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Abstract. Newly obtained data on the
whole-rock, trace-element, and He, Sr, and Nd
isotopic composition of xenoliths in basalts of
the Roca Negra Quaternary volcano in
Catalonia, Spain, are used in discussing the
problem of mantle metasomatism that produced
pyroxenite xenoliths of unusual mineralogical
and isotopic-geochemical composition.
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Introduction

The Roca Negra volcano is a monogenic cinder cone
in Catalonia, northeastern Spain, where young volcanic
rocks are known to occur within a relatively small area.
Basalt outcrops cluster in three fields: Garrotxa (Olot),
Ampurdan, and Selva (Figure 1). The first K–Ar dates
of the rocks led Donville [Donville, 1973] to distin-
guish three episodes of magmatism in this area: at
10–7.7 (Ampurdan), 5.5–2.0 (Selva), and < 0.11 Ma
(Garrotxa). However, these dates seem to reflect the
discreteness of the age values rather than the actual
discreteness of pulses of magmatic activity (see below).

The structural setting of basaltoid magmatism has
long been discussed by several geologists, starting with
D. I. Mushketov [Mouchketoff, 1928], who tried to cor-
relate magmatic pulses with orogenesis in the Pyrenees.
Later it was hypothesized [Mallarach and Riera, 1981;
Marti et al., 1992] that the volcanic centers are spa-
tially constrained to northwest- and northeast-trending
fault zones, which predetermined and controlled the de-
velopment of the rift depressions. However, the basalt
fields seem not to show any systematic relations with
these depressions: the thicknesses of the Neogene-
Quaternary rocks do not exceed a few dozen meters



Figure 1. Geological map of the volcanic region in NE
Spain. The inset shows the location of the other Neogene-
Quaternary volcanic areas in Spain [Cebria et al., 2000].



[Losantos et al., 1989], neither were any seismic ac-
tivity detected in the area [Gallart et al., 1984], and
hence, there are no sufficient reasons to recognize these
rifts. It is also worth mentioning that attempts to re-
late any manifestations of magmatic activity in this part
of Spain with the development of the Valencia trough
near the Iberian margin [Marti et al., 1992] seem to
be groundless, because this trough developed as a rift
basin until the mid-Miocene, after which a post-rifting
episode of passive thermal subsidence began [Catalan
and Davila, 2001].

Similar to several other areas of intraplate basaltoid
volcanism (such as Mongolia, the Vitim Plateau in
south-central Siberia, Massif Central in France, Bo-
hemian Massifs, etc.), this territory is classed with re-
gions of pre-rifting tectonic regime with typical combi-
nations of low-thickness sedimentary rocks of the plat-
form type and products of fissure eruptions [Grachev,
2000; Grachev and Devyatkin, 1997; Grachev et al.,
1981]. We believe that this exactly tectonic regime
is typical of the modern geodynamics in the area dis-
cussed herein.

Basaltoid volcanism in this part of Catalonia was
studied for a long enough time. The common features
of the basalt landforms and local cinder cones are de-



scribed (together with data on the chemistry of the vol-
canics) in numerous publications [Arana et al., 1983;
Coy-Yll et al., 1974; Lopez Ruiz et al., 1985; Mal-
larach and Riera, 1981; Marti et al., 1992; Montoto
and Esbert, 1967; Tournon, 1968], but the very first
isotopic-geochemical data that make it possible to es-
timate the probable composition of the mantle sources
were not obtained until very recently [Cebria et al.,
2000; Neumann et al., 1999].

The slag-lava composing the Roca Negra volcano
contains abundant xenoliths of biotite and amphibole
pyroxenite, amphibolite, and gabbro. The first data
on the bulk-rock composition of the xenoliths and the
chemistry of their minerals were presented in [Ancochea
and Nixon, 1987; Llobera Sanchez, 1983; Tournon,
1968]. Pioneering data on the composition of xenoliths
of the Roca Negra volcano (pyroxenite, amphibolite,
and gabbro) in [Llobera Sanchez, 1983] were used by
this author to calculate the crystallization temperatures
and pressures of these rocks in the upper mantle: 1000–
1100◦C and approximately 10 kbar; and later similar
estimates were published in [Neumann et al., 1999].

