Fig. 3. Major element compositon of clinopyroxene, amphibole and phlogopite from the altered ulwamafic
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Fields of phlogopites from peridotites, hydrous veins and typical clinopyroxenites after Shaw (2004).

(1.14-2.75ppm). Nb (0.14-1.55ppm) and Ta
(0.62-0.17 ppm) are clearly higher, whereas the
cenverse applies te Sr (92.9—-111.8 ppm) (Fig. 4b).
Type B clinepyrexenes are alse distinguished by
their lewer Cr cencentratien (1630—3080 ppm)
when cempared with type A and C clinepyrexenes
(41585310 ppm) (Table 3). Finally, type C clinepyr-
exenes have generally lewer trace element cencen-
tratiens (Sr 40.9—-44.1 ppm; Zr 15.7-18.2 ppm; Nb
01-0.6ppm; LREE 166-17.7 ppm), with their
maximum difference being the almest flat chendrite-
nermalized REE patterns (Fig. 4a).

Amphibele trace element cempesitiens repre-
duce the chendrite- and primitive mantle-
nermalized patterns ef clinepyrexenes in each
xenelith, shewing marked heteregeneity (Table 3).
Type B amphibeles are characteristically LREE
enriched and shew a cenvex-upwards REE
pattern, with La abundances c. 4@ times chendrite
values (Fig. 4c). This cempesitien is similar te
that ef amphibeles interpreted as deep cumulates

crystallized frem alkaline basic melts (Irving &
Frey 1984), altheugh being LREE enriched. The
primitive mantle-nermalized trace element pattern
of amphibeles frem type B xeneliths is character-
ized by Ba and Nb—Ta pesitive peaks and U-Th
and Zr—Hf negative anemalies (Fig. 4d). These
patterns centrast markedly with that ef amphibeles
frem type C xeneliths, which shew general lew
trace element cencentratiens; REE have flat
patterns, similar te that fer clinepyrexene frem
these xeneliths, and primitive mantle spidergrams
are characterized by the presence eof high field
strength elemet (HFSE) (Nb-Ta and Zr—Hf)
negative anemalies (Fig. 4d).

Whole-rock geochemistry

Major and trace element composition

Ithas been pessible te analyse enly twe altered ultra-
mafic SCS xeneliths fer whele-reck geechemistry.
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Thesetwesamplescerrespendte type A and C xene-
liths. Nevertheless, majer and trace element cempe-
sitien, as well as isetepic raties, are necessarily
influenced by their high degree eof alteratien
(Table 1): 86.5 vel%in sample 105776 (type A xene-
liths) and 78.8 vel% in sample 105787 (type C xene-
liths), and their high less en ignitien (L®I) values
(clese te 10 wt%), se that these results sheuld be
interpreted with cautien.

The majer element cempesitien of these xene-
liths is characterized by lew centents ef Ti@®,
(0.2 wt%), Ca® (<4 wi%), Na,@® (<047 wt%)
and K,® (<C0.13 wt%), and relatively high cen-
centratiens ef Si®, (4850 wt%) and Mg® (23—
24 wt%) (Table 4). The high prepertien ef secendary
talc in the analysed samples ceuld explain the Si—
Mg-rich nature eof these altered xeneliths (Mg-
number values vary frem 0.81 te 0.84). The lew
Ca® centent is likely te be related te the scarcity
of medal clinepyrexene (10—-17%).

Beth xeneliths have a hemegeneeus majer
element cempesitien, different frem these ef mest
of the cumulate pyrexenites and hernblendites of
@rcjana et al. (2000), altheugh they plet clese te the
websterite xenelith 102131 (Fig. 5). It is impertant
te nete the similarity between majer element centents
of the analysed altered xeneliths and the erthepyre-
xene cempesitien (taken frem the abeve-mentiened
websterite 102131) (Fig. 5). The whele-reck cempe-
sitien of analysed pyrexenites yields high nermative
Hy fer beth samples (Table 4), indicating the prede-
minance of erthepyrexene in the eriginal medal
cempesitien of the xeneliths.

