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Abstract: The Perrnian alkaline lamprophyres from the Spanish Central System (SCS) are highly porphyritic rocks which carry 
a heterogeneous population of clinopyroxene and kaersutite zoned phemocrysts. Clinopyroxene phenocrysts may show 1) normal 
zoning (Cpx-I), 2) reverse zoning with Fe-rich green cores (Cpx-II), and 3) reverse zoning with colourless AI-poor, silica-rich cores 
(Cpx-III). Kaersutite phenocrysts also show a slight reverse zoning. Major and trace element composition of Cpx-I suggests that 
their compositional variation is related to a crystal fractionation process from melts similar to the host larnprophyres. The Cpx-II 
cores represent crystallization from highly evolved melts (low Mg-Cr contents and incompatible element enriclnnent), genetically 
related with the SCS alkaline magmatism, and the growth or surrounding Mg-rich inner rims points to a magma mixing process. 
The major and trace element composition of Cpx-III cores supports derivation from a magma which has fractionated plagioclase. 
This characteristic, together with their similarities when compared to clinopyroxenes from chamockite xenoliths, suggests that 
they might be xenocrysts from deep calc-alkaline cumulates. The composition of melts in equilibrium with clinopyroxene and 
arnphibole phenocrysts supports a model in which Cpx-II and Cpx-III cores would have been incorporated into a more primitive 
larnprophyric magma stagnated at lower crustal levels. The low pressure composition of all phenocryst outer rims indicates that 
they crystallised directly from the host alkaline magma at their subvolcanic emplacement levels. 

Key-words: magma mixing, crystal fractionation, clinopyroxene, arnphibole, phenocrysts, alkaline larnprophyres, geochemistry, 
REE, trace elements, igneous petrology. 

Introduction 

The heterogeneous major and trace element chemistry 
shown by mafic phenocrysts from porphyritic basic rocks is 
a useful tool in determining the processes operating within 
magma chambers during crystallization, as well as record
ing the chemical evolution of these melts. Clinopyroxene 
chemistry is commonly used to infer information on the 
magma composition from which it crystallised, and several 
studies for alkaline rocks have focused on this topic us
ing distinct approaches (e.g. Dal Negro et al., 1985; Cellai 
et al., 1994; Tappe, 2004), including in-situ isotope micro
analyses (e.g. Francalanci et al., 2005). 

The presence of chemical zoning in phenocrysts may also 
help to discriminate between different genetic hypothe
ses. Such zonation can be caused by changes in mineral
melt equilibria during phenocryst crystallization, as a re
sult of crystal chemistry, or due to crystal growth kinetics 
(Shimizu, 1990). 

Moreover, the complexity of observed phenocryst zon
ing patterns, normal or reverse, and the formation of multi
ple rims (e.g. Neumann et al., 1999; XU et al., 2003), usu
ally results from a complex evolutionary process at depth 
involving multiple magma batches and differentiation in 
several stages under diverse physico-chemical conditions 
(Mark! & W hite, 1999). These characteristics have also 
been explained by mixing after crystallization within more 
than one magma chamber or by crystallization in a single 
stratified magma chamber (Wagner et al., 2003). 

Clinopyroxene phenocrysts with Fe-rich cores and re
verse zoning, showing clear textural and chemical dise
quilibrium with respect to the host melt, have been ex
plained by a number of different hypotheses (Kollarova & 
Ivan, 2003 and references therein): i) changes in equilib
rium crystallisation conditions; ii) changes in melt oxy
gen and/or water activity; iii) incorporation of accidental 
xenocrysts; and iv) magma mixing. One of the most fre
quent fingerprints associated with mixing processes involv
ing basic to ultrabasic magmas is the formation of complex 
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Fig. 1. Geological sketch of the Spanish Central System showing the 

alkaline lamprophyres crosscutting the granitic-metamorphic base

ment. The samples with zoned phenocrysts used for the present 

study have been collected in the outcrops represented with the 

white circles. BS: Bernuy Salinero; HP: Hoyo de Pinares; M: Mara

gato: MU: Munotello; PP: Puerto del Pico; SBP: San Bartolome de 

Pinares; T: Tornadizos. 

zoning in mafic minerals (mainly clinopyroxene) (Bedard 
et al., 1988; Dobosi & Fodor, 1992; Xu et al., 2003), 
though in volatile-rich magmas it also may occur in am
phibole (Neumann et al., 1999). 

In this study, we describe the chemical variations in major 
and trace element composition of clinopyroxene and am
phibole phenocrysts from the Spanish Central System Per
mian alkaline lamprophyric dykes. We distinguish different 
crystal types on the basis of their complex mineral zoning, 
which can be normal or reverse, the latter usually showing 
Fe-rich cores giving rise to complexly-zoned clinopyrox
ene crystals. Crystallization of these phenocrysts is likely 
to be related to different processes taking place within 
deep magma chambers, and their heterogeneity points to 
involvement of highly evolved melts. 

Geological background 

The Spanish Central System is a Hercynian basement ter
rain consisting of a large granitic batholith intruded into 
Neoproterozoic to Palaeozoic metamorphic rocks (Fig. 1). 
This area has been subsequently cross cut, from the end of 
the Hercynian collision through to Jurassic times, by differ
ent suites of basic dykes of variable affinity (calc-alkaline, 
shoshonitic, alkaline and tholeiitic; Villaseca et al., 2004). 
The alkaline dykes constitute a heterogeneous group, 
which can be divided into: 1) basic to ultrabasic lampro
phyres and diabases (which is the one studied in this work) 
and 2) monzo-syenitic porphyries. Geochronological stud
ies on the SCS alkaline magmatism yield ages in the range 
from 264 Ma (Ar-Ar in kaersutite; Perini et al., 2004; Scar
row et al., 2006) to 252 Ma (U-Pb in zircon; Fernandez 
Suarez et al., 2006). 

The SCS alkaline lamprophyres carry numerous 
megacrysts (mainly clinopyroxene, amphibole and plagio
clase), highlighting the stagnation of these mafic magmas 
at depth and the involvement of crystal fractionation. 
They also transport a heterogeneous suite of mafic and 
ultramafic xenoliths, ranging from pyroxenitic to horn
blenditic varieties, interpreted as magmatic cumulates 
equilibrated at the lower crust-upper mantle boundary 
and, in some cases, genetically related to the alkaline 
magmatism (Orejana et al., 2006). Moreover, these dykes 
are highly porphyritic and show an abundant population of 
mafic phenocrysts (clinopyroxene, amphibole, phlogopite, 
olivine pseudomorphs, iilvospinel, etc.). Only clinopy
roxene and amphibole show compositional zoning. In the 
San Bartolome de Pinares outcrops (Fig. 1) clinopyroxene 
zoning is more complicated; there are allotriomorphic 
Fe-rich cores and multiple rims, suggesting a complex 
evolutionary history. Amphibole phenocrysts, which are 
mainly present in the Tornadizos and Hoyo de Pinares 
outcrops, but absent in those from San Bartolome de 
Pinares, also show Fe-rich cores. 

Analytical methods 

Concentrations of 29 trace elements (REE, Ba, Rb, Pb, Th, 
U, Nb, Ta, Sr, Zr, Hf, Y, Cr, Ni, V and Sc) in clinopyrox
ene and amphibole phenocrysts were determined in situ 
on > l30 [.tm thick polished sections by laser ablation 
ICP-MS (LA-ICP-MS) at the Department of Earth Sci
ences (University of Bristol) using a VG Elemental Plas
maQuad 3 ICP-MS coupled to a VG LaserProbe 11 (266 nm 
frequency-quadrupled Nd-YAG laser). The diameter of the 
laser spots was approximately 20-30 [.till. The counting 
time for each analysis was typically 100 s (40 s measur
ing gas blank to establish the background and 60 s for the 
remainder of the analysis). The NIST 610 and 612 glass 
standards were used to calibrate relative element sensitiv
ities for the analyses of the silicate minerals. Each laser 
analysis used Ca as an internal standard, with concentra
tions determined by electron microprobe. 