We used a representative collection of the mantle
xenoliths to obtain new data on their whole-rock com-
position, concentrations of trace elements, and their



Sr, Nd, and He isotopic composition, as well on their
age.

Methods

Analyses for trace and rare-earth elements were car-
ried out at the Laboratory of Nuclear Physical Meth-
ods at the Experimental and Test Expedition of GGP
Sevzapgeologiya (St.-Petersburg) (ETE GGP Sevzap-
geologiya) by instrumental neutron activation analysis
(INAA) and X-ray fluorescence spectroscopy (XRF).
In the INAA measurements, 150–250 mg batches of
the material packed into hermetically sealed ultrapure
quartz capsules were irradiated in the test channel of
the thermal column of the WWR-M reactor at the Nu-
clear Physics Institute in Gatchina. The exposure time
was 10 hours with a thermal neutron flux of 7.5 ×
1013 n/cm2 s. For metrological provision, USGS ref-
erence materials (AGV-2, G-2, W-2, BIR-1, BHVO-1)
were used, which were made available for us by courtesy
Dr. Miller. The reference materials were irradiated in
the same cell with the tested specimens. The measure-
ments were carried out in three steps with a quenching
time of 6, 12, and 35 days, respectively.

X-ray fluorescence analysis followed the original ex-



perimental procedure developed in the ETE GGP Sevzap-
geologiya and certified by the Scientific Council on An-
alytical Methods, All-Russia Institute of Mineral Re-
sources, in 1989. The 20-g batches of samples ground
to 200 mesh were packed into a special tray. The char-
acteristic radiation was excited by (a) an X-ray tube
with an intermediate silver target and (b) an Am-241
radioactive isotope source. For metrological provision
of XRF measurements, we used the BM, SGD-1A, SG-
1A, ST-1A, SA-1, TB, and SGXM-3 reference samples.

Extraction of monomineral fractions from the deep
xenoliths was carried out by sample crushing in heavy
liquids and subsequent electromagnetic separation of
the minerals. When necessary, the concentrates were
subjected to the additional manual purification to reach
a purity of the fractions of 95–99%.

Extraction of helium was carried out by melting for
the whole-rock samples [Kamensky et al., 1990] and
by crusting up to monomineral fractions [Ikorskii and
Kamensky, 1998) at the Laboratory of Geochronology
and Geochemistry of Isotopes at the Geological Insti-
tute of the Kola Research Centre, Russian Academy of
Sciences. The crushing method is suitable for selective
extraction of gases from fluid inclusions, which reduces
the effects of radioactive gases accumulated in the vol-



ume of the crystalline cell of the minerals [Kaneoka et
al., 1978). When extracting the gases, the specimens
with a weight of 0.16–2.25 g, together with the milling
steel rollers, were placed into a glass crucible, which
was then evacuated and sealed. Milling was achieved
by the vibration of the crucible.

The isotopic composition and He concentration were
measured by the MI-1201 mass spectrometer no. 22-
78 with a sensitivity to helium of 5 × 10−5 A/torr.
The concentrations are measured by the peak height
method with an error of 5% (±1σ); the errors of the
isotopic ratios were ±20% at 3He/4He = n × 10−8

and ±2% at 3He/4He = n × 10−6. The blank tests
were carried out after recharging of the cartridge in the
same conditions as the analyses of the samples. The
isotopic composition of Sm and Nd were measured by
a Finnigan MAT-261 mass spectrometer at the Geo-
logical Institute of the Kola Research Center, Russian
Academy of Sciences. The extraction of Sm, Nd, Rb,
and Sr followed the procedure suggested in [Richards
et al., 1976). The measurement errors for the iso-
topic composition of Nd do not exceed 0.005%, and
the errors in the determination of Sm/Nd are no higher
than 0.3. The isotopic composition of Nd is corrected
against the La Jolla standard value 143Nd/144Nd =