Altered ultramafic SCS xeneliths have variable
trace element centents. Sample 105776 (type A)
has higher REE-LILE-HFSE centents cempared
with sample 105787 (type C) (Table 4). @n the
whele, beth pyrexenites shew lew cencentratiens,
altheugh seme incempatible elements display med-
erate (Rb, K and LREE), er even high centents



Table 4. Whele-reck geechemistry of SCS altered ultramafic xeneliths (majer elements,
trace elements, Sr—Nd isetope ratios and CIPW nermative cempesition)*

Sample

105776 105787 105776 105787
si@, 49.67 4832 Ba 30.1 203
Ti®, 02 0l Rb 6.61 407
AL®; 4.09 443 Cs 8.96 4.15
Fe,®} 11.02 9.08 St 588 585
Mn@ 003 007 Pb 193 bd
Mg® 23.07 23.85 Th 013 002
Ca® 221 4 U 0.12 0.02
Na,® 0.19 0.47 Zr 145 330
K.® 0.12 0.13 Nb 2.07 0.23
P,®; 007 0 ' 721 374
L@l 9.51 9.75 v 89.4 91.1
Total 100.18 1002 Ni 1910 2117
Mg-no. 0.31 0.34 Cr 2948 3043

Ta 0.15 002

Q 2.9 00 Hf 0.44 0.14
or 03 0.9 La 7.09 245
Ab 18 44 Ce 1022 591
An 111 10.7 Pr 1.39 0.74
Ne 00 00 Nd 5.94 2.93
Le 00 00 Sm 1.40 0.65
| 06 9.1 Eu 0.50 0.23
Hy 79.8 66.0 Gd 141 0.66
ol 00 6.7 Tb 0.24 011
Mt 24 2.0 Dy 1.37 0.67
il 04 02 Ho 0.26 0.14
Ap 0.2 00 Er 0.73 033
End-members Tm 0.11 0.06
ol 00 ) Yb 070 0.35
Hy 993 207 Lu 011 0.06
»y 07 111
Sr—Nd isetepic raties
S"Rb/%Sr 032 02 “7Sm /N 0.1426 0.1341
¥S1/%%Sr + 20 0707811 + 47 0.707800 + 05 ’Nd/**Nd + 20 0512597 + 06 0.512585 + 06
1y A S 0.70658 0.70704 e(Nd)2gs Ma 1.03 1.08

*Normative composition has been calculated considering that Fe,O5 represents 15% of total Fe.

Total Fe is represented as Fe;Os.
bd, below detection limit.

(Ba in sample 105787, 203 ppm). The chendrite-
nermalized REE patten is flat fer HREE and
increasingly  fractienated frem middle REE
(MREE) te LREE, and is subparallel fer the twe
samples (Fig. 6a). The primitive mantle-nermalized
trace element patterns display clear negative
anemalies fer HFSE (Th, Nb—Ta, Zr—Hf and Ti),
but they are significantly mere marked in sample
105787 (type C) than in sample 105776 (type A)
(Fig. 6b). In this latter xenelith, whele-reck trace
element geechemistry is deminated by clinepyrex-
ene cempesitien, and the nermalized patterns

mimic these of this mineral, with negative
anemalies at the HFSE. A similar pattern eccurs
fer sample 105787, where the presence of a HFSE-
peer amphibele adds te the HFSE-peer nature ef
clinepyrexene, altheugh it results in the increased
Ba cencentratien ef this xenelith.

Sr—Nd isotope composition

The initial St and Nd isetepic raties ef the analysed
altered ultramafic SCS xeneliths have (*’Sr/*%Sr),
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SCS xenoliths (Sp-pyroxenites and hornblendites) and whole-rock and orthopyroxene composison of the websterite

102131 are taken from Orejana et al. (2006).

frem 0.70658 te 0.70704 and eNd c. +1 (Table 4).
The Sr isetepic cempesitien ef the hest dykes is
markedly different frem that ef the altered xene-
liths, but radiegenic Nd values resemble these of

Sample/Primitive mantle

100 —— T T T T T T T T T T3
- O Type-A xenelith (a) 1
" i O Type-C xenolith 1
.
B L ]
2
S 10 :
3 F :
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Ce¢ Nd Eu Tb "Ho Tm Lu

the isetepically enriched lamprephyre dykes, and
alse these of the mere radiegenic subalkaline SCS
pyrexenites (Fig. 7). This cempesitien falls
eutside the mantle array, because of the relative
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Fig. 6. (a) Chondrite-nomnnalized and (b) primisive mantle-nornnalized wace element composition of the
altered ultwramafic SCS xenoliths. Normalizing values for chondrite and primitive mantle from Sun & McPonough