Major element mineral compositions were determined at 
the Centra de Micrascop{a Electr6nica "Luis Bru" (Com
plutense University of Madrid) using a JEOL JZA-8900 M 
electron microprobe with four wavelength dispersive spec
trometers. Analyses were performed with an accelerating 
voltage of 15 kV and an electron beam current of 20 nA, 
with a beam diameter of 5 [.till. Elements were counted for 
10 s on the peak and 5 s on each of two background posi
tions. Corrections were made using the ZAP method. 

Petrography 

The Spanish Central System alkaline lamprophyres are 
highly porphyritic, sometimes showing more than 40 % 
of mafic phenocrysts. The most abundant mafic phe
nocrysts are clinopyroxene, kaersutitic amphibole and 
Ti-phlogopite, but other minerals, such as Ti-magnetite
iilvospinel, olivine (normally transformed to secondary talc 



group minerals), apatite and ilmenite, may also be present. 
Plagioclase phenocrysts are only present in the accompa
nying diabases. The matrix of the alkaline dykes is mainly 
formed by the same mafic phases present as phenocrysts, 
plagioclase and, in lower proportions, alkaline feldspar, 
analcite, calcite, apatite, barite and Fe-sulphides (pyrrotite). 
Ilmenite is abundant in the matrix or as microphenocrysts 
in the San Bartolome de Pinares outcrops, whereas it is 
scarce in the other dykes studied. 

Clinopyroxene and amphibole phenocrysts are the only 
mafic minerals in these dykes showing clear chemical and 
petrographic zoning. Figure 2 shows different optic and 
Back Scattered Electron (BSE) images where zoning char
acteristics can be observed. Both minerals are idiomorphic 
to subidiomorphic: amphibole is brown-coloured, display
ing hipidiomorphic to allotriomorphic cores (with mod
erate corrosion textures) and thin darker rims, whereas 
clinopyroxene is colourless to pale purple (although some 
have green cores) and has thin purple outer rims. Clinopy
roxene tends to show a more variable zoning, with single 
or multiple rims, sometimes with oscillatory zoning, and 
idiomorphic to allotriomorphic cores. 

On the basis of petrography and major element min
eral chemistry we have distinguished two different types 
of zoning within the clinopyroxene phenocrysts: those 
with normal zoning (Cpx-I) and those with reverse zon
ing which present either green cores (Cpx-II) or colour
less cores (Cpx-III). Clinopyroxenes with normal zoning 
have a widespread distribution within the different SCS al
kaline dyke swarms, whereas clinopyroxene phenocrysts 
with reverse zoning are restricted to the San Bartolome 
de Pinares outcrops (see location in Fig. 1). Where reverse 
zoning is observed, it dominates. Reversely zoned amphi
bole phenocrysts are restricted to the Tomadizos and Royo 
de Pinares dykes (see location in Fig. 1), being absent in 
the San Bartolome de Pinares dykes. 

In the San Bartolome de Pinares dyke swarm it is com
mon to find granoblastic charnockitic xenoliths formed 
by colourless clinopyroxene, plagioclase (normally trans
formed to sericite), apatite and ilmenite. These enclaves 
are rounded in shape, equigranular and small in size (usu
ally < 1 cm). They have been recently interpreted as calc
alkaline metabasic cumulates granulitized at lower crustal 
levels (Villaseca et al., 2007). 

Phenocrysts chemistry 

Major elements 

Clinopyroxene is the most abundant phenocryst in the 
Spanish Central System lamprophyres. Its composition is 
summarised in Table 1 and 2. They can be classified as Ti
diopsides to Ti-augites. Clinopyroxene with normal zoning 
(Cpx-I) greatly predominates over those with reverse zon
ing (Cpx-II and Cpx-III), and is found in all dyke swarms. 
They are characterised by a heterogeneous composition 
(considering both cores and rims) with high contents of 
Ti02 (0.6-3.3 wt% in cores and up to 5.3 wt% in rims), 
Ah03 (3.4-11.4 wt%) and CaO (20-25 wt%) (Fig. 3). The 

Fig. 2. Back scattered electron and plane polarized light images 

of clinopyroxene and amphibole phenocrysts. A-B: Clinopyroxene 

with normal oscillatory zoning (Cpx-I); sample 104403 from Hoyo 

de Pinares dyke. C-D: Clinopyroxene with reverse zoning and green 

core (Cpx-II); sample 103657 from San Bartolome de Pinares dyke. 

E-F: Clinopyroxene with reverse zoning and colourless core (Cpx

Ill); sample 103657 from San Bartolome de Pinares dyke. G-H: Am

phibole with reverse zoning; sample 103473 from Tornadizos dyke. 

Complex zoning with presence of multiple rims is common in these 

mafic phenocrysts, which usually show allotriomorphic cores. 

variation trend in core composition of these phenocrysts 
with normal zoning, reflects the differentiation of magma 
during crystallization. Core Mg# values range from 0.67 
to 0.88, and a decrease of Si02, CaO and Cr203 concen
tration, together with an increase of Ti02 and A1203, with 
decreasing Mg# can be recognised (Fig. 3). Na20 contents 
vary mostly between 0.5 and 1.1 wt%, showing a slight in
verse correlation with Mg#. 

Cpx-I rim compositions follow the same variation trend 
observed for cores (Fig. 3 and 4). Thus, core to rim zoning 



Table 1. Major element composition (expressed as wt%) of c1inopyroxene phenocrysts with normal zoning (Cpx-I) from the Spanish Central 
System alkaline dykes. 

Outcrop Hoyo de Pinares Maragato Bemuy Salinero Puerto del Pico 
Sample 104403 103811 103489 103684 
Analysis # 72 86 37 38 39 40 54 55 56 95 96 

core rim core inner rim 1 inner rim 2 outer rim core inner rim outer rim core rim 
Si02 47.2 42.8 49.9 43.5 45.0 42.6 49.8 44.4 43.0 46.8 43.5 
Ti02 1.98 4.05 1.21 3.88 3.16 4.82 0.66 2.59 3.92 2.10 3.90 
Ab03 6.75 9.90 4.52 8.11 6.55 8.97 5.70 10.1 9.50 7.28 7.98 
FeOr* 6.09 7.15 4.17 6.23 5.97 6.95 4.32 7.03 7.69 5.83 6.91 
Cr203 0.27 bell 0.21 0.16 0.44 bell 0.84 bell bell 0.06 bell 
MnO 0.14 0.09 bell 0.08 0.Q3 0.12 bell bell bell 0.06 0.08 
NiO bell bell 0.Q7 bell bell bell bell bell bell bell bell 
MgO 14.2 11.5 16.3 12.9 13.6 11.8 16.7 11.5 10.5 13.8 12.2 
CaO 21.6 22.7 23.3 23.9 24.1 23.9 20.4 22.0 23.4 21.9 23.5 
Na20 0.62 0.48 0.47 0.44 0.33 0.46 0.56 0.86 0.45 0.77 0.49 
K20 bell bell bell bell bell bell bell bell 0.03 bell bell 
Total 98.9 98.7 100.1 99.2 99.2 99.7 99.0 98.5 98.5 98.6 98.6 
Mg# 0.81 0.74 0.87 0.79 0.80 0.75 0.87 0.74 0.71 0.81 0.76 

p** (GPa) 0.3 0.2 0.1 < 0.1 < 0.1 < 0.1 0.6 0.7 0.0 0.4 < 0.1 

* Total Fe expressed as FeO. **Pressure estimates have been calculated using the single-cpx geobarometer of Nimis & Ulmer (1998). 
bdl: below detection limit. 
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Fig. 3 .  Major element chemistry of clinopyroxene phenocrysts from the Spanish Central System with normal zoning (Cpx-I). The arrows 
represent the core to rim zoning trend within single crystals. 



55 

N 

0 50 
....... 
r:/} 

45 

10 
co 

0 8 
N - 6 � 

4 

, 
.. . . . .

. : 
, 

: . . . 

, 

: . .  

, + 
, 

. . . .... : 

, , 
,+, 
' , 
, , 

+: ,+ 

, 
, 

, 
, 

+: , 
, :+ 
, 
, , 
, , 

:.: 

, 
, 

+ 

+ 

OM 
1 : 

•
• : . .