0.511860; the value of 148Nd/144Nd = 0.241570 is
used as the normalizing factor. For uranium concentra-
tion radiographs for fragments of uranium fission were
obtained during irradiation of petrographic thin sec-
tions by heat neutrons from a nuclear reactor [Grachev,
Komarov, 1994). The flow of neutrons was (2 − 8) ×
1015 N/cm2. Microsections were prepared on slides of
radiation-resistant quartz glass with an application of
epoxy glass. Synthetic mica was used as a detector. All
auxiliary materials (glass, mica, diamond abrasive) had
low uranium concentration (< 5× 10−10 g/g). Special
attention was paid to the cleaning of micro sections
after polishing. The uranium content was determined
by a calculation of tracks of the splinters of uranium
fission, fixed on the radiographs of the minerals or the
entire micro section. The standards BCR and PCC of
uranium were used for comparison. Accuracy of ura-
nium content measurements depended on the number
of counted tracks. For the concentration n× 10−9 g/g
this accuracy was 20–25%, while for n × 10−9 and
higher it was 10% and less.



Figure 2. Sample of micaceous pyroxenite with
clearly seen shiny mica flakes (49%) in a dark mass
of clinopyroxene (50%). Scale: one penny coin.

Modal and Chemical Composition of the

Xenoliths

Our xenolith samples show their well preserved original
ellipsoidal morphologies, and their sizes are up to 15–
20 cm along their major axes and up to 6–8 cm along



minor axes (Figure 2). The contacts between the xeno-
liths and host rocks are sharp, with obvious traces of
chilling within thin (no thicker than 1–2 mm) zones.
The slag-lavas abound in xenoliths of biotite and am-
phibole pyroxenite, amphibolite, and gabbro, with py-
roxenite and amphibolite being dominant and gabbro
found merely as occasional fragments.

The modal composition of the xenoliths broadly varies
(Table 1), and their following lithologies can be distin-
guished: hornblende pyroxenite, mica pyroxenite, am-
phibolite, glimmerite, and gabbro. As can be see in
thin sections, the rocks show broad variations in both
the compositions of their minerals and their sizes and
mutual relations.

The hornblende pyroxenite is a hypidiomorphic-
granular or allotriomorphic-granular rock with large (up
to 3.5 mm) grains of clinopyroxene, which are often re-
placed by pistachio-colored hornblende in the margins.
The grains of the latter mineral are smaller and an-
hedral. As is also often seen in thin sections, both
minerals quite often contain poikilitic inclusions of an
ore mineral, and the rock then acquires a sideronitic to
poikilitic texture.

The micaceous pyroxenite has the same texture as
the hornblende pyroxenite and contains anhedral dark-
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orange biotite and greenish pyroxene grains (seen under
an optical microscope). The biotite platelets are larger
than the pyroxene grains, and the boundaries between
grains of these minerals are not linear, with mutual
embayment.

The amphibolite, which sometimes contains as much
as 90% hornblende, has a panidiomorphic-granular tex-
ture. The gabbro contains up to 70% plagioclase, up
to 15% orthopyroxene, and up to 5% hornblende.

We failed to find spinel lherzolite or pure pyroxenite
xenoliths in the rocks of the volcano, which does not,
however, mean that these rock do not contain such
xenoliths at all, because spinel lherzolite xenoliths are
often found in the lavas of nearby volcanoes, for ex-
ample, Puig de Banya de Boc volcano [Oliveras and
Galán, 2006), but only occasionally contain pyroxenite
xenoliths and do not contain amphibolite xenoliths at
all.

The whole-rock composition of xenoliths from the
Roca Negra volcano shows broad variations in the con-
centrations of major components (Table 2), which is
understandable with regard for the variations in the
modal composition of the rocks (Table 1). The AFM
diagram (Figure 3) displays a well pronounced Fen-
ner differentiation trend: the composition points of the
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Figure 3. AFM diagram for xenoliths (open cir-
cles) and host basalts (solid circles) from the Roca
Negra volcano.

xenoliths lie along the FeOt − MgO line. This is con-
firmed by results of factor analysis (method of main
components) of the major-component composition of
the xenoliths (Table 3): the contribution of Factor 1
Mg92/Ti88Na79Ca76Fe72 to the overall variability of the
rocks is 46.4%. As also follows from Figure 3, which
also shows the composition of a spinel lherzolite xeno-
lith from Puig de Banya de Boc volcano (solid dia-



Table 3. Matrix of the Factor Loadings of Major
Components

Component Factor 1 Factor 2

SiO2 -0.68 -0.48
TiO2 0.89 0.31
Al2O3 0.59 -0.10
FeO 0.72 0.48
MnO 0.39 -0.54
MgO -0.92 0.02
CaO 0.76 0.01
Na2O 0.79 -0.04
K2O 0.37 -0.86
P2O5 0.39 -0.81
Input (%) to total variability 46.4 22.6

Note: significant loadings are printed in bold type.

mond), the lherzolite and pyroxenite do not compose a
continuous compositional series, and the compositional
gap between them may be indicative that these rocks
are not genetically interrelated.