(1989) and McBonough & Sun (1995), respectively.
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radiegenic Sr, whereas eNd values are similar te
BSE (Bulk Silicate Earth) values. Similar devi-
atiens frem the mantle array have been described
in mantle xeneliths frem Spitsbergen (Ienev ez al.
2002b) and the French Massif Central (FMC)
(Dewnes & Bupuy 1987) (Fig. 7). and have been
interpreted as a censequence of percelative pereus
melt flew metasematism and an enrichment event
caused by EMI-like magmas, respectively. This
high ¥’Sr/*Sr trend of the altered SCS xeneliths
centrasts with that displayed by pyrexenite xene-
liths frem Hannueba (tewards beth higher Sr and
lewer Nd radiegenic raties), which might represent
the invelvement of fluids derived frem subductien
or frem a delaminated lewer crust (Xu 2002).

Discussion

The origin of secondary alteration

The presence of chlerite and talc in these xeneliths
suggests re-equilibratien in a velatile-rich enviren-
ment, prebably interacting with a H,@®—-C@®,-rich
fluid. The selective alteratien, which mainly
affects the primary erthepyrexene ef the xenelith,

is alse repreduced in the hest lamprephyre where
clinepyrexene, amphibele er phlegepite phene-
crysts are well preserved, whereas elivine Iis
tetally pseudemerphed by talc. The cemmen pre-
sence of carbenate-rich and chlerite-rich ecelli in
the lamprephyres suggests significant velatile exse-
lutien by the ultrabasic magma at subvelcanic
emplacement levels. Thus, it is pessible that a selec-
tive lew-P alteratien of suspended selids (xeneliths,
phenecrysts) eccurred during lamprephyric magma
develatilizatien. Chlerite greup minerals in ultra-
mafic assemblages can appear at high temperatures
under lew-pressure cenditiens (<1 kbar), in the
range of 850900 °C (Pawley 2003). Talc ceuld
appear slightly later, at areund 800 °C (Pawley &
Weed 1995). This estimate ef relatively high-
temperature alteratien is clese te, er everlaps, the
selidus cenditien fer velatile-rich lamprephyric
magmas (Esperanca & Helleway 1987). Velatiles
exselved frem the lamprephyric melt react with sus-
pended selids (xeneliths, phenecrysts) and premete
the alteratien ef a restricted mineral phase assem-
blage (i.e. erthepyrexene in pyrexenites, gamet in
granulite xeneliths and elivine in lamprephyres).
The restricted alteratien ef pyrexenite xeneliths
(net related te vein er fracture filling) and elivine



in lamprephyres ceuld centinue te late-stage er sub-
selidus cenditiens. The subselidus autemetasematic
alteratien ef primary minerals in lamprephyres as a
result of their high velatile centent has been
frequently described (Reck 1991). Petregraphic
features alse de net suggest external hydrethermal
invasive alteratien, in agreement with the anere-
genic setting of this alkaline magmatism. Bevelati-
lizatien ef the lamprephyric magma is the enly
pessible agent te alter the incerperated xeneliths
clese te eor at the shallew level of emplacement.

Nature of the metasomatic agents

The presence ef high-P and high-7 metasematism
within the altered SCS pyrexenite xeneliths can
be recegnized in the fermatien ef new minerals
(mainly Mg—Cr-rich amphibele and phlegepite)
and in the medificatien ef the incempatible trace
element cempesitien ef the clinepyrexene (and
mere specifically LREE enrichment and variable
HFSE depletion). The majer element cempesitien
of studied amphibele and phlegepite is very
similar te that shewn by equivalent phases inter-
preted as the preducts ef metasematism within
mantle xeneliths (Ienev et al. 1997). Amphibeles
are essentially Ti—Cr-pargasites (less cemmenly
kaersutites) and micas are titanian phlegepites. In
all samples the Mg-number values of amphibele
and mica are very clese te these of ceexisting clin-
epyrexene (Table 2), indicating that the minerals
are clese te chemical equilibrium. Type A and C
altered SCS xeneliths shew a hemegeneeus
mineral cempesitien, with Mg-number in the
narrew range 0.88-0.93 fer beth amphibele and
clinepyrexene. Greater heteregeneity In majer
element mineral chemistry is shewn by type B
xeneliths, but they alse display similar Mg-number
fer their censtituent minerals (0.78—0.92 fer cline-
pyrexene, 0.72—-0.89 fer amphibele and 0.82-0.86
fer phlegepite).