.
. : 

� : 
I
. 

1 ••• • • •
• : 

o 
N 

C\l 1 

Z 

, 

, 

. . . ... . : 
I· · · 
, 
, 

+ + 
,+, 

0.9 + + + + + + +
: 

,+, 

� 0.8 : • • •
• : : •

• 

:::;s 0.7 

0.6 

50 100 

Distance (!lm) 
150 

lin.nerIOl).ter 

+ 
+ 

+ 

+ 

1 run 1 

, , 

. . . . . . . : . . : 
, ,

+ 

• • • • 

, , 
, , 

, 
, 
, 
, 

' , 
•

• •  : • • 
1
. 

, 
, + 
, +, 
, + , 

• 
• • • • • • • • 1 

+ , 
, 

. . .
.

.
.

.
. : 

, 
, 

, , 

nrn 

+ 

+ 

+ 

: . . : . . 

, , 

: . . :. 
, , 
, , 
, 

+ +, . . . . . . . : 
, 

+ 

25 75 125 175 

Distance Olm) 

, 
........ : 

' + 
,+ 
, 

, 
, 
,+ 
, 
, 

........ : 
, 

, 
, 

+ 

: .. 

inper 
nrn 

++ 

++ 

ol).ter 
nrn 

+ ++ 

+ ++ 

1 ••
• •• ........ : 

, 

, 
, 

........ : ..... . 
. 

, 
, 

, 
•

••
• +

+ 

, 

........ :. 

25 75 125 175 

Distance Olm) 

38 . .. 

37 

15 
+ 

+ + 

++ 
++

+ 

14 + 

.. 

+ 

+ 

, 
:. 

., 
, 
, 
, 
, 
, 

, 
, 
, 
, 
, 

+, 
� 
, 
, 
, 
, 

, 
, 
, 

. 

++ 

+ 
+ 

++ 

'+ + 

6 ••••
•

•••••
•• : • 

, 
, 
, 

2 
••••

••••

•

••• : 
• 

� 
0.8 

, 
, 

0.7 :+ 

, 

: + 

0.6 
..

.......... : 

90 180 270 

++ 
+ 

+++ 

360 

Distance Olm) 

Fig. 4. Core to rim major element variation in clinopyroxene and amphibole phenocrysts from the Spanish Central System. Each column 

represents the composition of a single crystal analysed by EMP. The crystal is shown at the top as a Back-Scattered Electron image and 

the white line shows the path followed while analysing. The clinopyroxene with normal zoning is taken from sample 1038 1 1  (Maragato), 

the two clinopyroxenes with reverse zoning from sample 108143B (San Bartolome de Pinares outcrop) and the amphibole crystal is taken 

from sample 104403 (Royo de Pinares). The vertical dotted lines separate the allotriomorphic core and the surrounding inner and outer rims 

according to the observed compositional changes. 

is characterised by enrichment in Al and Ti and depletion 
of Si and Cr concentration with decreasing Mg#. Chemi
cal zoning is clearly shown in Fig. 4 where four different 
sections of Cpx-I, Cpx-II, Cpx-III and amphibole are rep
resented, corresponding with core to rim electron micro
probe analyses. Normal zoning in these phenocrysts is oc
casionally complex, developing several rims around each 
core which may imply occasional increases in Mg# with
out significant variation in the other elements (dotted lines 
in Fig. 4). Sharp chemical changes do exist between zones. 

In the San Bartolome de Pinares outcrop appear reversely 
zoned clinopyroxene phenocrysts with green cores (Cpx-
11) and colourless cores (Cpx-III). Green cores are het
erogeneous in Mg-Fe contents, but show high contents of 
Ti02 (1.6-2.5 wt%), Al203 (6.7-9 wt%) and Na20 (0.7-
2.1 wt%) (Table 2; Fig. 5). Green cores display a slight 
chemical variation trend characterised by depletion of Si, 
Ca and Cr and enrichment in AI, Na and Ti towards Fe-rich 
compositions (Fig. 5). They differ from the compositional 
field drawn by Cpx-I phenocryst (cores and rims) due to 

their lower Mg# (0.55-0.74) and higher Na concentration 
(Fig. 5). Cpx-II phenocrysts usually display complex zon
ing, normally with two rims. The inner rim have higher 
Mg# (it can reach 0.79--0.83), accompanied by an increase 
in Ca, Ti and Cr (Cr203 reaches a maximum of 0.5 wt%) 
and a decrease in Na (Fig. 4). Formation of the outer rim 
involves decreases in Si, Na and Mg# (0.76-0.8), and in
creases in Ti and Ca with respect to the inner rim. The ma
jor element composition of these rims clearly overlaps the 
composition of matrix clinopyroxenes from the same sam
ples (Fig. 5). 

Colourless clinopyroxene cores also show a heteroge
neous composition in terms of Mg# (0.57-0.88), Ah03 
(1.4-7.5 wt%), Ti02 (0.1-1.5 wt%) and Na20 (0.1-
1.36 wt%), and high silica contents (Si02 = 48-52 wt%) 
(Fig. 5). They differ significantly from the other clinopy
roxene phenocryst cores due to lower Ti, Na and AI, and 
higher Si concentrations. The major element composition 
of colourless cores give rise to a variation trend char
acterised by depletions of AI, Ti, Ca, Na and Cr, with 
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also been plotted the compositional range of c1inopyroxenes from charnockite xenoliths present in San Bartolome de Pinares outcrop. 

decreasing Mg# (Fig. 5). As observed for the Cpx-II phe
nocrysts, these usually show similarly complex zonation. 
From core to the inner rim we observe increases in Mg#, 
Ti, Al and Na contents, and depletion in Si (Fig. 4), which 
imply the presence of a sharp contact. The fact that this 
change appears at slightly shorter distances from the crystal 
border in the case of Mg# could probably be explained by 
a diffusion process. Their rim composition displays a con
tinuous change with increasing Si and Mg, and decreasing 
AI, Ti and Na (Fig. 4). Cpx-III phenocryst rims also show a 
similar composition to that of matrix clinopyroxenes from 
the same alkaline dykes (Fig. 5). 

It is interesting to note that the major element compo
sition of clinopyroxenes from the charnockite xenoliths 
present in the San Bartolome de Pinares outcrop is very 
similar to the most Fe-rich colourless cores (Fig. 5), sug
gesting a genetic relationship between them. 

Amphibole phenocrysts are Ti-rich kaersutites. They give 
rise to a relatively homogeneous compositional range with 
Mg# from 0.60 to 0.72 and high Ti02 (5.1-7.7 wt%) and 
Ab03 (13.1-14.8 wt%) contents (Table 3). Na20 and K20 
concentrations range from 1.7 to 2.6 wt% and from 1.1 to 
2.4 wt% respectively. All amphibole analyses describe a 
broad compositional trend mainly characterised by increas
ing Ti, Ca and Cr and decreasing Al concentrations towards 
higher Mg#, which also represent the core to rim chemical 
zoning (Table 3; Fig. 6). Zoning in amphibole phenocrysts 

is always reverse (Fig. 4). The rim shows enrichment in Ti 
and slightly lower Na contents, in accordance with the gen
eral compositional trend, as represented in Fig. 6. Clinopy
roxene phenocrysts from Hoyo de Pinares dyke coexisting 
with amphibole phenocrysts, on the contrary, show pro
gressive normal zoning. In both minerals the core to rim 
chemical variation displays the same trend: Cr and Na de
crease and Ca, Ti and AI1V/Alv1 increase (Table 1 and 3). 
Amphibole rims clearly show a similar major element com
position to that of matrix kaersutites from the same alkaline 
dykes (Fig. 6). 

Trace elements 

The trace element composition of Cpx-I phenocrysts is 
characterised by high HFSE (except Nb) and REE con
centrations (Table 4), displaying chondrite-normalised pat
terns with convex upward shapes and primitive mantle
normalised patterns with negative Ba, Nb, Pb and Sr 
anomalies (Fig. 7). Rims are enriched in most trace ele
ments when compared to core concentrations (Sr, Ta, Nb, 
Zr, Y, V and REE) (Table 4). 