The REE patterns of the xenoliths and their host
basalts show variable enrichment in LREE (Table 4,
Figure 4).



T
a
b
le

4
.

R
E

E
C

on
ce

nt
ra

ti
on

s
(p

pm
)

of
X

en
ol

it
hs

H
os

te
d

by
B

as
al

ts
F

ro
m

th
e

R
o

ca
N

eg
ra

V
ol

ca
no

E
le
m
en

t
R
C
-1
x

R
C
-2
x

R
C
-3
x

R
C
-4
x

R
C
-5
x

R
C
-6
x

R
C
-8
x

R
C
-9
x

R
C
-1
0
/
2
x

R
C
-1
0
/
3
x

R
C
-1
/
5

R
C
-1
/
1
1

R
C
-1
1

L
a

1
6
.7
0

2
1
.1
0

1
6
.6
0

1
2
.6
0

1
1
.6
0

1
4
.5
0

9
.6
0

1
3
.3
0

1
4
.4
0

1
8
.1
0

1
2
.8
0

1
0
.2
0

2
0
.3
0

C
e

4
6
.0
0

4
6
.0
0

4
0
.4
0

2
9
.0
0

2
5
.0
0

3
5
.0
0

1
8
.0
0

2
5
.0
0

3
3
.0
0

4
1
.0
0

2
6
.0
0

2
1
.0
0

4
5
.0
0

N
d

4
5
.0
0

2
0
.0
0

3
5
.0
0

3
0
.0
0

1
9
.0
0

1
8
.0
0

2
3
.0
0

2
5
.0
0

1
8
.0
0

1
9
.0
0

3
0
.0
0

2
6
.0
0

1
7
.0
0

S
m

4
.6
0

7
.0
0

6
.8
0

6
.5
0

5
.9
0

4
.2
0

6
.0
0

4
.5
0

4
.8
0

5
.1
0

5
.5
0

5
.5
0

5
.0
0

E
u

1
.0
2

2
.0
7

1
.7
7

1
.7
1

1
.6
8

1
.3
5

1
.1
4

1
.3
2

1
.8
5

1
.5
2

1
.4
8

1
.2
9

1
.2
3

T
b

0
.5
3

0
.5
1

0
.8
5

0
.6
9

0
.5
6

0
.4
8

0
.4
8

0
.4
6

0
.4
9

0
.4
0

0
.7
7

0
.7
8

0
.6
2

Y
b

1
.1
0

1
.7
0

1
.9
0

1
.4
0

1
.1
0

1
.5
0

1
.1
0

1
.5
0

1
.7
0

2
.0
0

1
.3
0

1
.7
0

2
.0
0

L
u

0
.2
0

0
.2
4

0
.2
3

0
.2
9

0
.2
0

0
.2
3

0
.1
6

0
.2
1

0
.1
4

0
.1
8

0
.1
7

0
.2
5

0
.1
8



Figure 4. Chondrite-normalized [McDonough and
Sun, 1995) REE patterns.

Uranium concentrations in our bulk-rock xenolith
samples range from 32 to 370 × 10−3 ppm and reach
13, 500×10−3 ppm in apatite in recrystallized domains
(Table 5).



Table 5. Uranium Concentrations (10−3 ppm) in Xenoliths
From the Roca Negra Volcano

Sample Rock Opx Bt Amph Ap Whole-rock
sample

RC88-1/5 pyroxenite - - - - 370
RC88-1x pyroxenite 31 10 - - 32
RC88-1/11 pyroxenite 36 61 107 13500 125
RC88-4x gabbro - - - - 160
RC88-1/6 lherzolite - - - - 110

Mineral Chemistry

The major rock-forming minerals are clinopyroxene (diop-
side), hornblende (kaersutite), mica (biotite and phlo-
gopite), plagioclase (labradorite), spinel, ilmenite, more
rare olivine (forsterite) and orthopyroxene (bronzite),
and apatite as inclusions in clinopyroxene and amphi-
bole.