The mest significant differences between the
altered SCS xeneliths are mainly restricted te
trace element mineral cempesitiens. Type A xene-
liths de net shew hydreus high-T minerals (amphi-
bele er phlegepite) indicative eof medal
metasematism, but clinepyrexene displays highly
LREE-enriched chendrite-nermalized patterns
(Fig. 4a), with high (La/Yb)y raties ranging frem
7.8 te 11.6 (Fig. 8). Mercever, streng negative
HFSE (Nb-Ta, Zr-Hf and Ti) anemalies and
high cencentratiens ef Sr may be recegnized
(Fig. 4b). These characteristics indicate the invelve-
ment of cryptic metasematism, which is analegeus
te similar enrichment in peridetite xeneliths frem
basalts (e.g. Frey & Prinz 1978; Kempten 1987;
Kempten ez al. 1999).
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Streng enrichments in LREE have been related
te silicate and carbenate melts (Bewnes 2001;
Tenev ez al. 20024; X1u2002; Xuet al. 2003). Exper-
imental studies en carbenate metasematism have
cencluded that carbenatite melts may carry high
cencentratiens of LILLE, REE, U and Th, but they
are characterized by lew HFSE centents (Green &
Wallace 1988). This HFSE depletion leads te the
fermatien ef clinepyrexene with deep treughs at
Ta—(Nb). Zr—Hf and Ti, if a carbenate melt acts
as the metasematic agent (c.g. Ienev 1998;
Yaxley et al. 1998). The abeve premises ceincide
with the (La/Yb)y and Zr/Zr* values, which have
been used te distinguish between clinepyrexenes
asseclated with carbenate and silicate metasema-
tism (Fig. 8). We have calculated the cempesitien
of melts in equilibrium with type A clinepyrexenes
using the cpx/carbenatite partitien ceefficients of
the cempilatien ef Klemme ez ol (1995). The
results represent liquids with a cempesitien very
similar te the average cempesitien ef calciecarbe-
natites (Weelley & Kempe 1989) eor te that ef
selected Kela carbenatites (Wewnes et al. 2005)
(Fig. %9a), suggesting that a carbenate-rich melt
was likely te have been respensible fer the cryptic
metasematism In type A xeneliths.

Type B xeneliths centain clinepyrexene and
amphibele  with  cenvex-upwards chendrite-
nermalized REE patterns, resembling these of deep-
seated cumulates frem basaltic magmas (Irving &
Frey 1984), but they are markedly mere LREE-rich,
with the peak pesitien nermally lecated at Ce
(Fig. 4a). Amphibele is characteristically enriched
in Nb—Ta and Ti (Fig. 4d), which is typical ef
Mg—Cr-rich metasematic amphibeles crystallized
in veins within the mantle frem highly alkaline
basic melts (Dewnes 2001; Witt-Eickschen ez al.
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Fig. 9. (a) Trace element compositon of melts in
equilibrium with clinopyroxenes from type A altered
xenoliths, associated with carbonate melts. Data
calculated using cpx/carbonatite melt partition
coefficients (Klemme et «l. 1995). (b) Trace element
compositon of melts in equilibrium with clinopyroxenes
from type B altered xenoliths, associated with the SCS
alkaline magmas. Wata calculated using cpx/basaltic
melt partition coefficients (Hart & Buim 1993), except
for Rb (Foley ez al. 1996) and Ta (averaged value
determined at » = 1.8 GPa by Skulshi ez ol 1994).
(c) Trace element compositon of melts in equilibrium
with amphiboles from type B altered xenoliths,
associated with the SCS alkaline magmas. Bata
calculated using amph/silicate melt partition coefficients
of LaTourrette ez al. (1995). Average compositon of
calciocarbonatites takenfrom Woolley & Kempe (1989).
Compositional field of selected Kola carbonatites taken
from Pownes et al. (2005). SCS alkaline dykes range
taken from Villaseca ez al. (2004). Normalizing values
for primitive mantle from McPonough & Sun (1995).