Cpx-II phenocryst core trace element contents overlap 
those of Cpx-I, but generally have higher concentrations 
(Fig. 7A). Their inner rims are generally depleted in trace 
elements with respect to core composition, but the outer 



Table 2. Major element composition (expressed as wt%) of c1inopyroxene phenocrysts with reverse zoning and accompanying charnockite 
xenoliths from the Spanish Central System alkaline dykes. 

Outcrop 
Type 
Sample 

San Bartolo:rne de Pinares 
Green cores (Cpx-II) 

104534A Ll 04534A 
Analysis# 41 42 79 80 81 63 

Colourless cores (Cpx-III) 
103658 Ll 04534A 
64 65 66 67 

Xenoliths 
Ll 04534 

86 
108143B 

72 
core rim core inner rim ou ter rim core inner rim outer rim core rim 

Si02 
Ti02 
Ab03 
FeOr* 
Cr203 
MoO 
NiO 
MgO 
CaO 
Na20 
K20 
Total 
Mg# 

47.1 47.7 
1.72 2.40 
8.45 6.72 
9.61 6.22 
0.09 0.26 
0.10 0.12 
bell bdl 
9.62 13.5 
21.3 22.3 
1.79 0.63 
bell bdl 
99.8 99.9 
0.64 0.79 

p** (GPa) 0.7 0.2 

48.8 
1.62 
6.78 
7.50 
0.04 
0.14 
bdl 
11.1 
22.7 
1.53 
bdl 

100.3 
0.73 

0.5 

49.9 
1.84 
5.45 
5.35 
0.49 
0.12 
bdl 
14.4 
23.2 
0.64 
bdl 

101.4 
0.83 

0.2 

45.6 
3.73 
8.16 
6.86 
bdl 
0.23 
0.05 
12.1 
24.0 
0.52 
bdl 

101.3 
0.76 

< 0.1 

50.3 
0.74 
4.51 
9.13 
bdl 
0.Q3 
bell 
13.3 
20.3 
0.64 
bell 
99.0 
0.72 

46.6 
2.18 
8.51 
6.78 
0.21 
0.05 
0.05 
13.0 
21.2 
0.91 
bell 
99.5 
0.77 

43.8 
4.26 
9.21 
6.74 
bell 
0.Q3 
bell 
11.8 
23.3 
0.63 
bell 
99.8 
0.76 

50.5 46.1 
0.63 3.16 
3.83 9.05 
12.9 6.92 
bell 0.04 
0.21 0.09 
bell 0.10 
11.3 12.0 
20.3 22.4 
0.49 0.91 
bell bell 

100.1 100.8 
0.61 0.76 

50.0 
0.66 
4.13 
14.1 
bdl 
0.21 
bdl 
11.0 
19.7 
0.57 
bdl 

100.4 
0.58 

50.1 
0.37 
6.46 
5.39 
bell 
0.18 
bell 
14.7 
22.1 
0.70 
bell 

100.0 
0.83 

* Total Fe expressed as FeO. **Pressure estimates have been calculated using the single-cpx geobarometer of Nimis Ulmer (1998). Cpx
III and c1inopyroxenes from charnockitic xenoliths have not been considered for P calculations because they have not crystallized from 
basic-ultrabasic magmas. bdl: below detection limit. 

Table 3. Major element composition (expressed as wt%) of amphi1x:lle phenocrysts from the Spanish Central System alkaline lamprophyres. 

Outcrop 
Sample 
Analysis# 

Si02 
Ti02 
A1203 
FeOr* 
Cr203 
MnO 
MgO 
CaO 
Na20 
K20 
Total 
Mg# 

80318 
4 

core 

37.8 
6.09 
14.5 
12.3 
0.04 
0.12 
11.2 
11.4 
1.88 
2.14 
97.5 
0.62 

Tomaclizos 
103473 
15 17 

core inner rim ou ter rim 

37.9 
5.91 
14.5 
11.0 
bell 
0.15 
11.5 
11.1 
1.72 
2.19 
96.1 
0.65 

38.7 
5.72 
13.6 
10.5 
0.Q3 
0.15 
12.4 
12.1 
1.75 
2.11 
97.1 
0.68 

39.0 
6.06 
13.2 
9.69 
bell 
0.07 
13.0 
12.4 
1.83 
1.95 
97.1 
0.70 

* Total Fe expresed as FeO. bdl: below detection limit. 

103474 
78 

core 

38.5 
5.64 
14.3 
11.6 
bell 
0.07 
10.7 
11.9 
1.88 
2.02 
96.6 
0.62 

rims are enriched (Table 4). The chemical trend observed 
from inner to outer rim in these crystals is similar to that 
shown by Cpx-J, with the exception of V which shows no 
clear zoning trend (Table 4). 

Cpx-III phenocryst cores also display a trace element 
composition close to that of Cpx-I cores, but they are 
strongly Y-REE enriched (Fig. 7A,B) and have remarkably 
large negative Eu anomalies in their chondrite-normalised 
REE patterns. Moreover, they also have deep negative 

Bemuy Salinero 
103488 

core 

38.2 
6.23 
14.9 
10.5 
bell 
bell 
10.8 
11.7 
2.56 
1.50 
96.4 
0.65 

Mufiotello 
Ll 03818 

5 
core 

38.7 
5.08 
13.4 
12.4 
bell 
0.18 
11.6 
11.9 
1.99 
2.16 
97.4 
0.62 

62 

Hoyo de Pinares 
104403 
68 71 

core inner rim outer rim 

37.8 
6.15 
14.4 
12.0 
bell 
0.17 
11.0 
11.8 
2.08 
1.94 
97.3 
0.62 

37.1 
6.25 
14.7 
11.4 
bell 
0.12 
11.8 
11.8 
2.02 
1.96 
97.1 
0.65 

37.8 
7.44 
14.1 
9.64 
bdl 
0.10 
12.4 
12.6 
1.84 
1.67 
97.5 
0.70 

Nb-Ta, Ti, Pb and Sr anomalies in the primitive mantle
normalised patterns (Fig. 7A,B). The rims are enriched in 
trace elements with respect to the cores in most cases, ex
cept for Y and REE (Table 4). As mentioned above for 
major elements, the trace element composition of clinopy
roxenes from the charnockite xenoliths is very similar to 
that of the Cpx-III cores, showing the same Y-REE enrich
ment and deep negative Nb-Ta, Ti, Sr and Eu anomalies 
(Fig. 7A,B). 
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Table 4. Trace element concentrations (ppm) of c1inopyroxene phenocrysts and c1inopyroxenes from accompaning charnockite xenoliths from the Spanish Central System alkaline dykes. 

Outcrop Bemuy Salinero 
Type 
Sample 103471 
Analysis # 18 

Rb 
Ba 
Th 
U 
Ta 
Nb 
Sr 
Pb 
Hf 
Zr 
Y 
V 
Se 
Ni 
Cr 
Ti* 
La 
Ce 
Pr 
Nd 
Srn 
Ell 
Gd 
Tb 
Dy 
Ho 
Er 
Trn 
Yb 
Lll 

core 

1.33 
1.50 
bdl 
bdl 
bdl 
0.60 
89.4 
na 

2.08 
43.1 
14.3 
393 
na 

227 
6117 
19184 
3.97 
12.78 
2.18 
10.91 
3.89 
1.48 
3.58 
0.70 
3.96 
0.71 
1.61 
0.32 
1.96 
0.22 

Tornaclizos Mufiotello 
Normal zoning (Cpx-l) 

103473 103818 
� 13 

core core core 

0.61 0.76 bdl 
bdl bell bdl 
0.10 0.11 bdl 
bdl bell bdl 
0.36 0.29 0.13 
1. 60 1.18 1.11 