Phlogopite is a mineral of greatest interest for under-
standing the nature of the xenoliths. Its contents in the
rocks vary from 5 to 87% (Table 6), which is a fairly
rare phenomenon and is usually thought to be an indi-
cation of intense metasomatism. The mica occurs as
prismatic crystals that are in textural equilibrium with
other minerals. The phlogopite shows remarkable vari-
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ations in the Ti concentrations (from 0.5 to 4 wt %)
at a Mg concentration of 16 to 20 wt % (Figure 5).
In contrast to rocks of the MARID suite, phlogopite
in the Roca Negra xenoliths bears high total Fe con-
centrations (11–16 wt %) and lower Mg concentrations
(Figure 5). Based on its TiO2 concentrations, phlogo-
pite in the Roca Negra xenoliths can be classified into
two groups: with > 2 wt % and < 2 wt % TiO2. As
can be seen in Figure 5, the low-Ti phlogopite varieties
are closely similar to phlogopite in the MARID suite
and xenoliths in ultrapotassic lava of Roccamonfina and
Torre Alfina volcanoes [Conticelli, 1998; Gianetti and
Luhr, 1990].

Amphibole was found in most of the xenoliths,
both phlogopite-bearing and phlogopite-free (Table 7).
The mineral usually occurs in embayments between
olivine and clinopyroxene or as inclusions in clinopyrox-
ene. The amphibole was first classed with pargasite-
ferrohastingsite [Tournon, 1968] based on a single
analysis of the mineral, but its high TiO2 concentration
(Table 7) provides a ground to attribute the amphi-
bole of the Roca Negra xenoliths to kaersutite. As can
be seen in Figure 6, this amphibole is compositionally
identical with amphibole in xenoliths in oceanic-island
basalts [Frisch and Schminke, 1970; Kogarko, 1990;



Figure 5. MgO − TiO2 diagram for mica in xenoliths
from the Roca Negra volcano in comparison with mica com-
positions in xenoliths collected elsewhere. 1, 2 – Biotite
and phlogopite, the Roca Negra volcano; 3 – phlogopite in
phlogopite pyroxenite xenoliths, Roccamonfina [Gianetti
and Luhr, 1990]; 4 – average composition of phlogopite in
spinel lherzolites [Ancochea and Nixon, 1987]; 5 – phlo-
gopite in spinel lherzolite xenoliths hosted by basalts in the
Baikal rift and Mongolia [Ionov and Hofmann, 1995]; 6 –
garnet peridotite, Tanzania [Dawson, 1972], 7 – phlogopite
in xenolith from the Roberts Victor kimberlite pipe [Mac-
Gregor, 1979]; 8 – phlogopite in xenoliths form the Premier
Mine pipe, South Africa [Danchin, 1979]. The rectangle
outlines the composition field of phlogopite in xenoliths of
the MARID suite [Dawson and Smith, 1977].
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Figure 6. MgO − TiO2 diagram for amphibole in xeno-
liths from the Roca Negra volcano in comparison with mica
compositions in xenoliths collected elsewhere. 1 – Amphi-
bole in xenoliths from the Roca Negra volcano; 2 – amphi-
bole in spinel lherzolite xenoliths from the Baikal rift, Rhine
graben, and Mongolia [Ionov and Hofmann, 1995; Ionov
et al., 1984; Witt and Seck, 1989]; 3 – amphibole in py-
roxenite xenoliths from the canary Islands, Frank Seamount
in the Indian Ocean, the Cape Verde Islands in the Atlantic
Ocean, Murcia, and the Tien Shan [Kogarko, 1990; Munoz
et al., 1974; Reid and Le Roex, 1988; Sagredo, 1969]; 4 –
amphibole in pyroxenite xenoliths from the Tien Shan [Do-
bretsov and Dobretsova, 1975]. The rectangle contours
the amphibole composition field in xenoliths of the MARID
suite [Dawson and Smith, 1977].



Munoz et al., 1974; Reid and Le Roex, 1988; Sagredo,
1969] and such intraplate magmatic areas as the Tien
Shan [Dobretsov and Dobretsova, 1975].