2003). Phlegepite is alse typically Cr—Mg-rich,
displaying higher Mg-number (0.82-0.86) and
lewer Ti®; centents (<5 wt%) than these expected
fer micas fermed frem evelved basic melts as
pyrexenitic xeneliths (Mg-number c. 0.65-0.75
and Ti®, c. 6—9 wi%; lenev et al 1997; Shaw
2004), whereas Cr and Mg cencentratiens resemble
these of metasematic micas crystallized in veins
within the upper mantle (Fig. 3). Trace element
signatures of clinepyrexene and amphibele frem
type B xeneliths peint clearly te a metasematic
erigin asseciated with an alkaline silicate melt
(medal metasematism). Using the experimental
cpx/silicate melt partitien ceefficients of Hart &
Punn (1993), except for Rb (Feley et al. 1996)
and Ta (averaged value determined at
P=10GPa by Skulski ez al. 1994), and the
amph/silicate  melt partitien ceefficients eof
LaTeurrette ez al. (1995). we have calculated the
hypethetical trace element cempesitien of melts in
equilibrium with beth minerals frem this type of
xenelith, which is represented in Figure 9b and
c. The primitive mantle-nermalized trace element
pattern ef estimated melts breadly everlaps the
cempesitienal range cerrespending te the SCS
Permian alkaline lamprephyres and diabases, enly
shewing slightly higher cencentratiens ef Nb, Ta,
La and Ce fer estimates made using D¥Ph/melt
This similarity suggests that the metasematic
agent respensible fer the crystallizatien of amphi-
bele and the medificatien ef the clinepyrexene
trace element cempesitien frem type B xeneliths
might be genetically related te the SCS Permian
alkaline magmatism.

The third distinctive geechemical signature
described in the altered ultramafic SCS xeneliths
cerrespends te clinepyrexene and amphibele frem
type C xeneliths, which display similar flat REE
patterns and streng HFSE depletiens. This latter
aspect centrasts significantly with the primitive
mantle-nermalized trace element patterns of amphi-
beles frem type B and C xeneliths: the fermer
gives rise te streng pesitive Nb—Ta anemalies,
whereas type C amphibeles shew negative Nb—Ta
anemalies (Fig. 4d). In centrast, the HFSE
depletiens in clinepyrexenes frem type A and C
xeneliths (Fig. 4b) represent analegeus behavieur
indicative of high incempatibility ef these elements
in beth metasematizing agents, and, in general
terms, this characteristic has been ascribed te
reactien with H,@—-C@®,-rich melts (e.g. Doewnes
2001; Ienev et al. 2002a; Xu & Bedinicr 2004).

Single or multiple enrichment events?

The heteregeneeus trace element mineral chemistry
of the altered SCS xeneliths can be explained by
advecating twe pessibilities: (1) that different,



genetically unrelated metasematic agents have
eperated within the upper mantle—lewer crust
beundary belew the SCS, giving rise te three cen-
trasting trace element patterns; er (2) that a single
melt has affected the wall-reck after fractienating
te preduce three different (but genetically linked)
metasematic agents. In any case, the cempesitien
of melts in equilibrium with type B xeneliths
strengly supperts metasematism being caused by
highly alkaline magmas similar te the SCS Late
Permian alkaline magmatism, which is the enly
alkaline magmatic event recerded in central Spain.