168.1 163.9 134.4 
na na na 

5.79 4.90 3.72 
153.0 122.1 89.3 
25.9 21.4 12.6 
383 
na 
94 

366 
na 
110 

357 
lla 
38 

84 84 87 
14988 16187 17985 
9.23 6.90 4.93 

37.95 26.30 17.46 
6.37 4.66 3.28 

34.24 25.93 18.84 
8.60 6.87 5.00 
3.04 2.54 1.78 
6.98 6.11 3.77 
1.18 0.87 0.56 
5.54 5.13 3.75 
1.19 0.89 0.43 
2.69 2.22 1.23 
0.34 0.32 0.12 
2.36 1.83 0.60 
0.31 0.21 0.17 

2 9 
core rim 

3.83 3.22 
bdl 1.91 
0.20 0.23 
bdl bdl 
0.12 0.18 
1.07 0.85 
109.2 117.8 

na na 
2.78 3.44 
51.0 85.6 
20.0 24.2 
506 503 
na na 
182 75 
607 99 

7494 10491 
4.35 6.26 

17.64 21.88 
3.15 3.63 

18.02 23.08 
5.02 6.20 
1.97 1.97 
5.24 6.95 
0.74 0.83 
4.40 5.25 
0.91 1.17 
2.13 2.66 
0.30 0.42 
1.89 2.00 
0.26 0.32 

Ll04534 
2 

rim 

1.71 
15.55 
0.42 
0.09 
0.67 
5.00 

220.4 
0.23 
9.29 

251.6 
29.5 
255 
74 
na 
53 
na 

16.18 
54.59 
8.51 

45.59 
11.32 
3.76 
9.58 
1.35 
6.45 
1.14 
3.04 
0.36 
2.57 
0.38 

San Bartolome de Pinares 
Green cores (Cpx-II) Colourless cores (Cpx-III) 

4 5 
Ll 04534A Ll 04534A 

o 11 12 7 8 3 
core inner rim outer rim core rim core rim core rim 

bdl 
bdl 
0.88 
bell 
0.63 
2.87 

176.1 
0.21 
4.96 
152.6 
19.7 
285 
54 
na 

0.93 
bdl 
0.14 
bdl 
0.25 
1.10 

161.8 
bdl 
3.81 
98.5 
16.6 
267 
70 
na 

130 1431 
13578 12769 
17.20 6.96 
47.98 27.23 
7.38 4.25 

33.41 20.60 
6.41 
3.08 
6.60 
0.88 
5.05 
0.90 
2.83 
0.37 
1.89 
0.25 

7.36 
2.84 
2.99 
0.77 
4.41 
0.82 
2.07 
0.15 
1.28 
0.24 

bdl 
1.07 
0.19 
bdl 
0.49 
1.95 

226.3 
0.24 

bdl bell 
bdl bell 
0.43 0.36 
0.12 bell 
1.09 0.86 
4.77 2.93 
69.8 251.0 
0.43 0.17 

9.66 10.99 10.97 
221.2 376.0 287.2 
23.8 20.7 28.7 
251 
77 
na 

283 291 
49 82 
na na 

85 122 80 
na 9711 22385 

12.90 18.63 18.05 
45.07 52.93 63.67 
7.71 7.30 10.55 

39.28 33.08 55.07 
10.33 
3.53 
8.87 
1.00 
6.49 
1.05 
2.71 
0.46 
1.61 
0.23 

7.47 12.64 
2.57 4.28 
6.45 10.66 
0.90 1.48 
5.07 7.40 
0.95 1.33 
2.38 3.13 
0.33 0.33 
2.08 2.35 
0.30 0.32 

bdl 7.99 2.26 0.87 
bdl 30.78 3.33 2.12 
2.20 2.04 0.62 bell 
0.30 0.48 0.15 bell 
0.20 0.49 0.22 0.30 
0.62 4.68 0.89 1.51 
12.1 120.5 93.2 215.8 
0.64 1.01 0.43 0.17 
5.08 5.73 8.77 7.32 
104.0 132.7 151.6 179.6 
65.9 37.4 108.9 21.7 
322 335 567 239 
39 55 120 72 
na na na na 
316 652 280 274 

2751 12541 3788 18980 
22.83 22.44 17.73 12.23 
82.39 63.54 79.36 43.01 
14.00 9.48 16.20 7.39 
77.41 49.70 87.63 42.09 
18.56 14.06 20.45 8.00 
0.98 2.96 2.27 3.50 

17.68 11.03 27.90 7.94 
2.70 1.61 4.64 1.24 
17.58 9.14 27.07 6.76 
3.08 1.78 5.38 0.96 
8.70 4.84 13.72 2.02 
1.07 0.49 1.58 0.26 
8.61 3.27 13.57 1.44 
0.97 0.55 1.63 0.36 

* Ti concentrations have been obtained fonn EMP analyses. na: not analysed; bdl: below detection limit 

Xenoliths 
Ll04534 

5 9 

bell bdl 
6.33 bdl 
0.700 0.814 
0.164 0.234 
0.065 0.058 
bell 0.335 

19.14 17.88 
0.881 0.894 
10.6 8.983 

211.9 205.1 
164.1 160.2 
574.1 574.3 
145.9 143.9 

na na 
184.5 184.7 
4376 3417 
28.92 28.94 

122.30 118.80 
23.42 22.88 

126.30 123.10 
38.46 38.19 
1.70 1.86 

37.71 38.03 
6.33 6.49 

39.49 37.76 
7.33 7.23 
19.03 18.38 
2.47 2.35 

15.95 14.68 
1.93 1.92 



The trace element composition of amphibole phenocryst 
cores is in a limited range (Table 5) and it is very simi
lar to that of the only rim analysed (Fig. 8). They yield 
convex upward chondrite-normalised REE patterns, similar 
to those of the coexisting clinopyroxene phenocrysts. This 
shape is typical of deep cumulates formed from basaltic 
melts (Irving & Frey, 1984). They are highly enriched 
in the most incompatible trace elements, LILE (mainly 
Ba = 537-826 ppm), HFSE (Nb = 40-126 ppm; Ta = 
2.3-5.6 ppm; Zr = 72-199 ppm) Sr (872-1152 ppm) and 
REE (90-256 ppm) (Table 5), and thus primitive mantle
normalised trace element patterns show strongly positive 
Ba, Nb-Ta, Ti and Sr anomalies, also accompanied by a 
negative Th-U anomaly (Fig. 8). Nonetheless, the trace el
ement data of cores and rims also display a clear compo
sitional trend; an increase in Mg# is accompanied by a de
crease in the concentration of most trace elements (with the 
exception of Rb and V) (Fig. 6; Table 5). 

Origin of the chemical variation and zoning 
in phenocrysts 

Fractional crystallization 

Clinopyroxene composition is controlled by either physical 
conditions of crystallization (pressure, temperature) and/or 
parameters related with the geochemical composition of 
the parent magma, as shown by different crystal-chemical 
studies (e.g. Dal Negro et al., 1985, 1986; Cellai et al., 
1994). Some detailed works made on Mediterranean alka
line rocks (mainly potassic and ultrapotassic suites) have 
stated that chemical variations in clinopyroxene crystals 
from a wide range of cogenetic magmatic compositions can 
be used as petrological tracers (Avanzinelli et al., 2004). 
Nevertheless, the SCS basic to ultrabasic alkaline magmas 
show a short silica range (41.2-45.7 wt%). This suggests 
that other factors, besides the chemical composition of the 
parental magma, should have controlled the chemical dif
ferences displayed by this complex association of clinopy
roxene phenocrysts. 

Two different hypotheses might be advocated to ex
plain the presence of normal zoning in clinopyroxene phe
nocrysts (Cpx-I) from the SCS alkaline lamprophyres, with 
trends towards higher Fe, AI, Ti and Na and lower Mg and 
Cr contents from core to rim: 1) magma differentiation as a 
consequence of progressive cooling and crystallization, and 
2) changes in pressure conditions during crystallization. 

