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Abstract

Ž . Ž . Ž .The Neogene volcanic province of SE Spain NVPS is characterized by calc-alkaline CA , high-K calc-alkaline KCA ,
Ž . Ž . Ž .shoshonitic SH , ultrapotassic UP , and alkaline basaltic AB volcanic series. All these series, except the AB, have high

LILErLREE, LILErHFSE and BrBe ratios and high but variable Sr, Pb and O isotope compositions. The KCA and SH
lavas contain metapelitic xenoliths whose mineralogical and chemical composition are typical of anatectic restites. The
geochemical characteristics of CA, KCA, SH and UP series suggest that they originated from the lithospheric mantle,
previously contaminated by fluids derived from pelagic sediments. Additionally, the presence of restite xenoliths in the KCA
and SH lavas indicates some sort of interaction between the mantle-derived magmas and the continental crust. Trace element
and isotope modeling for the KCA and SH lavas and the restites, point towards the existence of two mixing stages. During
the first stage, the lithospheric mantle was contaminated by 1–5% of fluids derived from pelagic sediments, which produced

Ž . 87 86a fertile source heterogeneously enriched in incompatible elements particularly LILE and LREE , as well as in Srr Sr,
without significant modifications of the d

18O values. In the second stage, the primary melts derived from this metasomatized
mantle, which inherited the enrichment in LILE, LREE and 87Srr86Sr, interacted with crustal liquids from the Betic
Paleozoic basement during their ascent towards the surface. This mixing process caused an increase in d

18O values and, to a
lesser extent, in 87Srr86Sr ratios. However, the incompatible trace elements abundances only change slightly, even for high
mixing rates, due to their similar concentrations in both components. We suggest the following geodynamic scenario to

Ž .account for the global evolution of this area: 1 a Late Cretaceous to Oligocene subduction scheme during which mantle
Ž .metasomatism took place, shortly followed by Upper Oligocene to Lower Miocene continental collision, and 2 a Middle to
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Upper Miocene extensional event triggering partial melting of the previously metasomatized mantle and the extrusion of the
CA and associated magmas. q 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

The Neogene volcanic province of SE Spain
Ž .NVPS lies along the eastern domain of the Betic
Ranges, an orogenic edifice built during a series of

Žcompressional episodes Cretaceous to Upper
.Oligocene–Lower Miocene leading to nappe stack-

ing and low- to high-grade metamorphism. The
plate-tectonic evolution of this realm indicates a long
and complex history involving subduction of oceanic
crust during Cretaceous to Oligocene time, followed
by continental collision and subsequent slab detach-
ment under the Iberian plate in Oligocene time
Ž .Vissers and van der Wal, 1993 . During Middle to
Upper Miocene times, the Betics underwent exten-
sional collapse through low-angle detachment sys-

Ž .tems involving the rapid unroofing )3 kmrMa of
metamorphic core complexes and the extrusion of
the NVPS volcanics in a Basin- and Range-type

Žtectonic scenario Doblas and Oyarzun, 1989; Loner-
gan and Mange-Rajetsky, 1993; Oyarzun et al.,

.1995 .
The NVPS comprises the following series: calc-

Ž . Ž .alkaline CA , high-K calc-alkaline KCA ,
Ž . Ž .shoshonitic SH , ultrapotassic UP , and alkali

Ž . Ž .basalts AB Fig. 1 . The first four series were
extruded during Langhian–Messinian, in a time span
of 9 Ma, beginning with the CA series in the SE

Ž .coastal area of Cabo de Gata 15 to 7 Ma , followed
Žinland by the KCA El Hoyazo, Mazarron and Mar´

. ŽMenor and the SH ones Vera, Mazarron and Carta-´
. Ž .gena 12 to 6 Ma , and finally, the UP series in

Vera, Mazarron and the northern sector of the´
Ž . Žprovince 8 to 6 Ma Bellon and Brousse, 1977;

Nobel et al., 1981; Bellon et al., 1983; Di Battistini
.et al., 1987 . After a gap of 2 Ma, the AB extruded

during a second volcanic event. This magmatism is
not genetically linked to the previous series and will
not be considered here.

The NVPS displays several characteristics which
set it apart from comparable volcanic zones associ-

Ž .ated with active margins: 1 a whole magmatic suite
ranging from CA to UP developed within a narrow

Ž . Ž .area ;150=25 km ; 2 the plate tectonic setting
did not include coeval subduction of oceanic litho-

Ž .sphere; 3 the volcanics have Sr, Nd, Pb and O
isotopic ratios higher than those typical of active

Ž .margins, and 4 most of the NVPS volcanism devel-
Žoped on a relatively thin continental crust ;20

.km . These unusual conditions call for a new ap-
proach regarding the geochemical and geodynamic
modeling of the NVPS.

Previous models have explained the NVPS in
terms of anatectic melting of metamorphic rocks
Ž .Zeck, 1968, 1970; Munksgaard, 1984 , mantle

Žmetasomatism with sediment-derived fluids Nelson
et al., 1986; Lopez-Ruiz and Wasserman, 1991; Nel-´

.son, 1992 , and magma mixing or assimilation of
Ž .crustal rocks Bellon et al., 1983; Zeck, 1992 . How-

ever, none of these hypotheses can satisfactorily
account for the special petrological and geochemical
features exhibited by the KCA and SH rocks which
are characterized by the ubiquitous presence of
metapelitic xenoliths as well as xenocrysts formed
by disaggregation of former inclusions. These char-
acteristics suggest that in addition to the source
contamination processes—already proposed for the
whole of the NVPS lavas—the KCA and SH mag-
mas have also suffered some interaction with the
overlying continental crust at shallow levels.

Here, we summarize the main petrological and
geochemical characteristics of the Neogene lavas
from the NVPS and the metapelitic xenoliths en-
trained within the KCA and SH lavas. We then
discuss the genesis of the KCA and SH volcanism
based on geochemical and geodynamic constraints.

2. Analytical methods

ŽMajor elements Si, Ti, Al, total Fe, Mn, Mg, Ca,
.K and P were analyzed by wavelength dispersive
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Ž .Fig. 1. Sketch of the Neogene volcanic province of SE Spain NVPS . The dotted lines mark the limit of the zones in which the calc-alkaline
Ž . Ž . Ž .I , high-K calc-alkaline and shoshonitic II and ultrapotassic III lavas predominate.
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Ž .X-ray fluorescence XRF spectrometry, carried out
on an automated Philips PW-1410r20 system, with
Cr and W X-ray tubes, at the Museo Nacional de

Ž .Ciencias Naturales of Madrid Spain . Analyses were
performed using fused glass discs. Undiluted pressed
rock powder pellets were used to determine V, Ni,
Cu, Rb, Sr, Y, Zr, Nb, Ba and Pb. Natural rock
powders were used as standards in each case. The
FeO content was analyzed by manganometric titra-
tion. The iron content of the xenoliths was analyzed

Ž U .as total Fe Fe O . Atomic absorption flame spec-2 3
Ž .trometry Perkin-Elmer-2320 was used to analyze

Na and Li over dry digestion with HNO qHClO3 4

qHF and HCl extraction. This same digestion was
used for determination of Be, analyzed by induc-
tively coupled plasma-atomic emission spectroscopy
Ž .Thermo Jarrell Ash, ICAP-61 at the Instituto Tec-

Ž .nologico Geominero de Espana Madrid . B was´ ˜
determined also on ICAP-61 over closed digestion
with HClO qHFqHCl. F was analyzed by col-4

orimetry at this last centre.
Concentrations of Sc, Cr, Co, rare earth elements

Ž .REE , Hf, Ta, Pb, Th and U were determined by
Ž .instrumental neutron activation analysis INAA at

Ž .the University of Leuven Belgium . The analyses
were performed relative to a secondary basalt stan-
dard which has been repeatedly calibrated against the
BCR-1 reference rock. The experimental errors were
of the order of 2%.

Isotopic composition of Sr have been measured
by mass spectrometry on double Re filament with a
Finnigan MAT-260 mass spectrometer of the Bel-

Žgian Centre of Geochronology University of Brus-
.sels . Whole-rock samples were dissolved in a HF–

HNO mixture. Strontium was separated by conven-3

tional cation exchange techniques. 87Srr86Sr ratios
are normalized to 86Srr88Srs0.1194. An average
87Srr86Sr value of 0.710235"0.000026 is obtained
for the NBS-987 standard.

For oxygen isotope measurements, the oxygen
was extracted from the whole-rock samples follow-
ing the general procedure of Clayton and Mayeda
Ž .1963 , by reaction with BrF and converted to CO5 2

for mass spectrometric analysis. O isotopic ratios
were measured on a Finnigan MAT-251 spectrome-

Ž .ter at the U.S. Geological Survey at Denver USA .
The isotopic data are reported in the conventional
d-notation, where d

18 O is the relative difference in

isotopic ratio between a sample and SMOW, ex-
pressed in parts per thousand. The internal standard
used is the NBS-28 reference sample with has a
d

18 O value of q9.6‰. The experimental precision
of single determinations is of the order of "0.2‰.

3. Petrology and geochemistry of the lavas

The Neogene volcanism of SE Spain has been
Žstudied in detail by several authors e.g., Lopez-Ruiz´

and Rodrıguez Badiola, 1980; Molin, 1980; Munks-´
gaard, 1984; Nixon et al., 1984, Nelson et al., 1986;
Venturelli et al., 1984, 1988, 1991, 1993; Toscani et
al., 1990, 1995; Lopez-Ruiz and Wasserman, 1991;´
Zeck, 1992; Benito, 1993; Salvioli and Venturelli,

.1996 . The general features of this volcanism, as
well as detailed petrological and mineralogical de-

Žscriptions of these rocks including the criteria fol-
.lowed for their classification , can be found in the

above mentioned works and in a more comprehen-
sive way in Lopez-Ruiz and Rodrıguez Badiola´ ´
Ž .1980 . In the following sections, only a brief outline
of the petrology and geochemistry of the four series
is presented.