There are numereus cases where heteregeneeus
trace element enrichment signatures within mantle
xeneliths have been interpreted as being centrelled
by a unique metasematic agent, as a result of a
differentiatien precess (e.g. Grégeire et al. 2000,
Xu & Bedinier 2004). @ppesite te medal metase-
matism within the wall-reck, restricted te zenes
adjacent te vein cenduits, a ‘diffuse’ metasematism
has been prepesed, cerrespending te migratiens ef
melts that percelate aleng grain beundaries in a
selid matrix (i.e. pereus flew; e.g. Xu & Bedinier
2004). The metasematic agent is generally a small
melt fractien rich in velatiles. Such melts, because
of their lew viscesity and lew dihedral wetting
angles, such as eccur fer carbenatitic melts, can
escape their seurce regiens at melt fractiens
as lew as 0.1%. percelating threugh the reck
matrix because of the fermatien ef intercen-
nected grain-edge netwerks (e.g. Minarik 1998;
Witt-Eickschen et a«l. 2003). This characteristic
makes these magmas very effective as mebile meta-
sematic agents in the lithespheric mantle (Naven &
Stelper 1987; Green & Wallace 1988; Yaxley et al.
1998). Reactive pereus flew metasematism has
been used te explain the variable LREE enrichment
in clinepyrexene with almest censtant HREE
(Bedini et al. 1997; Vernicres et al. 1997; Ilenev
et al. 20024). Mercover, a direct relatienship
between the style of metasematism and the distance
frem its seurce has been ebserved in peridetite
massifs (e.z. Bedinier ez a/. 1990), and ascribed te
a single metasematic event invelving a pregress-
ively differentiated melt selidifying dewn a
thermal gradient. Nevertheless, the general equili-
brium cenditiens attained by minerals in the
altered SCS xeneliths, as demenstrated by similar
Meg-number values and the absence eof strengly
fractienated LREE raties, such as La/Ce, La/Pr
or La/Nd, suggest that seurce cempesitien demi-
nated the metasematic precess ever fractienatien
mechanisms (chremategraphic effect), se that the
reck acequired streng chemical fingerprints ef the
metasematic agents.

We prepese that metasematism within the
altered ultramafic SCS xeneliths represents the
invelvement of a single parental melt. The estimated

trace element cempesitien ef melts in equilibrium
with type B =xeneliths (asseciated with silicate
melt metasematism) suggests that this agent was
similar te the Permian alkaline magmatism. Cline-
pyrexene and amphibele frem type B xeneliths
shew chemical characteristics similar te these ef
metasematic phases crystallized in veins. Neverthe-
less, a differentiatien precess must have eccurred
while alkaline melts percelated threugh the wall-
reck, te preduce type A—C geechemical signatures.
Crystallizatien ef amphibele and phlegepite in vein
cenduits and in the wall-reck may result in a signifi-
cant decrease in water and Nb—Ta centents in the
residual melts. Taking inte acceunt the high H,®
and C@®, centents characteristic of these alkaline
melts, a decrease in water in the percelating fluid
or melt weuld faveur the fermatien ef a
carbenate-rich fractien respensible fer the anhy-
dreus transfermatien ef type A xeneliths, prebably
at a greater distance frem the magma seurce. Reac-
tien of a carbenate melt with the wall-reck weuld
result in a centinueus exhaustien eof its silicate cem-
penent and an increasing prepertien ef the carben-
ate cempenent In its cempesitien (Mattielli ez al.
1999), because carbenates are net stable in the
shallew mantle at mederate te high temperatures
(Dalten & Weed 1993).

Fermatien eftype C clinepyrexene and amphibele
may be interpreted within this theeretical medel.
The differences shewn by type B and type C amphi-
beles in their trace element cempesitien (e.g.
Zr—Nb cencentratiens) are very similar te these
described fer vein and disseminated amphibeles
within metasematized mantle xeneliths (Ienev ez al.
1997; Fig. 1@). Whereas cenvex-upwards REE
patterns in type B xeneliths ceuld be ascribed te
silicate melt crystallizatien in veins, the flat REE
patterns and the negative HFSE anemalies eof
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Fig. 10. Z1r/Nb v. Nb for amphiboles from the altered
ultramafic SCS xenoliths. Fields for disseminated and
vein amphibole are taken from Ionov ez ol (1997).



amphibele frem type C xeneliths resemble trace
element centents of disseminated amphibele. Tran-
sitien frem the cenvex-shaped REE pattern te the
LREE-depleted pattern fer vein and disseminated
amphibeles, respectively, has been decumented in
several studies (Dewnes et al. 1995; Vaselli et al.
1995; Zanetti et al. 1996). The abeve differences in
trace element cempesitien between metasematic
amphibeles have been explained by the lewer selubi-
lity of HFSE in agqueeus fluids when cempared with
silicate melts (lenev & Hefmann 1995), in accerd-
ance with the widely accepted medel of mantle meta-
sematism invelving expulsien ef fluids frem a
netwerk ef veins filled with crystallizing basaltic
melts (Wilshire 1987; @' Reilly ez ¢l 1991). Thus, it
is likely that percelatien ef the H,®-C@,rich
metasematic agent, befere tetal exhaustien ef water,
weuld have given rise te crystallizatien of a HFSE-
peer amphibele in type C xeneliths.