Yagi & Onuma (1967), Aoki & Kushiro (1968), Kushiro 
(1969) and Wass (1979), have indicated that pressure may 
act as a dominant factor in controlling the composition of 
clinopyroxenes formed from basic magmas at depth, so 
that increasing pressure would be followed by increasing 
Na and Alvl content in cpx, whilst a decrease in pressure 
would show a negative correlation towards higher Ti and 
Allv concentrations. Clinopyroxenes with normal zoni� 
(Cpx-I) in this study show outer rims with lower Na+AI I 
concentrations and higher Ti + AIIV when corwared to core 
composition. If we consider the Al V! vs. Al diagram of 
Aoki & Kushiro (1968), these rims would plot within the 

lower pressure field (igneous rocks), in accordance with the 
hypothesis involving changes in pressure conditions. Nev
ertheless, this factor does not seem to be significant in the 
case of most of inner rims, which show Na + AIV! and 
Ti + Allv similar to core values, and would plot within the 
intermediate pressure field (inclusions in basalts) of Aoki 
& Kushiro (1968). This likely indicates that normal zoning 
is influenced by other factors besides pressure. 

The compositional trend displayed by Cpx-I and amphi
bole phenocryst cores from the Spanish Central System is 
in favour of a crystal fractionation process involving de
pletion of magma in Mg, Cr, Si and Ca, and enrichment 
of Al and incompatible trace elements (Fig. 3 and 6), and 
this might be produced by crystallization of 01 + cpx ± Cr
sp. The presence of abundant cpx phenocrysts and pseudo
morphed olivine, together with minor proportions of small 
Cr-spinel microphenocrysts, within the SCS alkaline mafic 
dykes, reinforces this possibility. All major elements, with 
the exception of Ti, behave in a similar way when con
sidering those phenocryst cores (Cpx-I and amphibole). 
The increment of the Ti concentration in Cpx-I cores to
wards more evolved compositions (Fig. 3) means an in
creasing content of this element in the residual magma. 
Nevertheless, fractionation of kaersutite + Ti-phlogopite 
± tilvospinel (common phenocrysts in amphibole-bearing 
dykes), could account for the Ti decrease in amphibole 
cores towards lower Mg#. These minerals would have been 
the dominant crystallising phases after (or during) the re
moval of 01 + cpx. 

The presence, within Cpx-I phenocrysts, of a slight in
crease in Mg# from inner rim 1 to inner rim 2, accompa
nied by slight changes in the variation trends for other el
ements (Ti, Al and Na; Fig. 4), could be explained by the 
incorporation of these crystallising phases in a more primi
tive magma batch. This probably indicates that phenocrysts 
coming from diverse zones of a single magma chamber 
might have been trapped by a more primitive ascending 
melt (maybe due to convection) with a similar composition 
to the one that formed the phenocryst cores. 

Thus, core to rim chemical zoning in Cpx-I phenocrysts 
from SCS alkaline dykes suggests that a crystal fractiona
tion process is the dominant control. This could explain de
creases in Mg and Cr and increase in Fe, Ti, Al and N a from 
core to inner rims. Nevertheless, a drop in pressure dur
ing crystallization, possibly related to magma transport and 
intrusion at higher crustal levels, would be in accordance 
with the lower Na and AIV! concentrations of the outer 
rims. A similar fractionating mineral assemblage could ac
count for the variation observed in amphibole cores, though 
Ti-phases such as Ti-phlogopite and tilvospinel, might have 
also been involved as indicated by the negative correlation 
of Fe/Mg ratio and Ti content in kaersutite cores (Fig. 6). 

Magma mixing and xenocrysts entrapment 

Generation of reverse zoning within clinopyroxene crys
tals in alkaline rocks is widely documented, including 
studies focused on clinopyroxenes with Fe-rich green 
cores (Brooks & Printzlau, 1978; Wass, 1979; Duda & 



Table 5. Trace element comJX)sition (ppm) of amphibole phenocrysts from the Spanish Central System alkaline lamprophyres. 

Outcrop 
Sample 
Analysis # 

Rb 
Ba 
Th 
U 
Ta 
Nb 
Sr 
Hf 
Zr 
Y 
V 
Ni 
Cr 
Ti* 
La 
Ce 
Pr 
Nd 
Srn 
Eu 
Gd 
Tb 
Dy 
Ho 
Er 
Tm 
Yb 
Lu 

4 
core 

16.24 
732 

0.122 
bell 
5.60 

125.4 
1152 
5.91 

198.5 
38.93 
446.8 
bell 
bell 

32612 
26.20 
86.82 
13.66 
70.57 
16.45 
4.66 

13.41 
1.83 

10.71 
2.03 
4.48 
0.57 
4.20 
0.48 

5 
rim 

18.52 
613 
bell 
bell 
3.36 
61.8 
1017 
4.16 

126.8 
19.15 

604 
68.86 
14.94 
39866 
13.66 
45.71 
6.83 

38.80 
8.67 
3.24 
6.31 
1.11 
5.02 
0.98 
1.81 
0.36 
1.46 
0.27 

Tornaclizos 
103473 

6 
core 

18.64 
538 
bell 
bell 
2.34 
40.5 
873 
2.34 
72.7 

15.54 
547.8 
149 

107.4 
38907 
8.64 

28.29 
4.75 

25.36 
6.61 
2.29 
5.00 
0.76 
3.91 
0.85 
1.63 
0.34 
1.85 
0.21 

7 
core 

13.54 
666 

0.132 
bell 
3.28 

70.27 
1134 
3.36 

120.4 
26.61 
462.4 
78.17 
43.1 

37468 
16.18 
54.52 
8.76 

45.62 
10.04 
3.78 
8.06 
1.14 
5.96 
1.17 
2.55 
0.32 
2.30 
0.34 

12 
core 

13.67 
610 

0.164 
bell 
3.27 

58.89 
1036 
4.25 

123.5 
22.59 
488.9 
32.28 
16.01 
38547 
14.27 
45.00 
7.09 

38.16 
8.06 
3.23 
6.68 
1.01 
5.32 
0.98 
2.64 
0.25 
1.97 
0.17 

Mufiotello 
103818 

5 6 
core 

16.71 
825 

0.206 
0.101 
3.50 

81.46 
964 
4.14 
102 

39.97 
523.6 
139.9 
68.44 
30454 
19.99 
67.49 
10.40 
58.94 
13.03 
3.98 

11.51 
1.39 
9.11 
1.72 
3.53 
0.67 
3.31 
0.39 

core 

14.46 
786 

0.277 
bell 
2.62 

59.71 
1000 
3.58 
81.4 
33.4 

560.6 
136.5 
90.17 
35970 
15.15 
49.73 
7.95 

44.27 
11.46 
3.45 
8.47 
1.13 
8.03 
1.30 
4.19 
0.45 
2.61 
0.40 

* Ti concentrations have been obtained from EMP analyses. na: not analysed; bell: below detection limit 
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Schmincke, 1985; Bb:lard et al., 1988; Neumann et al., 
1999; XU et al., 2003; Tappe, 2004). The presence within 
the Spanish Central System alkaline dykes of clinopyrox
ene phenocrysts with reverse zoning and corroded Fe-rich 
cores implies that crystal fractionation is not sufficient to 
explain their complex zoning patterns and that other pro
cesses must have been involved. Nevertheless, it is impor
tant to note that these clinopyroxenes only occur in the San 
Bartolome de Pinares outcrop, whilst reversely zoned am
phiboles appear in the Tornadizos and Hoyo de Pinares out
crops. 

The chemical changes from core to inner rim in green
core Cpx-II from San Bartolome de Pinares, together with 
the Cr, Na and Al variations observed, are consistent with 
the mixing of magmas with different degrees of evolu
tion. The same has also been interpreted in similar zoning 
patterns of Fe-rich clinopyroxene cores, leaving aside the 
question of their cogenetism (Brooks & Printzlau, 1978; 
Bb:lard et al., 1988; Dobosi & Fodor, 1992; Neumann 
et al., 1999; XU et al., 2003). Mixing may occur between 
distinct magma batches or between different zones of a 
same magma chamber, through a convective self-mixing 
process (e.g. Couch et al., 2001). The fact that Cpx-I and 
Cpx-II display high Ti and incompatible trace elements 
concentrations, suggests that they must be related to alka
line melts, genetically linked with the host SCS alkaline 
lamprophyres. 