3.1. Mineralogy

The CA rocks are represented by basaltic an-
desites, pyroxene- and amphibole-bearing andesites
and dacites. The basaltic andesites and the andesites
consist of a main assemblage of plagioclase, or-
thopyroxene, clinopyroxene and magnetite, which
can be accompanied by amphibole and biotite in the
most silica-rich samples. The dacites are constituted
by plagioclase, orthopyroxene, amphibole, biotite,
magnetite, ilmenite and quartz.

The KCA series is predominantly corundum-
normative high-K andesites and dacites. Although
their mineralogy is similar to their equivalents in the
CA series, amphibole is never present and biotite is
the major ferromagnesian mineral.

The SH series is represented by banakites and
Žlatites. The banakites consist of plagioclase richer in

albite and orthoclase than the equivalent rocks of the
.CA and KCA series , orthopyroxene, clinopyroxene

Ž .endiopside–diopside , sanidine, biotite and quartz.
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In the latites, plagioclase and sanidine are also coex-
istent but clinopyroxene is absent and orthopyroxene
is scarce, whereas biotite and quartz show higher
abundances.

The UP rocks are olivine–diopside–richterite
Ž .madupitic lamproites jumillites , enstatite–sani-

Ž .dine–phlogopite lamproites cancalites , hyalo-en-
Ž .statite–phlogopite lamproites fortunites and hyalo-

Ž .olivine–diopside–phlogopite lamproites verites . In
vitreous samples, the glass phase is rich in SiO ,2

Al O and K O, while in the holocrystalline vari-2 3 2

eties, it is replaced by potassic richterite and iron-rich
sanidine. Apatite, calcite, rutile and spinels are the
most important accessory minerals.

3.2. Major and trace elements

Representative chemical analyses of the CA, KCA,
SH and UP lavas are selected in Table 1. In Figs. 2
and 3, these series have also been plotted in MgO-
element and chondrite-normalized diagrams. In gen-
eral, the CA rocks are poorer in K O, TiO , P O2 2 2 5

and incompatible and compatible trace elements rela-
tive to the KCA and SH ones, whereas the UP rocks
are richer in K O and incompatible trace elements,2

as well as in MgO, Ni and Cr, relative to the other
groups. All the series display the typical signature of

Žlavas belonging to active margins e.g., Al O )2 3

13%, TiO - 1.2% and high BarLa, BarNb,2

LarNb, ThrNb, ZrrNb and BrBe ratios; Perfit et
al., 1980; Pearce, 1982; Morris et al., 1990;

.Hawkesworth et al., 1993, 1994 . In this context, it is
important to note that all the lavas from the NVPS
display a small but persistent negative Eu anomaly
as well as a high correlation between 87Srr86Sr, B
and 1rSr.

The CA rocks exhibit a relatively wide range of
SiO and their abundance in major elements is simi-2

lar to that of equivalent rocks of other areas. They
are characterized by high contents of Al O and2 3

CaO, moderate Na O, and low TiO , K O and2 2 2

P O . This series displays a typical enrichment in2 5
Ž .LILE higher in Rb and Th than in Ba and LREE,

Ž .and negative anomalies of Sr, Nb, Ta and Ti Fig. 3 .
With increasing SiO , a progressive enrichment of2

K O, Rb, Th, Zr and REE is observed, as well as a2

decrease in Fe OU , MgO, CaO, TiO , P O , Co, Ni2 3 2 2 5

and V.

The KCA rocks show a narrower range of varia-
tion in SiO relative to the above described series,2

but they are usually richer in TiO , K O and P O ,2 2 2 5

and poorer in FeO and CaO, while Al O is similar.2 3

They are also enriched in LILE and LREE, and show
Ž .negative anomalies of Nb, Ta, Sr, P and Ti Fig. 3 .

The abundance of all these elements, as well as Ni,
Cr, V and Co, is higher than the CA rocks with
similar SiO content, but their BarLa, LarNb,2

ThrNb and ZrrNb ratios are of the same magnitude.
With increasing SiO , Al O remains virtually con-2 2 3

stant, while there is an increase in K O and P O ,2 2 5

and a decrease in MgO and CaO.
In general, the SH rocks are characterized by

higher contents of TiO , K O and P O . They are2 2 2 5
Žalso strongly enriched in LILE in this case, the

higher values correspond to Th and not to Rb, as in
.the two other series and LREE, relative to the rest

Ž .of incompatible trace elements Fig. 3 . In contrast,
their abundance in HREE and compatible elements is
in the range observed in the KCA rocks. As a result
of the enrichment in highly incompatible elements
relative to the moderately incompatible ones, the
LILErLREE and LILErHFSE ratios are higher than
those of the CA and KCA rocks. With increasing
silica, Al O , MnO, MgO, CaO, TiO and P O2 3 2 2 5

decrease.
The UP rocks display much higher contents of

MgO, Ni and Cr, as well as K O, TiO , P O , LILE2 2 2 5
Ž .particularly Th and LREE, relative to the other
groups. On the other hand, they have moderate to

Žlow contents of Al O , CaO, Sc and V Figs. 2 and2 3
.3

3.3. Isotopic ratios

The d
18 O values of the four series range between

Žq9.5 and q20.3‰ Munksgaard, 1984; Lopez-Ruiz´
.and Wasserman, 1991 . There is no good correlation

between these values and the abundance of SiO ,2

MgO or incompatible elements. However, there is a
Ž . 18strong positive correlation rs0.92 between d O

Ž . Ž .and the loss on ignition LOI values Fig. 4 . This
correlation, as well as the evidence for extensive
devitrification of the matrix of many of the samples
Žwhich can represent up to )50% of the rock

. 18volume , suggest that the measured d O values are
not primary. The effects of post-crystallization hy-
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Table 1
Ž . Ž .Representative analyses of major % , trace elements ppm and Sr and O isotopes of the lavas from SE Spain

Calc-alkaline lavas

Cabo de Gata

GAT-7 GAT-8 GAT-18 GAT-19 GAT-10 GAT-11
basaltic andesite andesite andesite andesite andesite dacite

SiO 54.47 56.87 60.07 60.71 60.81 63.782

TiO 0.60 0.64 0.40 0.46 0.56 0.512

Al O 17.93 16.72 16.05 16.14 16.12 15.762 3

Fe O 3.25 1.96 1.53 2.12 1.75 1.582 3

FeO 3.88 5.29 4.63 3.04 4.02 3.42
MnO 0.13 0.13 0.11 0.11 0.11 0.09
MgO 5.55 3.93 4.35 2.40 2.98 2.21
CaO 8.91 8.96 8.35 6.73 7.55 5.90
Na O 1.16 2.55 1.43 2.12 2.40 2.522

K O 1.28 1.17 1.15 2.28 1.51 1.852

P O 0.13 0.14 0.11 0.12 0.10 0.092 5

LOI 2.31 1.36 1.54 2.70 1.65 2.11
Total 99.60 99.72 99.72 98.93 99.56 99.82

Li 14 14 15 52 27 30
Be 1.1 1.1 1.2 1.6 1.9 1.9
B 31 25 12 20 43 52
F 315 435 270 335 385 505
Sc – 32.6 31.0 23.7 25.5 20.5
V 210 173 157 104 111 96
Cr 40 90 75 29 81 48
Co 32.0 24.7 19.9 14.8 18.7 13.5
Ni 18 26 13 10 14 8
Cu 21 34 30 13 59 6
Rb 50 33 45 52 73 98
Sr 275 236 218 150 193 204
Y 20 26 17 27 26 27
Zr 115 106 103 105 121 128
Nb 2 2 3 2 6 5
Ba 238 126 272 282 232 244
La 7 11.3 12.1 9.9 14.8 18.8
Ce 31 25.3 24.6 20.7 30.0 38.9
Nd – 12.2 11.3 8.52 12.6 17.1
Sm – 3.00 2.52 1.89 2.91 3.34
Eu – 0.83 0.77 0.58 0.78 0.82
Tb – 0.51 0.42 0.33 0.49 0.50
Yb – 1.73 1.65 1.19 1.63 1.68
Lu – 0.28 0.29 0.22 0.28 0.27
Hf – 2.03 1.95 1.82 2.55 3.03
Ta – 0.32 0.38 0.40 0.53 0.59
Pb 17 21 9 14 40 57
Th 5 3.51 3.47 4.62 5.10 6.88
U – 1.28 0.94 1.90 1.86 2.39

87 86Srr Sr – – 0.71154 0.71082 0.71298 –
18

d O q11.0 q10.5 q9.5 – q11.3 q11.6measured
18

d O q8.7 q9.9 q8.6 – q10.2 q9.7corrected
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Ž .Table 1 continued