Nature of the pyroxenite protolith

Altheugh the whele-reck geechemistry ef type B
xeneliths has net been determined, the similarities
in petregraphy (graneblastic texture, high degree
and type eof alteratien, medal cempesitien), and in
majer element mineral cempesitien, when cem-
pared with the ether altered xeneliths, suggest that
they all are prebably related te similar preteliths.
The medal abundance of pseudemerphed erthepyr-
exene, as stated abeve, cembined with their
@px-rich nermative cempesitien (Table 4) and the
negative Nb—Ta (immebile elements) anemaly in
multi-element nermalized plets shewn by the pyr-
exenites are in clearly centrast te the hest alkaline
magma chemistry. Subsequently, pyrexenite
parental melts shew a sub-alkaline affinity. Their
graneblastic texture indicates selid-state esquili-
bratien befere being trapped by ascending alkaline
magmas.

P-—T estimates en mineral equilibria in ultrama-
fic xeneliths give metamerphic cenditiens clese te
mantle—crust beundary levels (@rejana et al
2006). This is in agreement with estimated cen-
ditiens fer accempanying granulite xeneliths (Villa-
seca et al. 1999). Mereever, recent estimates en
pyrexene-bearing chameckite xeneliths alse yield
P-T cenditiens that rarely indicate significant
mantle depths, taking inte acceunt an estimated
average crustal thickness of 3S5lan (see Villaseca
et al. 1999, and references therein). P—T estimates
in the studied altered pyrexenites using single-cpx
thermemetry (Mercier 198), Ti-in-amphibele
thermemetry (@tten 1984) and cpx baremetry
(Nimis & Ulmer 1998) give values that are
mestly in the range of 9351075 °C and 7.6-10.2
kbar (Table 2), everlapping previeusly published
data en SCS xenelith suites. The lack ef clear

mantle-derived (1.e. peridetite) xeneliths in the lam-
prephyres alse argues for a nen-mantle prevenance
of these recks. Thus, pyrexenite xeneliths ceuld
represent ultramafic igneeus bedies recrystallized
during granulite-facies cenditiens at the base ef
the SCS centinental crust.

Prier te entrainment of the alkaline magmatism,
three intrusive suites of calc-alkaline basic recks
have been identified within the SCS (Villaseca
et al. 2004): (1) gabbres te quartz dierites emplaced
in small massifs (Gbl), ceeval with the granitic Her-
cynian bathelith; (2) medium-K calc-alkaline dyke
swarms (Gb2); (3) sheshenitic dyke swarms (Gb3).
Gbl recks were intruded between 345 and 310Ma
(Bea et al. 1999). whereas Gb2 and Gb3 represent
a pest-cellisienal, late-stage magmatism emplaced
ne earlier than 285Ma (Galinde ez al. 1994). Thus,
the erigin of the pretelith ef the altered SCS xene-
liths might be asseciated with crystallizatien ef
ultramafic pyrexenerich cumulates frem these
basic sub-alkaline magmas at the lewer crust—
upper mantle beundary, in the centext of an under-
plating event, as has been prepesecd fer ether
Permian pyrexenitic xeneliths frem the French
Massif Central (Féménias et al. 2003).