As it has been marked in Fig. 5, green (Cpx-II) and 
colourless (Cpx-III) cores display different compositional 
variation trends that tend to converge towards the field of 
clinopyroxenes with normal zoning (Cpx-I) for the highest 
Mg# values (Fig. 5). Cpx-II cores are Cr-poor and describe 
a compositional trend analogous to that of Cpx-I cores (de
crease of Si and Ca and increase of Al and Na), though fol
lowing a different slope, and, in addition, Cpx-II cores tend 
to more Fe-rich compositions (Fig. 5). This suggests that 
the two magmas involved in their origin evolved as a con
sequence of fractionation of a similar mineral assemblage 
(olivine + clinopyroxene ± Cr-spinel). 

Kaersutite reverse zoning also supports the mixing hy
pothesis, although it is important to note that amphibole 
phenocrysts are absent in the San Bartolome de Pinares 
outcrops, which show reversely zoned Cpx-II and Cpx-III 
crystals. The major and trace element contents of amphi
bole rims closely resemble that of phenocrysts cores, with
out the existence of an abrupt compositional gap (Fig. 6 
and 8) or any observed corrosion texture between amphi
bole cores and rims, thus indicating that only a slight chem
ical disequilibrium affected these phenocrysts. Moreover, 
rims seem to follow the same trend described by core anal
yses (Fig. 6). These characteristics point to amphibole phe
nocryst cores and rims being formed from melts with sim
ilar compositions, though the increase in Mg# would in
dicate incorporation of crystallising amphiboles in a more 
primitive ascending alkaline magma. Clinopyroxene phe
nocrysts coexisting with amphiboles in a single thin sec
tion display normal zoning. The AIIV/Alv1 ratio and Ti 
content significantly increase towards rim in clinopyrox
ene and amphibole phenocrysts, supporting rim crystalliza
tion at lower pressures in both cases. The different core to 

rim behaviour of Mg# in these phenocrysts probably in
dicates that they are not strictly cogenetic, but that a cpx
rich magma incorporated, during its ascent, amphibole phe
nocrysts formed at depth from a more evolved melt. 

The trend outlined by Cpx-III cores is significantly dif
ferent, showing a decrease in AI, Ti, Ca, Cr and N a with 
decreasing Mg# (Fig. 5). The low AI, Ca and Na con
tents in these Cpx-III cores is probably influenced by frac
tionation of plagioclase, whilst the decrease in Ti could 
be related to tilvospinel or ilmenite crystallization. The 
strong Y-REE enrichment, together with the deep nega
tive Sr and Eu anomalies in their trace elements patterns 
shown by these clinopyroxenes, all support plagioclase co
crystallization and are in accordance with a derivation from 
a more evolved melt (Neumann et al., 1999). This con
trasted evolutionary pattern supports the involvement of a 
third magmatic component, but it is highly unlikely that it 
would be linked with any alkaline melt, due to the AI-Ti
poor composition of Cpx-III. Taking into account that no 
other magmatic event occurred in the SCS during lampro
phyre genesis and intrusion, we favour a xenocrystic ori
gin for Cpx-III cores. Accordingly, reverse zoning in these 
phenocrysts could not be ascribed to mixing but inclusion 
of solid material, a possibility which has been previously 
suggested in similar rocks (Wass, 1979). 

The San Bartolome de Pinares outcrop, where Cpx
III phenocrysts may be found, also include plagioclase
bearing xenoliths of charnockite affinity (Villaseca et al., 
2007). There is an evident resemblance between the ma
jor and trace element composition of clinopyroxenes from 
these xenoliths and Cpx-III colourless cores, including the 
deep Eu and Sr anomalies (Fig. 5 and 7), which is indicative 
of crystallization from a magma batch that involve plagio
clase fractionation. The fractionating mineral assemblage 
proposed above for Cpx-III cores coincides with the modal 
composition of the associated enclaves, which supports that 
Cpx-III cores were incorporated into the alkaline magma as 
fragments of the charnockite xenoliths. 

Rims from every clinopyroxene phenocryst (with nor
mal or reverse zoning) give rise to a relatively homoge
neous compositional field, both for major and trace ele
ments (Fig. 5 and 7). This similarity in inner and outer 
rims of clinopyroxene phenocrysts, indicates that all rims 
formed from a similar magma, after incorporating clinopy
roxene cores from different origins. The presence within a 
single thin section of a heterogeneous clinopyroxene phe
nocryst population with complex zoning, has previously 
been explained by magma mixing after crystallization from 
different melts (Wagner et al., 2003). The fact that some 
crystals with normal zoning show multiple rims with suc
cessive variations of Mg# (increasing and decreasing to
wards the outer rim), probably represents episodic involve
ment of more primitive magma batches within the magma 
chamber, prior to dyke intrusion. Entrainment of new and 
more primitive melts into the magma chamber could have 
given rise to magma mixing and incorporation of xenocrys
tic material and previously crystallised clinopyroxene phe
nocrysts, derived from more evolved melts and recording 
different magma chamber levels. These phenocrysts would 
have been partially dissolved as a result of mixing with this 



new magma batch, resulting in formation of allotriomor
phic cores and, eventually, more clinopyroxene would have 
nucleated on these cores giving rise to Mg-rich inner and 
outer rims. 

Pressure estimates on Cpx-I cores obtained using the 
single-cpx geobarometer of Nimis & Ulmer (1998) yield 
ranges mainly from 0.3 to 0.8 GPa, and P values for their 
outer rims are generally lower than 0.1 GPa (Table 1). The 
wide range of pressure estimations for Cpx-I cores suggests 
that the alkaline melts of each dyke swarm might have stag
nated within a magma chamber at fairly different depths. 
For instance Cpx-I cores from Maragato outcrop seem to 
have crystallised at subvolcanic levels, whereas those from 
Bernuy Salinero equilibrated near 20 km in depth (Table 1). 

Pressure estimates for Cpx-II cores gives values up to 
0.7 GPa (Table 2), which might represent minimum crys
tallization conditions. Cpx-III does not derive from basic
ultrabasic magmas, which is a requirement of Nimis & 
Ulmer geobarometer. Nevertheless, the pressure range es
timated for the lower crustal charnockitic xenoliths from 
the Spanish Central System (0.9-1.0 GPa; Villaseca et al., 
2007) may indicate the equilibrium conditions for these 
Cpx-III cores, as they are fragments from these xenoliths. 
Thus, the San Bartolome de Pinares dyke carries xenocrys
tic Cpx-III and Cpx-II green core phenocrysts from lower 
crustal levels. 

Pressure estimations, together with the strong overlap ob
served in Fig. 5 and 6 between the major element compo
sition of rims from both clinopyroxene (the three studied 
types: Cpx-I-II-III) and amphibole with respect to that of 
corresponding groundmass phases from their host dykes, 
are in agreement with a process involving core formation 
within deep magma chambers, a quick melt evacuation and 
a last rim crystallization in subvolcanic conditions. 

Nature of crystallising magmas 

Different melts must have participated in the origin of 
clinopyroxene and amphibole phenocryst. To evaluate their 
cogenetism and their relationship with respect to the host 
alkaline dykes, we have calculated the composition of the 
melts in equilibrium with cores and rims using the parti
tion coefficients of Hart & Dunn (1993) for clinopyroxene 
and LaTourrette et al. (1995) for amphibole, which have 
been determined on alkaline basalt and basanite liquids, 
respectively. The results have been represented in Fig. 9. 
The composition of melts in equilibrium with Cpx-I over
laps or is only slightly higher than that of SCS host dykes 
(Fig. 9A). Moreover, there are also similarities between the 
results obtained for amphibole cores and those of Cpx-I 
(Fig. 9B). These characteristics support that Cpx-I and am
phibole phenocryst cores crystallised from liquids which 
are cogenetic with the parent magmas of the SCS alkaline 
dykes. 