High-K calc-alkaline lavas

Mar Menor El Hoyazo Mazarron´

CAR-1 CIE-1 GAT-14 MAZ-10
high-K andesite high-K andesite high-K andesite high-K dacite

SiO 61.89 62.47 61.44 64.002

TiO 0.59 0.65 0.77 0.582

Al O 16.70 14.96 17.32 16.022 3

Fe O 1.34 0.89 1.29 0.652 3

FeO 3.37 4.16 3.70 4.09
MnO 0.07 0.09 0.06 0.08
MgO 2.51 2.96 1.95 2.10
CaO 6.18 5.20 3.04 4.83
Na O 1.76 1.80 1.99 2.482

K O 2.17 2.22 2.78 2.612

P O 0.16 0.18 0.14 0.212 5

LOI 2.85 3.55 4.72 2.49
Total 99.59 99.13 99.20 100.14

Li 20 26 14 33
Be 3 3 4 4
B 63 91 69 57
F 455 415 685 530
Sc 23.8 21.2 17.4 20.7
V 104 126 133 88
Cr 95 208 152 103
Co 11.9 21.3 14.3 12.5
Ni 18 81 29 13
Cu 22 32 32 22
Rb 116 133 90 162
Sr 243 150 334 497
Y 23 20 25 28
Zr 132 139 178 172
Nb 12 12 15 16
Ba 481 350 662 585
La 27.3 26.1 58.1 36.1
Ce 53.1 54.1 104.0 75.4
Nd 24.5 25.6 45.9 34.2
Sm 4.98 4.90 7.92 5.79
Eu 1.08 1.04 1.73 1.30
Tb 0.70 0.72 0.89 0.75
Yb 2.14 2.24 1.78 2.02
Lu 0.31 0.35 0.30 0.27
Hf 3.28 3.64 5.44 4.30
Ta 1.00 0.90 1.38 1.43
Pb 31 21 20 50
Th 10.20 9.65 22.00 21.40
U 4.23 4.53 5.82 8.60

87 86Srr Sr 0.71543 0.71563 0.71303 –
18

d O q13.1 q13.2 q17.7 –measured
18

d O q9.9 q8.8 q11.1 –corrected
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Ž .Table 1 continued

Shoshonitic lavas

Cartagena Mazarron Vera´

ATA-1 BEA-1 MAZ-5 MAZ-7 MAZ-8 GAR-1 ALI-1
banakite banakite banakite latite latite latite latite

SiO 58.24 59.16 62.88 63.68 64.19 66.62 66.822

TiO 0.73 0.89 0.47 0.71 0.63 0.65 0.642

Al O 16.25 15.05 14.53 15.53 16.22 15.10 16.092 3

Fe O 1.73 1.22 1.03 0.49 0.81 1.87 0.712 3

FeO 2.91 3.45 3.11 3.54 3.26 1.34 1.55
MnO 0.08 0.07 0.07 0.07 0.05 0.03 0.02
MgO 2.94 3.19 2.31 1.56 1.58 1.77 0.98
CaO 5.50 5.19 2.91 2.71 2.57 2.83 2.39
Na O 2.12 2.03 1.87 1.74 2.25 1.46 2.332

K O 4.67 5.15 3.94 4.55 4.43 4.51 3.372

P O 0.57 0.79 0.36 0.32 0.42 0.65 0.252 5

LOI 3.94 3.32 6.23 4.69 3.39 3.17 4.00
Total 99.68 99.51 99.71 99.59 99.80 99.73 99.15

Li – 11 18 18 50 – 26
Be – 13 4 5 6 – 3
B – 113 111 112 103 – 56
F – 1745 795 875 1100 – 990
Sc 19.5 20.9 – 14.6 14 – 11.3
V 98 134 143 108 – 143 94
Cr 132 193 128 97 138 121 87
Co 18.4 16.9 19 11.1 11 25 5.5
Ni 80 75 41 34 49 40 36
Cu 39 51 26 16 18 43 45
Rb 185 339 319 230 227 228 142
Sr 513 624 725 535 581 833 1871
Y 32 31 45 30 31 45 47
Zr 229 339 224 245 260 218 242
Nb 27 35 26 29 33 26 15
Ba 1564 2168 1793 1211 1310 1731 4271
La 62.2 75.6 53 52.4 63.5 43 47.0
Ce 139.0 186.0 91 113.0 137.0 122 106.0
Nd 69.5 106.0 – 54.1 68.2 – 55.0
Sm 11.80 17.90 – 9.47 12.40 – 13.40
Eu 2.31 3.10 – 1.97 2.26 – 2.81
Tb 1.14 1.42 – 1.01 1.18 – 1.90
Yb 2.21 2.14 – 2.33 2.13 – 4.73
Lu 0.31 0.31 – 0.36 0.30 – 0.67
Hf 7.25 10.40 – 6.25 7.67 – 6.49
Ta 2.02 2.62 – 2.25 2.31 – 1.70
Pb 215 90 65 67 71 134 300
Th 67.20 102.00 50 48.70 64.20 48 31.30
U 16.80 26.30 – 16.80 15.40 – 16.70

87 86Srr Sr – 0.71574 – 0.71631 0.71768 – 0.70945
18

d O – q13.3 q20.3 q15.3 – q13.4 –measured
18

d O – q9.2 q11.0 q8.7 – q9.6 –corrected
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Ž .Table 1 continued

Ultrapotassic lavas

Jumilla Aljorra Vera Cancarix Barqueros Fortuna Salmeron´
JUM-5 ALJ-1 VER-4 CAN-1 BAR-1 FOR-1 CMO-1
jumillite verite verite cancalite fortunite fortunite fortunite

SiO 48.99 54.05 55.33 55.33 55.32 55.82 56.882

TiO 1.54 0.91 1.40 1.59 1.63 1.48 1.522

Al O 8.45 13.35 10.70 9.29 11.24 11.49 9.042 3

Fe O 3.94 5.31 0.99 1.89 2.25 2.56 2.292 3

FeO 1.98 1.09 3.96 3.23 3.40 2.98 2.79
MnO 0.09 0.11 0.08 0.07 0.07 0.08 0.08
MgO 16.68 8.37 11.91 12.97 9.48 19.77 11.56
CaO 7.65 7.28 2.92 3.27 3.59 2.44 3.03
Na O 1.13 1.39 2.93 0.52 1.25 0.97 1.642

K O 6.86 5.77 3.48 7.99 6.88 7.93 8.452

P O 1.25 0.65 0.63 1.09 0.72 0.85 1.082 5

LOI 1.78 1.74 5.18 2.38 4.46 3.36 1.06
Total 100.34 100.02 99.50 99.62 100.29 99.73 99.42

Li 34 28 67 43 36 45 41
Be 13.5 8.0 11.8 18.2 15.2 14.6 19
B 36 33 238 140 183 113 63
F 3835 1485 3155 3700 3085 4195 5100
Sc 15.5 24.8 13.9 11.7 14.4 13.7 –
V 128 129 139 127 134 111 114
Cr 911 666 722 651 583 561 523
Co 45.2 36.5 37.0 32.6 34.5 33.5 37
Ni 714 392 617 541 479 504 552
Cu 21 46 28 22 29 28 19
Rb 326 265 473 587 500 611 528
Sr 867 466 441 695 516 453 615
Y 31 28 31 33 35 36 32
Zr 538 294 649 727 678 580 856
Nb 54 26 54 57 50 47 68
Ba 2185 1596 1554 1814 1274 1475 1722
La 89.2 68.7 89.5 98.5 84.7 69.2 67
Ce 238.0 173.0 253.0 282.0 248.0 191.0 204
Nd 147.0 104.0 159.0 185.0 163.0 126.0 –
Sm 28.00 18.0 25.60 30.80 26.6 22.60 –
Eu 4.73 3.09 4.22 5.04 4.39 3.78 –
Tb 1.94 1.32 1.53 1.78 1.65 1.54 –
Yb 2.14 1.78 1.67 1.95 2.27 2.19 –
Lu 0.28 0.23 0.20 0.26 0.27 0.30 –
Hf 17.60 9.90 17.80 21.10 19.80 17.60 –
Ta 3.35 2.20 3.26 3.39 3.09 2.78 –
Pb 170 293 205 206 113 75 149
Th 104.00 82.4 90.60 112.00 106.0 85.60 129
U 12.20 16.7 20.20 26.80 22.30 21.30 –

87 86Srr Sr 0.71706 0.71974 0.72098 0.71775 0.71810 0.71845 –
18

d O q11.7 q11.4 q18.5 q13.3 – – q11.8measured
18

d O q10.4 q10.2 q11.1 q10.9 – – q11.8corrected

18 Ž .The 1d O values are from Lopez-Ruiz and Wasserman 1991 .´
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Ž .Fig. 2. MgO-major elements diagrams of the calc-alkaline lavas of Cabo de Gata CA , the high-K calc-alkaline lavas of the El Hoyazo, Mar
Ž . Ž . Ž .Menor and Mazarron KCA , the shoshonites of Mazarron, Cartagena and Vera SH , and the ultrapotassic lavas UP .´ ´

dration and low-temperature alteration on the
whole-rock d

18 O values can be corrected by measur-
18 Ž .ing the d O values of phenocrysts e.g., pyroxene

in the lavas or by extrapolation to primary water
Ž .contents Ferrara et al., 1985 . The pyroxene and

plagioclase phenocrysts of the CA, KCA and SH
lavas are usually zoned and the pyroxenes are re-
stricted to the less silicic rocks. For this reason,