The Sr—Nd isetepic raties (calculated at 265Ma)
of the twe analysed samples (type A and C xene-
liths) give rise te a hemegeneeous eNd c¢. + 1, but
relatively variable radiegenic Sr isetepic raties
(Fig. 11). A wide range of 8’Sr/%Sr raties in ultra-
mafic xeneliths accempanied by little variatien ef
the eNd value has been explained by interactien
with eceanic waters asseciated with a lithespheric
cempenent affected by subductien (e.g. Dewnes
et al. 1992; Resenbaum et al. 1997; Pewnes
2001; Xu 2002). Nevertheless, the SCS represents
the innermest part of the Hercynian Belt, precluding
the pessibility ef an eceanic subducted cempenent
in this regien. Mereever, the primary mineral chem-
istry of the altered SCS xeneliths strengly suggests
that metasematism was caused by the infiltratien ef
alkaline magmas genetically related te the hest
Permian alkaline dykes. Superimpesed upen this
there is alse a later streng alteratien precess
caused by the develatilizatien ef the lamprephyric
magma.

The relatively enriched Sr isetepic signature
might represent an enriched cempesitien in the
seurce, prebably linked te the Gb2 er Gb3 sub-
alkaline basic magmas mentiened abeve, as they
shew a similar Sr isetepic cempesitien te that ef
the altered xeneliths. The relatively high eNd
value of the altered xeneliths peints te the isetepi-
cally depleted SCS alkaline dykes as the main meta-
sematic melt via the twe precesses indicated abeve.
We have tested this pessibility by applying a simple
mixing medel that censiders the averaged cempe-
sitien of the SCS depleted lamprephyres and
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(*'Sr/*S1 =

0.70356; 1*Nd/***Nd = 8.512637; Sr 808 ppm; Nd 46 ppm). MORB and OIB fields after Wilson

(1989). The model suggests that metasomatism (including alterasion) might be caused by the involvement of

around 28% of the alkaline component.

diabases as a metasematic melt, and a Gb2-like
cempesitien as the eriginal calc-alkaline pyrexeni-
tic pretelith (Fig. 11). The trend described by this
medel predicts an isetepic medificatien with a
20% centributien ef an alkaline melt cempenent
te explain the isetepic cempesitien ef the altered
ultramafic SCS xeneliths.

Conclusions

The altered ultramafic SCS xeneliths shew recrys-
tallizatien textures, indicating selid-state equili-
brium at the lewer crustal depths. The hest
lamprephyric dykes de net shew significant hydre-
thermal alteratien. Thus, the secendary phases
(chlerite and talc greup minerals) present in the

ultramafic xeneliths might have fermed as a result
of selective transfermatien, mainly ef erthepyrex-
ene, as a censequence of velatile exselutien frem
the hest melt. The presence of unaltered clinepyrex-
ene, amphibele and phlegepite phenecrysts in the
alkaline dykes suggests that these phases sheuld
have been preserved in the xeneliths, if present.
The absence eof elivine and the predeminance ef
medal clinepyrexene er nermative Hy and Di indi-
cate that these xeneliths were net mantle fragments,
but represent cumulate pyrexenites of calc-alkaline
affinity.

The presence of Cr—Meg-rich high-7 hydreus
phases (amphibele and phlegepite) indicates sig-
nificant medal metasematism at depth. This meta-
sematic precess seems te be heteregeneeus, as
these xeneliths shew three mineral trace element



signatures: type A xeneliths, with LREE-enriched
clinepyrexenes with negative HFSE anemalies;
type B xeneliths, with clinepyrexenes and amphi-
beles with high incempatible trace element centents
(LILE, HFSE and REE); type C xeneliths, with
relatively REE- and HFSE-peer clinepyrexenes
and amphibeles. These metasematic characteristics
suppert crystallizatien frem three different metase-
matic agents: carbenated magma, silicate magma
and hydreus fluids—melts, respectively, which are
derived frem the pregressive differentiatien ef a
single C@®,—H,®-rich highly alkaline melt, gene-
tically related te the SCS Permian alkaline
lamprephyric magmatism.

The hemegeneeus Sr—Nd isetepic raties ef the
altered xeneliths, tegether with their sub-alkaline
nature, indicate that they fermed as pyrexene-rich
cumulates, asseciated with the intrusien ef
calc-alkaline basic magmas at the base eof the
crust during an underplating event. The radiegenic
Sr cempesitien ceuld be explained by infiltratien
of an isetepically depleted melt (similar te the
depleted SCS alkaline dykes) by an ®7Sr/%Sr-
enriched cempenent similar te Gb2 SCS
calc-alkaline dykes.
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