Clinopyroxene and amphibole from basic or ultraba
sic rocks are usually incompatible trace element enriched 
phases which greatly control their behaviour during crys
tallization. Accordingly, co-precipitation of these minerals 
may strongly influence the distribution of trace elements 

between them. Although the existence of chemical equilib
rium between coexisting Cpx-I cores and amphibole phe
nocrysts is difficult to evaluate, the similar trace element 
composition of melts in equilibrium with both minerals 
would indicate near equilibrium conditions. In Fig. 10 we 
have plotted averaged clinopyroxene-amphibole partition 
values for coexisting phases using cores with similar Mg#, 
bracketed within the short ranges of 0.70-0.75 for sample 
103473 and 0.64-0.74 for sample 103818. These values 
might not be strictly interpreted as partition coefficients but 
can act as useful guides for trace element partitioning in al
kaline magmatic rocks in general, and will be used here as 
an approximation. 

The observed Cpx-Ijamph trace element distribution is 
very similar in both samples (Fig. 10), with the only excep
tion of slightly higher values for LREE, and lower for Rb 
in lamprophyre 103473 relative to 103818. These data in
dicate a clear control of amphibole for Rb, Ba, Ta, Nb and 
Sr partitioning over clinopyroxene, and they also suggest 
that Th, Zr, Hf, Y and REE would also preferentially en
ter amphibole structure, whilst clinopyroxene would only 
control U distribution (Fig. 10). Nevertheless, it should be 
noted that partitioning of Rb, Ba, Nb, Ta and Sr between 
clinopyroxene and amphibole in the considered samples is 
likely to be also influenced by phologopite crystallization, 
as this mineral preferentially incorporate these elements 
rather than Th, U, Zr, Hf, Y or REE. In general, there are 
not big differences between our data and partition coeffi
cients estimated for alkaline rock compositions and mantle 
enclaves. This resemblance with respect to literature values 
in similar magma compositions also supports the possibil
ity outlined above that both Cpx-I and amphibole cores rep
resent equilibrated crystallization products from the same 
alkaline magma. 

The trace element compositional range of Cpx-II cores 
is very similar to that of Cpx-I, and the core to rim trace 
element variation displayed by both phenocrysts show a 
tendency of Cr-Ni depletion while LILE, HFSE and REE 
increase towards the rim (Table 4). This behaviour is in 
accordance with the fractionation of olivine + clinopyrox
ene + Cr-spinel ± Ti-rich phases deduced for major ele
ments. The characteristic Mg-Cr enrichment of Cpx-II in
ner rims is accompanied by a weak depletion in the most 
incompatible trace elements, thus reinforcing the highly 
evolved nature of their cores and the mixing process involv
ing hosting by a more primitive magma. Modelled melts 
in equilibrium with Cpx-II green cores are also similar in 
composition to those calculated for Cpx-I (Fig. 9C), thus 
indicating a possible genetic link. Tappe (2004) interpreted 
the presence of reversely zoned green-core clinopyroxenes 
within Mesozoic alkaline rocks from Scania as an evidence 
for the presence of evolved trace element enriched melts in 
the upper mantle. He established some genetic relationship 
between these crystals and previous Permo-Carboniferous 
lamprophyric dykes in the same region. But this reasoning 
is not possible in the Spanish Central System because of 
the inexistence of a previous alkaline magmatic event. It 
is also appreciable in Fig. 9 the similitude existing in the 
composition of the calculated parent melts of Cpx-I cores 
with respect to that of all rims (from Cpx-I, Cpx-II and 
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Cpx·III). This reinforces that rims from all clinopyroxene 
phenocrysts would have formed from a single magma batch 
once all core types were incorporated into the host dykes. 

On the contrary, melts in equilibrium with Cpx· III cores 
and clinopyroxenes from charnockite xenoliths show much 
higher contents in Y·REE and significant negative Eu. Sr 
and HFSE anomalies (Fig. 90). These contents and their 
general normalised patterns are very different when com
pared to the SCS alkaline lamprophyres. They are probably 
genetically related with coexisting charnockite enclaves. 
The high modal proportion of plagioclase in these xeno· 
liths and the absence of volatile-rich phases exclude the 
participation of lamprophyric magmas in their genesis and 
reinforce the xenocrystic origin of Cpx-III cores. 

Calculated melts in equilibrium with Cpx·III display neg· 
ative Zr·Hf anomalies and a strong Nb·Ta depletion with 
respect to LREE. which suggest parental magmas of calc· 
alkaline affinity. These parental magmas seem to have ex
perienced a strong crystal fractionation process involving 
plagioclase, but also ilmenite, which is relatively abundant 
in the charnockite xenoliths and may be and important car
rier of Nb and Ta (Green & Pearson, 1987). Apatite frac· 
tionation might be envisaged on the basis of the low frac
tionated chondrite·normalised REE pattern of Cpx·IIL This 
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Fig. 10. Averaged clinopyroxenejamphibole trace element parti
tion values for samples 103473 (Tornaclizos outcrop) and 103818 
(Mufiotello outcrop). Data from empirical Dcpx/amp/1 trace element 
partition coefficients for alkaline basalts (hYing & Frey, 1984) and 
for mantle xenoliths (Chazot et al., 1996; Ionov et al., 1997) are plot
ted for comparison. 

is in accordance with Ionov et al. (1997) and Prowatke & 
Klemrne (2006). which present apatite LREE'partition data 
much greater than for HREE. 



Part of the charnockites from Villaseca et al. (2007) have 
been interpreted as lower crustal fragments formed as frac
tionates from calc-alkaline basic magmas. Thus, it is pos
sible that the charnockite enclaves presented here (and also 
the accompanying Cpx-III xenocrysts) correspond with cu
mulates associated with highly evolved subalkaline mag
mas. In fact, the presence of mafic and ultramafic xenoliths 
from the lower crust, carried by the SCS alkaline dykes, has 
led some authors to think that a mafic underplating event 
might have developed to some degree at the base of the 
crust within the Spanish Central System, due to the accu
mulation of basic calc-alkaline melts at the end of the Her
cynian orogeny (Orejana et al., 2006). 

Summary aud conclusions 

The SCS Permian alkaline lamprophyres show clinopy
roxene and amphibole phenocrysts with complex normal 
and reverse zoning. Clinopyroxene phenocrysts with nor
mal zoning (Cpx-I) are widespread distributed within the 
different dyke swarms, whereas clinopyroxenes with re
verse zoning are restricted to the San Bartolome de Pinares 
outcrop. In this latter dyke, Fe-rich green and colourless 
cores (Cpx-II and Cpx-III, respectively) represent crystal
lization from two distinct and more evolved liquids af
ter significant fractional crystallization. Formation of rims 
with higher Mg# indicates mixing and incorporation into 
a third more primitive magma, giving rise to reverse zon
ing. This third melt is responsible for crystallization of 
clinopyroxene phenocrysts with normal zoning (Cpx-I). 
The fact that the rim compositions from all clinopyrox
enes (with reverse and normal zoning) are similar and plot 
within a restricted range, indicates that they all crystallised 
from the same magma, close to its subvolcanic emplace
ment level. Amphibole phenocrysts from the Tornadizos 
and Hoyo de Pinares lamprophyres may have also been 
formed by magma mixing, though the melts involved must 
have shown less compositional contrast. 

Taking into account the chemical composition of Cpx-I 
and Cpx-II cores, and also that of the melts in equilib
rium with them, these crystals can be considered as derived 
from alkaline melts genetically related with the SCS alka
line magmatism. Estimated Cpx-IjAmph partition values 
are similar to literature partition coefficients from alkaline 
rocks, thus supporting that both phenocryst represent equi
librium conditions and were formed from similar magmas. 
On the contrary, Cpx-III cores show major and trace ele
ment contents in accordance with fractionation of plagio
clase + clinopyroxene ± ilmenite ± apatite, and their com
position resembles that of cpx from coexisting charnock
ite xenoliths, thus pointing to a xenocrystic origin. Cpx
III might derive from cale-alkaline deep cumulates, genet
ically related with other underplated metabasic rocks gran
ulitized at lower crustal levels. 

The coexistence of several clinopyroxene phenocryst 
types, together with granulite xenoliths, within the same 
thin section, points to the stagnation of the lamprophyric 
magmas at lower crustal depths and the eventual entrap-

ment of the complex xenocryst and phenocryst mineral as
sociation during ascent. 
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