Ž .Lopez-Ruiz and Wasserman 1991 have calculated´
d

18 O values corrected for alteration effects following
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Ž . Ž .Fig. 3. Multi-element diagrams, normalized with respect to the chondrites, of the calc-alkaline CA , high-K calc-alkaline KCA ,
Ž . Ž . Ž .shoshonitic SH and ultrapotassic UP lavas of NVPS. The normalization values are the ones suggested by Thompson et al. 1984 .

the second method. Although this is an empirical
Ž .procedure, Ferrara et al. 1985 demonstrated that it

can produce results which agree well with those
obtained from phenocrysts. The calculated primary

Žvalues display a much more restricted range q8.6
.to q11.8‰; Table 1 and Fig. 5 with the CA rocks

18 Ž .showing lower d O values q8.6 to q10.2‰ and
18 Žthe UP ones the highest d O values q10.2 to

.q11.8‰ .
The 87Srr86Sr ratios in the four series are high

Ž .0.7080–0.7213 , with a generalized increase from
ŽCA to UP, as observed in Fig. 5 Powell and Bell,

1970; Munksgaard, 1984; Nelson et al., 1986;
.Toscani et al., 1990; and this work . In contrast to

the oxygen isotopes, the 87Srr86Sr ratios have not
been significantly modified by alteration processes.
This is demonstrated by the Sr isotope analyses

Ž .performed by Toscani et al. 1990 in whole rock,
plagioclase separates and groundmass of CA rocks,
which show very small differences, usually within
the analytical error. Furthermore, this is supported by
the good correlation of the Sr isotopes relative to
87 86 Ž .Rbr Sr see Munksgaard, 1984 .

Lead isotopic ratios are high in the four series,
and there are no significant differences among them.
In the CA and UP lavas, 206 Pbr204 Pb, 207Pbr204 Pb
and 208Pbr204 Pb values vary between 18.84 and
18.91, 15.67 and 15.70 and 38.85 and 39.88, and
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18 Ž . Ž . Ž . Ž .Fig. 4. The d O-LOI diagram of the calc-alkaline CA , high-K calc-alkaline KCA , shoshonitic SH and ultrapotassic UP lavas of
Ž .NVPS open symbols: Lopez-Ruiz and Wasserman, 1991; solid symbols: Munksgaard, 1984 . The thick line represents the regression line´

Ž 18 .d Os1.814 LOIq8.239 used to correct the obtained data for secondary hydrationrdevitrification according to the method of Ferrara et
Ž .al. 1985 . The thin lines are extrapolations parallel to the regression line down to a LOIs1.06%. This value is the total H O content of2

sample CMO-1 which is the only one that is glass-free.

between 18.66 and 18.83, 15.67 and 15.74 and 38.97
Žand 39.19, respectively Hertogen et al., 1985, 1988;

.Nelson et al., 1986; Arribas and Tosdal, 1994 .

4. Petrology and geochemistry of the metapelitic
xenoliths

The KCA and SH rocks contain two groups of
inclusions: metapelitic xenoliths, and igneous

quartz–diorite, basaltoid and quartz–gabbroic inclu-
sions. The first group is more abundant, representing
two thirds of the total volume of inclusions. The
petrology and chemical composition of both groups

Žof inclusions have been studied by Zeck 1968,
. Ž .1970, 1992 and Molin 1980 .

Metapelitic xenoliths range in diameter from a
few millimeters to 50 cm, although most of them are
-10 cm. The disaggregation of these xenoliths pro-

ŽFig. 5. Sr and O isotopic ratios in the NVPS lavas after Powell and Bell, 1970; Munksgaard, 1984; Hertogen et al., 1985, 1988; Nelson et
.al., 1986; Toscani et al., 1990; Lopez-Ruiz and Wasserman, 1991; and this work , and in the gneiss-derived xenoliths of the high-K´

Ž .calc-alkaline and shoshonitic lavas after Munksgaard, 1984; and this work . In the O isotopes, the open bars correspond to the measured
values, while the solid bars represent corrected data.
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duced anhedral crystals of cordierite, plagioclase,
spinel, zircon and graphite, euhedral garnet crystals,
and corroded quartz crystals, which are found within
the host lavas. The composition and zoning of the
garnet xenocrysts has been studied by Lopez-Ruiz et´

Ž . Ž . Ž .al. 1977 , Molin 1980 and Munksgaard 1985 .
Here, we will deal with these metapelitic xenoliths,
whose textures and mineralogy suggest that they
represent refractory residues produced after partial
melting episodes from gneisses initially made up of

Žbiotite, garnet, sillimanite, feldspars and quartz Zeck,
.1968, 1970; Cesare et al., 1997 .

4.1. Mineralogy

The gneissic xenoliths contain biotite and silli-
manite which can be accompanied by variable
amounts of cordierite, almandine, spinel and quartz.
Three main groups of xenoliths can be distinguished
according to the relative abundances of those miner-

Ž .als: biotite–sillimanite–almandine bt–sil–alm ,
Ž .spinel–cordierite spl–crd and cordierite–quartz

Ž .crd–qtz . These represent end-member terms with a
Ž .complete transition between them Zeck, 1968, 1970 .

Although their distribution is irregular within the
volcanic suite, certain types predominate in specific
areas. In this sense, the bt–sil–alm types with vari-
able cordierite are the most abundant at El Hoyazo,
while the spl–crd ones predominate at Mar Menor.

The mineralogy of these xenoliths suggests that
they represent the residue of the original rock assem-
blage after having lost an anatectic melt fraction.
Additionally, the perfect cotectic split into plagio-
clase-bearing restite without quartz or K-feldspar and
quartz-bearing restite without plagioclase or K-
feldspar strongly favors an origin by partial melting.
The crd–qtz xenoliths probably derive from the com-
paratively quartz-rich portions of the original gneiss.
The inverse ratio of the proportion of cordierite to
that of biotiteqsillimanite suggests that in the pres-
ence of H O, quartz and feldspars partially melted at2

the beginning of the process. Afterwards, during
H O-free conditions, the reactions responsible for2

the generation of cordierite would be btqsilqqtz
scrdq liquid or btqsilqqtzscrdqK-feldspar
q liquid, depending on K-feldspar migrating to the
liquid or remaining in the xenolith, and btqsilscrd

Ž .qsplq liquid Zeck, 1968, 1970; Benito, 1993 .

4.2. Major and trace elements

The bt–sil–alm and the spl–crd xenoliths have
Ž .similar chemical composition Table 2 . All are Si-

Ž .poor 38%-SiO -51% and Al-, Fe-, Mg- and2
ŽTi-rich 26% - Al O - 37%, Fe O q MgO q2 3 2 3

.TiO s9–22% . The contents of CaO, Na O, MnO2 2

and P O range between 0.45 and 6.02%, 0.15 and2 5

3.38%, 0.02 and 0.30%, and 0.06 and 0.38%, respec-
tively, depending on the mineralogy. The spl–crd
rocks which have lower proportions of biotite, dis-

Žplay low concentrations of potassium K Os0.25–2
.2.21% , while the biotite-rich xenoliths have higher

Ž .concentrations K Os2.16–4.69% . The crd–qtz2
Ž .rocks show much higher contents of SiO 64.43% ,2

Ž . Ž .and lower contents of Al O 18.37% , CaO 0.43%2 3
Ž .and TiO 0.64% as compared to the above de-2

scribed types.
The bt–sil–alm xenoliths are chemically similar

to the average pelites of Taylor and McLennan
Ž .1985 . However, K O and Rb are slightly depleted2

and Th, Nb, Zr, TiO , Ce and La are slightly en-2
Ž .riched Fig. 6 . Moreover, the abundance of Ba, Sr,

P O and Y is highly variable, depending on their2 5

content in plagioclase, almandine and apatite. The
Ž .transition xenoliths between the bt–sil–alm crd

rocks and the spl–crd ones are characterized by
Žlower Rb concentrations between 0.2 and 0.7 times

.the average composition of the pelites , and K O,2

although the abundance of this oxide is variable,
depending on their content in biotite. The contents in
Th, Nb, Zr, TiO , Ce, Y, La, Ba and Sr are high.2

The spl–crd xenoliths display very high contents of
Th, Nb, Zr, TiO , Ce, Y and La relative to the2

pelites. By contrast, K O, Rb and Ba are present in2

very low concentrations. The abundance of Sr and
P O is variable, and in general, similar to the2 5

pelites.

4.3. Isotopic ratios

The 87Srr86Sr ratios range between 0.7172 and
Ž . 180.7303 Munksgaard, 1984 and the d O values

Žvary between q11.6 and q16.2‰ Munksgaard,
. Ž 181984; and this work , except sample ATA-4A d O

. 87 86sq9.7‰ . The Srr Sr ratios are higher in the
xenoliths than in the host lavas whereas the d

18 O
values are similar. However, this similarity is fortu-



( )R. Benito et al.rLithos 46 1999 773–802786

itous because the xenolith d
18 O values are higher

than those of the host lava values corrected for
Ž .hydrationrdevitrification Fig. 5 .

5. Previous petrogenetic hypotheses

Taking into account the geochemical data of the
lavas and their metapelitic xenoliths, we will now

discuss the previous hypotheses for the genesis of
the KCA and SH rocks.