The amphibole is different from amphibole in spinel
lherzolites, but the insignificant gap in the MgO con-
centration (Figure 6) seems to be explained by an in-
sufficient number of analyses, whose greater number
shall likely bridge this gap.

Finally, it is important for the further discussion that
phlogopite pyroxenite xenoliths from Roccamonfina vol-
cano [Gianetti and Luhr, 1990] and phlogopite-bearing
xenoliths of Torre Alfina volcano [Conticelli, 1998] do
not contain amphibole (more specifically, it still has not
been found in these rocks). Note that the lavas host-
ing these xenoliths are ultrapotassic, in contrast to the
sodic basalts of the Roca Negra volcano.

The distribution of phlogopite and amphibole in xeno-
liths shows their certain antagonism, and these min-
erals were found together only in rare instances (for
example, in Kazakhstan and the Tien Shan) and only
in xenoliths showing no unambiguous evidence of their
mantle provenance [Dobretsov et al., 1975, p. 208].
However, as was demonstrated above (Table 6 and Ta-
ble 7), detailed data on xenoliths in lavas within con-
tinental and/or oceanic lithospheric domains indicate



that both minerals are related in a paragenetic manner
and can occur together in garnet and spinel lherzo-
lites, whose mantle provenance does not provoke any
doubt [Boyd and Meyer, 1979; Melyakhovetskii et al.,
1988; Zharikov and Grachev, 1987; and others], and
in pyroxenite and amphibolite xenoliths of various com-
position in lavas of various composition. Considering
that both phlogopite and amphibole are indicators of
the fluid regime in the Earth’s interiors, one of the pos-
sible means of solving the problem is to elucidate the
circumstances at which melts are derived in which am-
phibole and phlogopite are antagonists, as in the lavas
of Roccamonfina and Torre Alfina volcanoes [Conti-
celli, 1998; Gianetti and Luhr, 1990].

Olivine was found only in a few of the xenoliths and
is often accompanied by amphibole and clinopyroxene.
The composition of the olivine varies from 78 to 82%
of the forsterite end member at an average of 79.9%
(16 analyses).

Clinopyroxene is the most widely spread mineral typ-
ical of all of the gabbro xenoliths (Table 8). In contrast
to Cr-diopside, which was found in spinel lherzolite nod-
ules in lavas of Puig de Banya de Boc volcano (Table 8,
analyses 1–3), clinopyroxene in xenoliths from the Roca
Negra volcano exhibits significant variations in the con-
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centrations of Al2O3 (from 1 to 15 wt at an average
of 7.5 wt %) and TiO2 (1–3.9 wt % at an average of
1.98 wt %). It is also worth mentioning the variations
in the Na2O concentrations (up to 2.5 wt %). Most
of our analyzed clinopyroxenes are titanaugite [Deer et
al., 1965).

Orthopyroxene is absent from xenoliths from the Roca
Negra volcano and was found only in spinel xenoliths of
lherzolite (Puig de Banya de Boc volcano) and gabbro
and contains much Al2O3 and Cr2O3 in the former and
only Al2O3 in the latter.

Plagioclase varies in composition from An44Ab52Or4

to An89Ab11.
Titanomagnetite shows compositional variations sim-

ilar to those in xenoliths hosted in basalt at Tenerife Is-
land and gabbroids from the Central Atlantic (Table 9).
The mineral shows several similarities with titanomag-
netite in basalts in the Baikal-Mongolia area [Lykov et
al., 1981].

Discussion

In interpreting our results, it is important to consider
the composition of the host basalt. As was demon-
strated in [Grachev, 2003], the basalts are rich in TiO2
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(> 2.5 wt %), FeO∗ (> 11 wt %), and MgO (>
10 wt %) and can be classed with Fe–Ti basalts typi-
cal of mantle plumes [Grachev, 2000]. With regard for
the insignificant thickness of the Neogene-Quaternary
rocks, the geodynamic environment of volcanism in
the Olot area corresponds to a pre-rifting regime. In
other areas of pre-rifting regime, xenoliths in basalts are
usually dominated by spinel lherzolite and harzburgite
[Grachev, 2003; Grachev et al., 1981], and pyroxen-
ite xenoliths are practically absent (their content never
exceeds a few percent).