5.1. Anatectic melting of metamorphic rocks

The high and homogeneous d
18 O values of the

lavas from El Hoyazo, Vera, Mazarron and Mar´
Menor, and of their Al-rich xenoliths, led Munks-

Ž . Žgaard 1984 to support the hypothesis of Zeck 1968,

Table 2
Ž . Ž .Representative analyses of major % , trace elements ppm and O isotopes of the gneiss-derived xenoliths

Mazarron´

MAZ-16 MAZ-15 MAZ-14 MAZ-24 MAZ-57A MAZ-20 MAZ-17A MAZ-22
bt–sil bt–sil bt–sil bt–sil–crd bt–sil–crd spl–crd spl–crd spl–crd

SiO 48.12 49.36 50.33 42.05 47.03 45.29 46.41 47.492

TiO 1.36 1.30 1.40 1.48 1.51 1.64 1.41 1.422

Al O 26.11 27.69 26.63 33.90 29.73 32.45 31.89 29.492 3

Fe O 11.13 7.64 8.38 11.12 8.62 10.37 9.22 9.772 3

MnO 0.30 0.08 0.13 0.22 0.11 0.08 0.20 0.28
MgO 3.18 1.75 1.73 2.62 2.09 3.67 2.86 2.91
CaO 1.86 1.38 1.73 2.73 3.24 3.21 3.29 2.34
Na O 1.23 1.95 3.38 1.40 1.77 0.90 1.80 1.612

K O 4.27 4.25 3.69 1.58 3.30 0.79 1.66 3.062

P O 0.09 0.15 0.24 0.26 0.13 0.25 0.16 0.102 5

LOI 2.30 4.31 2.30 2.58 1.39 1.28 0.96 1.08
Total 99.95 99.86 99.94 99.94 98.92 99.93 99.86 99.55

Sc 24.2 24.7 24.6 29.1 25 29 19.3 29
V 237 244 196 270 228 301 249 256
Cr 147 138 119 149 175 193 182 181
Co 15.5 13.5 22.6 19.9 17 16.1 23.6 18.7
Ni 35 48 52 43 30 42 54 42
Cu 10 10 16 52 36 13 27 12
Rb 137 269 162 108 112 33 60 56
Sr 752 389 370 929 722 593 489 513
Y 28 46 33 43 39 43 27 20
Zr 198 247 243 278 343 206 303 411
Nb – – – – 31 – – –
Ba 1916 925 769 1597 1701 475 1078 1045
La 72.7 63.6 51.9 69.3 54 78 75.4 89.2
Ce 153 132 109 145 112 166 155 180
Nd 62.8 57.0 46.1 61.0 – 72.0 67.0 77.0
Sm 11.9 11.1 9.2 11.7 – 13.9 13.2 14.5
Eu 4.69 3.56 2.81 4.68 – 3.67 2.92 3.01
Tb 1.36 1.48 1.28 1.51 – 1.96 1.44 1.48
Yb 4.10 4.49 4.50 5.50 – 4.42 2.51 1.75
Lu 0.59 0.66 0.64 0.81 – 0.64 0.38 0.27
Hf 5.9 7.0 6.9 7.7 – 5.8 8.9 11.5
Ta 1.66 2.05 2.28 1.93 – 2.29 2.59 2.42
Pb 94 81 86 72 87 36 76 80
Th 25.2 21.7 18.1 24.8 24 26.6 28.6 32.4
U 5.7 3.8 5.2 6.8 – 5.3 2.3 6.5

18
d O – – q15.2 – q11.9 – – q11.6measured
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Ž .Table 2 continued

Mar Menor Cartagena El Hoyazo

MAN-7 MAN-5 MAN-6 CIE-6 ATA-4A GAT-46 GAT-33A
spl–crd spl–crd spl–crd spl–crd bt–sil bt–sil crd–qtz

SiO 43.43 44.56 46.37 47.44 47.23 42.05 64.432

TiO 1.80 1.79 1.38 1.74 1.58 1.55 0.642

Al O 34.82 33.73 34.24 30.70 27.06 29.60 18.372 3

Fe O 11.85 10.26 10.95 10.05 8.45 13.47 8.452 3

MnO 0.17 0.14 0.14 0.17 0.16 0.09 0.08
MgO 2.58 2.24 2.70 1.47 1.77 4.99 3.01
CaO 1.44 3.45 0.96 3.10 6.02 0.55 0.43
Na O 1.19 1.76 1.02 2.61 2.28 0.15 0.682

K O 0.31 0.25 1.39 0.52 4.54 2.16 1.272

P O 0.15 0.21 0.21 0.22 0.25 0.13 0.172 5

LOI 1.42 1.23 0.92 1.68 0.43 5.06 2.42
Total 99.16 99.62 100.28 99.70 99.77 99.80 99.95

Sc 31.9 31.7 16.1 44 – 16 –
V 341 245 287 301 358 301 112
Cr 213 193 148 182 278 164 110
Co 24.3 22.3 25.6 15 23 17 19
Ni 48 32 37 16 48 37 31
Cu 22 11 11 14 16 14 11
Rb 26 17 41 22 133 113 62
Sr 100 137 35 300 632 53 32
Y 39 52 26 62 48 28 31
Zr 307 374 268 351 334 252 145
Nb – – – 27 – 24 –
Ba 168 162 153 253 928 611 243
La 92.1 81.3 69.3 83 89 43 37
Ce 191 169 142 148 166 84 65
Nd 81.0 73.0 63.0 – – – –
Sm 15.6 14.4 12.4 – – – –
Eu 2.17 2.22 1.23 – – – –
Tb 1.81 1.99 1.49 – – – –
Yb 4.80 5.10 1.98 – – – –
Lu 0.73 0.72 0.30 – – – –
Hf 8.7 10.5 7.6 – – – –
Ta 2.43 2.65 1.98 – – – –
Pb 16 27 21 33 186 11 6
Th 32.6 27.9 23.1 24 26 16 14
U 5.7 5.8 3.9 – – – –

18
d O – – q12.6 q12.2 q9.7 q15.0 q15.2measured

.1970 that the KCA and SH lavas are derived by
Ž .anatexis of a semi- pelitic rock assemblage. How-

ever, as mentioned earlier, the d
18 O values in the

KCA and SH lavas have been strongly modified by
secondary alteration and low-temperature
hydrationrdevitrification processes. The pre-alter-
ation d

18 O values calculated from those of Munks-
Ž . Ž .gaard 1984 and Lopez-Ruiz and Wasserman 1991´

are in the range of q8.7 to q11.6‰, which are in
general lower than those of the xenoliths. If we also
take into account that the 87Srr86Sr ratios of the

ŽKCA and SH lavas 0.7095–0.7178; Munksgaard,
.1984; and this work are lower than those of the
Žentrained xenoliths 0.7172–0.7303; Munksgaard,

.1984 , an origin by the partial melting of metamor-
phic rocks seems unlikely.
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Fig. 6. Trace element variation diagrams, normalized to pelites, of the gneiss-derived xenoliths which are found within the high-K
Ž . Ž . Ž .calc-alkaline lavas of El Hoyazo a and Mar Menor d , and within the shoshonites of Mazarron b and c . The normalization values´

Ž .correspond to the mean composition of pelites given by Taylor and McLennan 1985 .

5.2. Magma mixing or assimilation of crustal materi-
als

Ž .According to Zeck 1992 , the existence of Al-rich
restite, basaltoid and quartz–gabbroic inclusions in
the lavas from El Hoyazo suggests that these lavas
were generated by mixingrmingling of an anatectic
Ž .felsic melt and a more mafic magma of deeper

Ž .origin mantle-derived . When plotted in element-La
and element-LarTh diagrams, the volcanic rocks of
SE Spain define straight-lines or hyperbolic-curves,
depending on the diagram, with the CA and UP

Žrocks plotting at the starting and ending points Figs.
.7 and 8 . This suggests a simple two-component

mixing process with the KCA and SH lavas being

the result of mixing of CA and UP magmas. How-
ever, the major element contents and the Sr and O

Žisotope ratios of the KCA and SH rocks Figs. 10
.and 11 do not follow such mixing trends thus, ruling

out this hypothesis.
Ž .Alternatively, Bellon et al. 1983 suggested that

the assimilation of pelitic material by magmas with
characteristics similar to the CA rocks from Cabo de
Gata was responsible for the KCA and SH lavas.

Ž .However, as proposed by Benito 1993 , the liquids
coming from the metapelitic xenoliths should display
concentrations of incompatible trace elements analo-
gous or slightly lower than those of the KCA lavas,
and therefore, their mixing with magmas with even
lower concentrations in these elements, such as the
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Ž .Fig. 7. La–Rb, Ce, Tb, Ta diagrams of the calc-alkaline lavas of Cabo de Gata CA , the high-K calc-alkaline lavas of the El Hoyazo, Mar
Ž . Ž . Ž .Menor and Mazarron KCA , the shoshonites of Mazarron, Cartagena and Vera SH , and the ultrapotassic lavas UP .´ ´

CA ones, cannot give rise to either the KCA or the
SH rocks, which show higher concentrations of these
elements.

5.3. Mantle metasomatized with sediment-deriÕed
fluids

The distribution of the CA, KCA, SH and UP
lavas of SE Spain in the element-La and element-

Ž .LarTh diagrams Figs. 7 and 8 , as well as their Sr,
Pb and O isotopic signature led Lopez-Ruiz and´

Ž .Wasserman 1991 to propose that the four-rock
series were derived from a mantle metasomatized by
sediment-derived fluids. In element-La diagrams, the
liquids resulting from the melting of such a source
may show approximately linear trajectories, when-
ever the degrees of partial melting are similar or

Ž .proportional to the source-contamination Fig. 9a .
Similarly, in element-LarTh diagrams, the metaso-
matism of the source is represented by hyperbolic-

curves, and the partial melts derived from it by
degrees of melting proportional to the contamination

Ž .also follow hyperbolic-curves Fig. 9b . However,
the lack of constraints on the trace element contents
of the mixing end-members as well as on the bulk
solidrliquid distribution coefficients during melting,
disallows the calculation of neither the mantle meta-
somatism trends nor the partial melting parameters.
Furthermore, the magmas generated by the combina-
tion of these two processes can also be influenced by
fractional crystallization andror crustal contamina-
tion. In a 87Srr86Sr vs. d

18 O diagram, the lavas
derived from a metasomatized mantle plot along
convex-upward hyperbola, as the ratio between the
Sr concentration in the mantle and the sediment-de-

Ž .rived fluids, is usually lower than 1 James, 1981 .
Obviously, if these magmas underwent later assimi-
lation and fractional crystallization, these trajectories
would be more or less distorted, depending on the
degree of contamination, the composition of the
contaminant, and the rate of crystallization.
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Ž . Ž . Ž . Ž .Fig. 8. LarTh–Rb, Ce, Tb, Ta diagrams of the calc-alkaline CA , high-K calc-alkaline KCA , shoshonitic SH and ultrapotassic UP
lavas of NVPS. Symbols as in Fig. 7.

Fig. 9. Theoretical C i–La and C i–LarTh diagrams which show the effects of the mantle source contamination through fluids derived from
Ž .pelagic sediments metasomatism and of the partial melting of this source.
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Fig. 10. The 87Srr86 Sr– d
18 O diagram of the metasomatism model

of the mantle by fluids derived from pelagic sediments, as pro-
Ž .posed by Lopez-Ruiz and Wasserman 1991 for the calc-alkaline´

Ž .lavas CA , the high-K calc-alkaline lavas of the Mar Menor and
El Hoyazo, the shoshonites of Mazarron and Vera, and the´

Ž . 87 86ultrapotassic lavas UP . Srr Sr ratios are from Munksgaard
Ž . 181984 and this work. d O values are calculated from those

Ž .obtained by Lopez-Ruiz and Wasserman 1991 and Munksgaard´
Ž .1984 . The numbers next to the metasomatism curves indicate the
percentages of participation of the sediment-derived fluids.

According to the hypothesis of mantle metasoma-
tism for the lavas of SE Spain, the mantle component
should have low contents of La, Rb, Zr, Ce, Nd, Sm,
Eu, Tb, Hf, Ta, U and Th, as well as low Sr and O
isotopic ratios, while the one derived from the sedi-
mentary component should have higher contents of

Žthese incompatible elements particularly LILE and
.LREE and higher Sr and O isotopic ratios.

In the model proposed by Lopez-Ruiz and´
Ž .Wasserman 1991 , it was assumed that the mantle

component has a composition equivalent to the de-
Ž87 86 18pleted lithosphere Srr Sr s 0.7027, d O s

.q5.7‰ and Srs12 ppm . The sediment component
corresponds to a fluid derived from subducted pelagic

Ž87 86sediments and is highly heterogeneous Srr Srs
18 .0.715–0.722, d Osq20‰ and Srs60–360 ppm .

The compositions located between the two mixing
curves represented in Fig. 10 reproduce the isotope

compositions of the CA and associated rocks. How-
ever, in this model, the amount of sediment-derived
fluids required to explain the high Sr- and O-isotope
ratios of the lavas ranges between 20 and 40%.

Although this single-step mixing model can ac-
count for the elemental composition and the isotopic
ratios of the lavas of SE Spain, and it is probably

Ž .valid for the UP rocks Nelson, 1992 and the CA, it
does not take into account the obvious interaction of
the KCA and SH magmas with the crustal rocks
during their ascent to the surface. This model also
fails to account for the strong linear correlation

Ž .shown by some KCA El Hoyazo and Mar Menor
Ž . 87 86and SH rocks Vera in the Srr Sr–1rSr diagram

Ž .Fig. 11 . Moreover, the linear trends displayed by
the lavas on this diagram could only be produced in
the unlikely situation of a metasomatized mantle
source with heterogeneous 87Srr86Sr ratios, and
where the degrees of melting are inversely propor-
tional to this ratio, in order to generate melts with a

Fig. 11. The 87Srr86 Sr–1rSr=103 diagram for the high-K calc-
Ž .alkaline lavas of El Hoyazo and Mar Menor KCA , and shoshon-

Ž . Ž .ites of Vera SH . Data are from Munksgaard 1984 and this
Ž . Ž .work. The fields for the calc-alkaline CA and ultrapotassic UP

magmas have been included for comparison. The linear trends
Ž .observed for the KCA and SH absent in the CA and UP are

interpreted as the result of mixing.
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smaller Sr concentration which correlates with a
higher isotopic ratio.

6. A new model: mantle metasomatismHcrustal
contamination

The distribution of the KCA rocks from El Hoy-
azo and Mar Menor and the SH from Vera on the
87Srr86Sr–d

18 O and 87Srr86Sr–1rSr diagrams, sug-
gests a more complex petrogenetic model, which
should also be in agreement with the geodynamic
frame proposed for this area. In the following para-
graphs, we will first test the feasibility of this model
from a geochemical point of view and then we will
discuss the geodynamic evolution of the area.

6.1. Geochemical modeling

ŽAlthough mantle metasomatism as suggested by
previous authors and supported by the geodynamic

.evolution of this region can account for some of the
anomalous geochemical characteristics of the mag-
mas, the distribution of the KCA and SH rocks on
the 87Srr86Sr–d

18 O and 87Srr86Sr–1rSr diagrams
and the presence of metapelitic xenoliths suggest that
interaction with crustal rocks also played a role. We
thus, propose here a two-stage model, involving
mantle metasomatism by sediment-derived fluids fol-
lowed by crustal contamination of the metasomatized
mantle-derived magmas. This scenario is similar to
those suggested for the island of Martinique in the

Ž .Lesser Antilles Davidson and Harmon, 1989 and
Ž .the Aeolian Islands Ellam and Harmon, 1990 .

To test this model and to establish the values of
its parameters, we have assumed as a first approach
that the interactions between the different compo-
nents take place by simple binary mixing, as in this
mechanism, the mixing lines join the two end-mem-
ber compositions. As trace elements alone do not
allow to distinguish between partial melting of a
metasomatized mantle and crustal contamination, for
these calculations, we have considered the variations
in d

18 O, 87Srr86Sr and Sr. The crustal contamination
can also take place by simultaneous assimilation and

Ž .fractional crystallization AFC . Additionally, simple
Ž .fractional crystallization FC can occur before

andror after the contamination process. These pro-
cesses will also be considered later.

6.1.1. Mantle metasomatism
To calculate the trends that define this interaction,

it is necessary to assume the composition of the
original mantle and the sediment-derived fluids. Due
to the lack of additional constraints, we have as-
sumed a depleted lithospheric signature for the start-

Ž 18ing composition of the mantle d Osq5.7‰,
87Srr86Srs0.7027 and Srs12 ppm; see, e.g., El-
lam and Hawkesworth, 1988; Hart, 1988; Harmon

.and Hoefs, 1995 . For the metasomatizing fluids
derived from pelagic sediments, a reasonable d

18 O
Žvalue can be q20‰ Taylor and Sheppard, 1986;

Davidson and Harmon, 1989; Ellam and Harmon,
.1990 . Because the marine sediments have a wide

Žrange in Sr 17–1570 ppm; see Dasch, 1969; Bis-
caye and Dasch, 1971; White et al., 1985; Ben

.Othman et al., 1989 , we assumed an intermediate
Ž .value 861 ppm; see Biscaye and Dasch, 1971 . If

Žthe mobility of Sr during dehydration is 41% Kogiso
.et al., 1997 , the resulting abundance of Sr in the

fluids is ;360 ppm. As their minimum Sr isotopic
ratio is imposed by the maximum of the lavas
Ž . 87 860.7213 , we have assumed that Srr Srs0.722.
This value is within the range shown by marine

Žsediments 0.7021–0.7429; see Dasch, 1969; Bis-
caye and Dasch, 1971; White et al., 1985; Ben

.Othman et al., 1989 . All these parameters are sum-
marized in Table 3.

The calculated metasomatism curve is a convex-
upward hyperbola on the 87Srr86Sr–d

18 O diagram
Ž .Fig. 12a and a straight line with negative slope on

87 86 Ž .the Srr Sr–1rSr diagram Fig. 12b . The compo-
sition of the metasomatized mantle sources in Mar
Menor, El Hoyazo and Vera should be located some-
where along these trends. Obviously, melting of this
mantle produces magmas which inherit the isotopic
ratios of their sources but not the trace element
contents. For this reason, the composition of the
primary magmas should plot on the curve of Fig. 12a
but not on the line of Fig. 12b. As none of the lavas
considered plot on the curve of Fig. 12a, this model
implies that all suffered later crustal contamination.