Xenoliths in the Roca Negra volcano have anoma-
lous compositions of both their whole-rock samples and
their rock-forming minerals, particularly considering the
fact that basalts around the Roca Negra volcano ubiq-
uitously contain lherzolite and harzburgite [Bianchini
et al., 2007; Oliveras and Galán, 2006] but do not
bear either phlogopite or amphibole.

Moreover, the unusual chemical composition of the
xenoliths (Table 2) is also highlighted by the absence
of normative leucite and the practical absence of modal
olivine. The Sr and Nd isotopic ratios of the xeno-
liths and their host basalts (Table 10, Figure 7) are
practically exactly identical: 87Sr/86Sr − 0.70359 −
0.703880, 143Nd/144Nd − 0.512742 − 0.512847, which



Figure 7. 143Nd/144Nd −87 Sr/86Sr diagram for
xenoliths of the Roca Negra volcano in compari-
son with analogous data for lherzolite xenoliths from
Cenozoic basalts of Olot [Bianchini et al., 2010) and
Murcia (this paper).
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Figure 8. Sm–Nd diagram for the Roca Negra
volcano xenoliths in northern Eurasia. The heavy line
contours the composition of the continental mantle
beneath Europe (according to [Downes, 2001]).

testifies that all of them originated from the same man-
tle (plume) source. At the same time, the Sm–Nd di-
agram (Figure 8) shows that the composition of xeno-
liths of the Roca Negra volcano lie within the field of
the plume component.

The 3He/4He isotopic ratios of the xenoliths and



their host basalt vary from 0.1 to 3.7 × 10−6 (Ta-
ble 11)and suggest a strongly degassed source. Higher
ratios, as those typical of MORB, were determined in
olivine megacrysts in the Roca Negra basalt and spinel
lherzolite from Puig de Banya de Boc volcano.

The crystallization parameters of the xenoliths were
estimated at 820–1050◦C and 6–8 kbar by the am-
phibole geothermobarometer [Ernst and Liu, 1998].
Closely similar values were obtained for the Roca Ne-
gra xenoliths in [Llobera Sanchez, 1983; Neumann et
al., 1999]. It follows from these data that the depth
level from which xenoliths were brought to the surface
by basalt of the Roca Negra volcano was no greater
than 30 km, i.e., was near the mantle–crust boundary.

If basaltic volcanism in the Olot area is of plume na-
ture (the rocks are rich in Mg, Fe, and Ti), then the
basaltic melts should have been derived at a temper-
ature of no less than 1400◦C and pressure of at least
15 kbar [White and MacKenzie, 1989], i.e., at param-
eters principally different from those of crystallization
of the xenoliths of the Roca Negra volcano.

It is also important that the Lu–Hf model age of
spinel lherzolite xenoliths in the Olot area is no younger
than 600 Ma [Bianchini et al., 2007], whereas the K–
Ar mica age of sample RC88-1x is 3.5 Ma, and the
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Figure 9. Rb–Sr isochron for xenoliths of the Roca
Negra volcano.

Rb–Sr mineral isochron of samples RC88-1x and RC88-
11 yields an age of 0.6 ± 2.5 Ma (Figure 9), which
corresponds to the age of the metasomatic process.

All data presented above show that xenoliths of the
Roca Negra volcano cannot be cumulus rocks, as was



thought previously [Llobera Sanchez, 1983; Neumann
et al., 1999].

We suggest that the rocks found in xenoliths of am-
phibole and mica pyroxenite hosted in basalts of the
Roca Negra volcano were formed by metasomatism at
underplating (the development of a high-velocity layer
in the bottom portion of the crust), as is typical of
mantle plumes. The metasomatic process was driven
by fluid enriched in K and P, as follows from Factor 2
K86P81, whose loading is 22.6% (Table 3). Experi-
mental data indicate that the intensity of metasomatic
transformations depends on the distance between the
metasomatized rocks and the fluid source [Sen and
Dunn, 1994], which explains why these transformations
occur only locally in the lower crust beneath the Roca
Negra volcano.

Xenoliths of the Roca Negra volcano are obviously
unique, and it would be important to elucidate as to
whether nodules of such composition are contained in
basalts in other areas of intraplate magmatism.
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