6.1.2. Crustal contamination
The isotopic composition of the crustal liquids

can be directly obtained from the high-Al restite
xenoliths that are found in these rocks. For calcula-
tion purposes, we have considered the average and
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Table 3
18 Ž . 87 86 Ž .The d O values ‰ , Srr Sr ratios and Sr concentrations ppm of the components involved in the mantle metasomatismqcrustal contamination process

Lithospheric Fluids derived Metasomatized mantle Mantle melts Crustal liquids
mantle from sediments Mar Menor El Hoyazo Vera Mar Menor El Hoyazo Vera Mar Menor El Hoyazo Vera

18
d O q5.7 q20 q6.4 q6.1 q5.9 q6.4 q6.1 q5.9 q14

q16.2
87 86Srr Sr 0.7027 0.7220 0.7145 0.7115 0.7080 0.7145 0.7115 0.7080 0.7220

0.7303
Sr 12 360 29 21 16 300 850 1900 80 100 400

45 60 270

Ž .For data sources lithospheric mantle and fluids derived from sediments and calculation procedures, see text.
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87 86 18 Ž . 87 86 3 Ž . 87 86Fig. 12. The Srr Sr–d O a and Srr Sr–1rSr=10 b diagrams for the metasomatism of the mantle. Srr Sr ratios and Sr
Ž . 18concentrations for the lavas are from Munksgaard 1984 and this work. d O values are calculated from those obtained by Lopez-Ruiz and´

Ž . Ž .Wasserman 1991 and Munksgaard 1984 . The numbers next to the metasomatism curve indicate the percentages of participation of the
sediment-derived fluids.

87 86 Žmaximum values of Srr Sr 0.7220 and 0.7303,
. 18 Žrespectively and d O q14‰ and q16.2‰, re-

. Žspectively . The minimum values 0.7172 and
.q11.6‰ were not considered as they are equal or

Žlower than the maximum for the lavas 0.7178 and
. 87 86q11.6‰ . The Srr Sr ratios are used to calculate

their corresponding Sr concentration by taking into
account the regression lines for the lavas on the
87 86 Ž .Srr Sr–1rSr diagram Fig. 13; Table 3 , which
correspond to mixing lines.

The isotopic ratios of the primary mantle-derived
magmas are situated on the metasomatism curve of
Fig. 12a and the crustal contamination lines are
hyperbolae which start at the composition of the
initial magmas and finish at the points that represent
the crustal liquids. This means that the isotopic ratios
of the mantle-derived magmas can be calculated by
locating the intersection of both curves on the
87Srr86Sr–d

18 O diagram. To apply this approach,
we calculated crustal contamination curves and se-
lected those that better fit the data for each group
Ž .see Fig. 14a . To calculate these curves, it is re-

quired to establish the Sr concentration of the man-
tle-derived melts whose possible values are linked to
the 87Srr86Sr ratios by the regression lines on the
87 86 Ž .Srr Sr–1rSr diagram Fig. 13 . The results of
this calculation are summarized in Table 3.

The Sr concentrations of the metasomatized man-
tle sources are easily obtained from the metasoma-

87 86 Žtism line of the Srr Sr–1rSr diagram see Fig.
. 87 86 Ž14b by drawing lines of constant Srr Sr i.e.,

.partial melting lines .
Finally, the percentages of contribution of the

sediment-derived fluids are obtained from the meta-
somatism curve in Fig. 14a, and those of contribu-
tion of crustal liquids are obtained by the mixing

Ž .lines of Fig. 13 see Table 4 .

6.1.3. Discussion of the results
The results of this model suggest that only a small

Ž .percentage 1–5% of sediment-derived fluids have
pervaded the lithospheric mantle. These values are

Žsimilar to those obtained for some island-arcs e.g.,
Kay et al., 1978; Barreiro, 1983; Hole et al., 1984;
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Fig. 13. The 87Srr86 Sr–1rSr=103 diagram of the crustal con-
tamination process for the high-K calc-alkaline lavas of El Hoy-
azo and Mar Menor, and shoshonites of Vera. The numbers next
to the mixing lines indicate the percentages of participation of the
crustal liquids. Data source as in Fig. 11.

White and Dupre, 1986; Davidson and Harmon,´
1989; Morris and Tera, 1989; Woodhead, 1989;

.Ellam and Harmon, 1990 . The degrees of melting
necessary to generate mantle-derived magmas with

Ž .the calculated Sr concentrations 1900–300 ppm
from the metasomatized mantle with Sr ranging 16–
29 ppm are relatively low, even when the residue-
melt bulk distribution coefficients for Sr are <1
Ž .see Table 4 .

If the average value of 87Srr86Sr for the restites is
assumed to be equivalent to that of the crustal liquids
Ž .0.7220 , then their proportions of participation dur-
ing the shallow contamination process range between
22 and 63% at Mar Menor, 36 and 73% at El
Hoyazo and 35 and 88% at Vera. However, if the

87 86 Ž .highest Srr Sr ratio is considered 0.7303 , then
the calculated maximum participation of the crustal

Ž .liquids is lower 54%, 70% and 80%, respectively
Ž .Fig. 13; Table 4 .

Although these percentages may seem high, even
assuming that the crustal liquids had a granitic com-

Ž .position SiO s66–71% , the primary mantle-de-2

rived magmas would have SiO percentages of 46–2

57% for the KCA rocks of Mar Menor, 48–57% for
the KCA of El Hoyazo and 41–59% for the SH of
Vera. These values seem reasonable if we consider
that the source has been metasomatized by
sediment-derived fluids.

The magmas generated by melting of the metaso-
matized mantle have higher Sr abundances than those
in the crustal liquids. As a consequence, the effect
due to crustal contamination in the magmas derived
from the metasomatized mantle is to decrease the Sr
concentration and to increase the 87Srr86Sr and d

18 O
ratios. Concerning the remaining trace elements, as

Žboth the KCArSH lavas and the CArUP which
.have not suffered crustal contamination follow anal-

ogous patterns in the element-La and element-LarTh
Ž .diagrams Figs. 7 and 8 , it seems plausible that the

crustal liquids probably have similar abundances to
those in the metasomatized mantle magmas. In this
case, crustal contamination only produces slight de-
viations from the metasomatismqmelting curves
Ž .Fig. 9 . This also explains that in general, the
correlation between the Sr isotopic ratios and the
trace elements is not high.

In this model, the sediment-derived fluids are
mainly responsible for the higher abundance of both
the incompatible trace elements and the isotopic
ratios of Sr and Pb in the generated magmas. This
component is also responsible for the depletion in
HFSE, and for the slight negative anomaly of Eu, as
these geochemical characteristics are typical of most

Žoceanic sediments see, e.g., Ben Othman et al.,
.1989; Lin, 1992; Cousens et al., 1994 . Crustal

contamination may have contributed to enhance these
anomalies, as anatectic melts derived from a
metapelitic source usually have these characteristics
Ž .Taylor and McLennan, 1985 . However, both the
CA and UP also have this signature but show no
evidences of crustal contamination, thus suggesting
that the sediment-derived fluids is the major compo-
nent controlling the HFSE and Eu anomalies. By
contrast, the anatectic melts are mainly responsible
for the high d

18 O values, as they have trace elements
concentrations similar to the melts derived from the
metasomatized mantle.

6.1.4. Possible effects due to FC and AFC
To avoid assuming many unknown parameters, in

Section 6.1.3, high-level differentiation was not con-
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87 86 18 Ž . 87 86 3 Ž .Fig. 14. The Srr Sr–d O a and Srr Sr–1rSr=10 b diagrams of the metasomatism of the mantle and crustal contamination
model for the high-K calc-alkaline lavas of El Hoyazo and Mar Menor, and shoshonites of Vera. The numbers next to the metasomatism and
crustal contamination curve indicate the percentages of participation of the sediment-derived fluids and the crustal liquids, respectively. Data
sources as in Fig. 12.

sidered, either before or after the contamination by
crustal liquids. If the primitive basaltic partial melts
directly derived from the mantle had experienced FC
before that contamination, the only variation on the
proposed model would correspond to the calculated

melting degrees from the metasomatized mantle. If
FC occurred after the contamination, the trends on
the 87Srr86Sr–1rSr diagram would be displaced
horizontally when the fractionation rates are identi-
cal. The slope of these trends would also be modified

Table 4
Ž .Contributions in mixing processes and degrees of partial melting % of components involved in the mantle metasomatismqcrustal

contamination hypothesis
Sr cŽ .Metasomatism Partial melting D s0.001 Crustal contaminationRS

Lithospheric Fluids derived Metasomatized Mantle Crustal
mantle from sediments mantle melts liquids

a aMar Menor 95.0 5.0 9.9 37–78 63–22
b b46–82 54–18
a aEl Hoyazo 97.3 2.7 2.4 27–64 73–36
b b30–65 70–35
a aVera 98.8 1.2 0.8 12–65 88–35
b b20–67 80–33

c 87 86 Ž .Calculated using the Srr Sr ratios of the restite xenoliths a: average; b: maximum and the Sr concentrations calculated for the crustal
Ž .liquids see Table 3 .
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according to the bulk solidrliquid distribution coef-
ficient values. If DSr is -1, the later FC triggers an
increased concentration of the Sr in the melts, which
is higher when the initial concentration is lower. The
contrary situation occurs if DSr is )1. In our case,
a value of DSr s0.8 seems plausible as it would
imply the fractionation of 60% plagioclase and 40%
orthopyroxene, if we use the distribution coefficients

Ž .of Gill 1991 . These proportions are in agreement
with the modal composition of the potassic andesites

Žin the area Lopez-Ruiz and Rodrıguez Badiola,´ ´
.1980 . For example, if the Mar Menor lavas experi-

enced, after the contamination by crustal liquids, a
fractionation of 50%, with DSr s0.8, the initial Sr
concentration of the mantle-derived melt would be
240 ppm, and the one of the crustal liquid 75 ppm
Ž .Fig. 15a . These concentrations are slightly lower
than those calculated for the model without fraction-
ation. As a consequence, the required degree of
partial melting of the metasomatized mantle and the
crustal contribution would also be lower.

If the crustal contamination follows AFC instead
of a simple mixing process, the straight-lines over

the 87Srr86Sr–1rSr diagram would start at the initial
magma composition, but they would not end at the
Sr composition of the assimilated material, but at
higher values if DSr -1 or lower ones if DSr )1. In
this case, in addition to DSr, it is also necessary to

Žassume values for r ratio of mass of crystals accu-
mulated to the mass of material assimilated; see
Taylor, 1980; DePaolo, 1981; Taylor and Sheppard,

.1986 . For example, if the Mar Menor lavas under-
went an AFC process, where rs1.25 and DSr s0.8,
the Sr concentration in the crustal liquid would be 65

Ž .ppm Fig. 15b , lower than those calculated for the
simple mixing model.

As it can be deduced from these calculations, to
model the effects due to AFC, it would be necessary
to assume the values of both DSr and r thus,
introducing higher uncertainties into the model. Fi-
nally, it is important to note that independently of the
particular process considered to calculate the interac-

Žtion with crustal components i.e., AFC vs. simple
.mixing and the degree of complexity introduced

Žinto the model i.e., considering the effects due to
.FC , the general model involving two mixing stages

Fig. 15. The 87Srr86Sr–1rSr=103 diagrams for the high-K calc-alkaline lavas of the Mar Menor. In this diagram, the following situations
Ž . Ž .have been considered: a the metasomatized mantle melts have suffered fractional crystallization FC after the crustal contamination

Ž . Ž . Žprocess, and b fractional crystallization and assimilation have been simultaneous AFC . The crosses represent the lavas Munksgaard,
.1984; and this work and the solid circles represent the calculated melts.
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remains valid, and the only variations would be
obtained for the absolute values of the parameters.

6.2. Geodynamic setting

The origin of the NVPS magmas has to be under-
stood in terms of the complex tectonic history of this
Alpine realm. The tectonic evolution of the Betics
that ultimately led to magmatic activity along the

ŽNVPS can be summarized in three main steps Doblas
and Oyarzun, 1989; Banda et al., 1993; Vissers and

. Ž .van der Wal, 1993; Oyarzun et al., 1995 : 1 Creta-
ceous to Oligocene NW-directed subduction of

Ž .oceanic crust; 2 Upper Oligocene–Lower Miocene
continental collision, cessation of subduction, and

Ž .slab detachment and sinking into the mantle; and 3
Middle to Upper Miocene extensional collapse of the
already overthickened orogenic wedge and the onset

Ž .of magmatic activity along the NVPS Fig. 16 .
Asymmetric extension occurred along NE-oriented
and SE-dipping major detachment systems. Top-to-
the-SE displacement of the upper plate generated the
extensional disruption of this realm, involving crustal
upward arching, denudation of the Nevado–Filabride´
metamorphic core complex, and upwelling of the
previously metasomatized mantle beneath southeast-
ern Iberia. Within this scenario, volcanism extruded
along the NVPS through high-angle normal faults,
disrupting the brittle upper-plate of the detachment
systems. The overall collapse through major exten-
sional detachment faults resulted in the strong thin-
ning of the Betics realm, within a Basin and Range

Žtype tectonic scenario. Geophysical data IGME,
.1983 indicate crustal thinning from 38 km in the

Iberian foreland to 14 km within the Alboran Sea.
Moho depths beneath the NVPS range between 23

Ž .and 30 km Banda et al., 1993 . These values are
intermediate between those of a thickened continen-

Žtal margin 50–70 km, Andean Central Volcanic
. Ž .Zone and the average oceanic crust 7 km . How-

ever, since this realm underwent crustal thickening
Ž .during Pliocene time Lopez-Ruiz et al., 1993 , the´

current Moho depth of the NVPS might represent a
maximum value. Perhaps a crustal thickness of ;20
km would be closer to the actual values for Middle
to Upper Miocene times.

Ž .As deduced from hot-spot motion Duncan, 1981 ,
fast N drift of the African plate took place between

Fig. 16. Schematic model for the Eocene to Miocene geodynamic
evolution of SE Spain.

Ž .40 and 20 Ma Upper Eocene–Lower Miocene , thus
implying high rates of convergence between Africa
and Iberia. Under these conditions, we can envisage
a shallow-dipping Benioff zone and an overall com-
pressional stress regime preventing volcanic activity

Žin the Iberian margin e.g., Barazangi and Isacks,
.1979; Jordan et al., 1983 . Low-angle subduction

would have also implied depression of the mantle
isotherms resulting from the introduction of a cool

Žoceanic plate e.g., Toksoz et al., 1971; Schubert et¨
.al., 1975; Anderson et al., 1992 . This is further

supported by the absence of magmatism during this
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Žperiod of time Lopez-Ruiz and Rodrıguez Badiola,´ ´
.1980; Doblas and Oyarzun, 1989 . The subsequent

extensional collapse of the overthickened Betic oro-
gen through SE-dipping detachment systems induced
the following: major lithospheric stretching, asym-
metric isostatic uprise of asthenospheric mantle to-

Žwards the low-pressure thinned region Doblas and
.Oyarzun, 1989 , melting of the subcontinental litho-

sphere and Middle to Upper Miocene magmatism
along the NVPS. The evolution of the detachment
systems gave rise to a NW-dippingrdeepening

Ž .crust–mantle boundary Fig. 16 which accounts for
the NE-oriented geochemical, petrological and age

Žpolarity zonation observed within the NVPS from
.the SE to NW; Fig. 1 , with progressively younger

volcanic ages, and a transition from CA to shoshonitic
Ž .and final lamproitic magmatism Figs. 1 and 16 .

Two main points can be extracted from the previ-
ous discussion, which are in agreement with the

Ž .proposed geochemical model: 1 the existence of a
Ž .previous subduction under the Betics, and 2 the

contemporaneous character of the later extension and
magmatism. Subduction processes are likely to have
induced a continuous metasomatism of the subconti-
nental lithosphere by fluids involving a component
derived from the sediments carried by the descend-
ing slab.

7. Conclusions

The KCA and SH rocks of the NVPS show
similarly to the associated CA and UP ones, high
LILErLREE, LILErHFSE and BrBe ratios and
high Sr and O isotope values. Additionally, they
entrain metapelitic xenoliths, whose mineralogical
and chemical composition suggest that they represent
anatectic restites.

The contamination of the lithospheric mantle by a
fluid component derived from pelagic sediments pro-
vides the geochemical modification of the mantle
source necessary to produce the characteristic sub-
duction signature of high LILErHFSE ratios and

Ž .isotopic ratios relative to MORB . However, this
hypothesis does not take into account the obvious
interaction with crustal rocks experienced by the
KCA and SH magmas during their ascent to the
surface, as shown by the gneiss-derived xenoliths

which are found within these rocks, nor does it
explain the linear trends shown by the KCA and SH
rocks in the 87Srr86Sr–1rSr diagram.

Trace elements and Sr–O isotopic ratios modeling
for the KCA and SH lavas, and their restitic xeno-
liths, allow us to propose a petrogenetic model con-
sisting of two mixing stages. During the first episode,

Ž .source-contamination metasomatism takes place
within the lithospheric mantle by fluids derived from

Ž .subducted pelagic sediments between 1 and 5% .
This process would yield a heterogeneous source

Ženriched in incompatible elements specially LILE
. 87 86and LREE , and Srr Sr, with only minor modifi-

cation of the d
18 O values. The partial melting of this

metasomatized mantle gives rise to magmas highly
enriched in LILE and LREE, that inherit the isotopic
signature of their source. In the second stage, during
their ascent to the surface, these magmas interacted
with crustal liquids from the Betic Paleozoic base-
ment. Mixing between these two liquids produced
magmas enriched in d

18 O and to a lower extent in
87Srr86Sr. On the contrary, although the crustal con-

Žtribution is high )18% at Mar Menor, )35% at El
.Hoyazo and )33% at Vera , the effect on the trace

elements abundances is minor due to the similar
trace element composition of both crustal- and man-
tle-derived liquids.

The CA and associated volcanism of SE Spain is
atypical in that it is not coeval with subduction
processes and it is rather the consequence of the
Neogene extensional disruption of a previously en-
riched lithosphere. Compressional tectonics were ac-
tive in the Betic orogen during two time-spans: late

Ž .Cretaceous to Oligocene subduction and late
Ž .Oligocene to early Miocene continental collision .

Therefore, the metasomatism of the lithospheric
mantle takes place between the end of the Creta-
ceous and the beginning of the Miocene, while the
crustal contamination and magmatic extrusion oc-
curred during the Middle to Upper Miocene.
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