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Abstract Gabbro xenoliths reported in this paper were
collected in northern Fuerteventura, the Canary Island
located closest to the coast of Africa. The xenoliths are
very fresh and consist of Ti—-Al-poor clinopyroxene
+ plagioclase (Ang;_¢7) + olivine (Fo7,gs) £ ortho-
pyroxene. Clinopyroxene and orthopyroxene are con-
stantly and markedly depleted in light rare earth
elements (LREE) relative to heavy REE (HREE), as
expected for cumulus minerals formed from highly
refractory N-MORB-type melts. In contrast, whole-rock
Primordial Mantle-normalized trace element patterns
range from mildly S-shaped (mildly depleted in Pr-Sm
relative to both the strongly incompatible elements Rb—
La and the HREE) to enriched. Estimates show that the
trace element compositions of the rocks and their min-
erals are compatible with formation as N-MORB gab-
bro cumulates, which have been infiltrated at various
extents (< 1% to >5%) by enriched alkali basaltic
melts. The enriched material is mainly concentrated
along grain boundaries and cracks through mineral
grains, suggesting that the infiltration is relatively recent,
and is thus associated with the Canary Islands magma-
tism. Our data contradict the hypothesis that a mantle
plume was present in this area during the opening of the
Atlantic Ocean. No evidence of continental material that
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might reflect attenuated continental crust in the area has
been found. Gabbro xenoliths with REE and trace ele-
ment compositions similar to those exhibited by the
Fuerteventura gabbros are also found among gabbro
xenoliths from the islands of La Palma (western Canary
Islands) and Lanzarote. The compositions of the most
depleted samples from these islands are closely similar,
implying that there was no significant change in chem-
istry during the early stages of formation of the Atlantic
oceanic crust in this area. Strongly depleted gabbros
similar to those collected in Fuerteventura have also
been retrieved in the MARK area along the central Mid-
Atlantic Ridge. The presence of N-MORB oceanic crust
beneath Fuerteventura implies that the continent—ocean
transition in the Canary Islands area must be relatively
sharp, in contrast to the situation both further north
along the coast of Morocco, and along the Iberian
peninsula.

Introduction

Continental rifting and break-up lead to the formation
of different types of passive margins. One type is
characterized by extensive extrusive and intrusive
magmatism (for example the Vering and Hatton Bank
margins: e.g. Mutter and Zehnder 1988; Morgan et al.
1989; Morgan and Barton 1990). The other main type
is non-volcanic margins (examples include the Iberia
Abyssal Plain: e.g. Boillot et al. 1989; Whitmarsh and
Sawyer 1996; Chian et al. 1999; Skelton and Valley
2000; the conjugate margins east and west of the
Labrador Sea: Chian et al. 1995; the margin east of
Newfoundland: e.g. Reid 1994; the northern and
central Red Sea: e.g. Roeser 1975; Cochran 1983;
Bonatti 1985; Martinez and Cochran 1988). Also,
among the non-volcanic margins there are differences.
Some show a gradual transition from crust and upper
mantle with continental characteristics, to lithosphere



with oceanic characteristics, expressed in progressive
thinning of the continental crust through block rota-
tion and movement along high-angle normal faults,
and/or a mixture of continental and oceanic crustal
segments (e.g. Pérez-Gussinyé and Reston 2001). The
best known examples of transitional ocean-continent
margins are the west Iberia margin, where an 80 to
130-km-wide ocean—continent transition zone has been
identified (e.g. Boillot and Winterer 1988; Pinheiro et
al. 1996; Whitmarsh and Sawyer 1996; Chian et al.
1999), and the northern Red Sea where the whole
depression appears to represent stretched continental
lithosphere (e.g. Roeser 1975; Cochran 1983; Bonatti
1985; Martinez and Cochran 1988). Other non-volca-
nic margins show a sharp transition from lithosphere
with continental, to lithosphere with oceanic, structure
and geophysical characteristic (e.g. the margin east of
Newfoundland: Reid 1994). The passive margins along
the Atlantic Ocean thus include volcanic as well as
both sharp and transitional non-volcanic segments.
So far it is not known why different segments of
non-volcanic passive margins develop differently. An
important obstacle to further insight and understand-
ing is that our present information on passive margins
rests almost exclusively on seismic and density data.
An important exception is the west Iberian margin
where petrological and geochemical information on
crustal and mantle rocks has been made available
through several drilling experiments (e.g. Cornen et al.
1996a, b; Seifert and Brunotte 1996; Seifert et al. 1996,
1997). In order to increase our information about, and
understanding of, passive margins and their mode of
formation, more information on crustal and mantle
rocks along different types of passive margins is nee-
ded. In some areas, such information may be obtained
through the study of mantle and deep crustal xenoliths
brought to the surface during volcanic eruptions. The
Canary Islands represents such an area. This area is
particularly interesting because Ernst and Buchan
(1997) and Wilson and Guiraud (1998) have proposed
that a mantle plume was located in this area about
200 million years ago, implying that this margin
formed as a volcanic rather than a non-volcanic
margin. Considerable information about the litho-
sphere beneath the Canary Islands has already been
obtained through studies of mantle and crustal xeno-
liths from the islands of La Palma, Hierro, Tenerife,
and Lanzarote (e.g. Neumann et al. 2000, 2004, and
references therein). These studies suggest that the
lithosphere beneath large parts of the Canary Islands
chain consists of highly refractory N-MORB type
oceanic mantle overlain by highly refractory oceanic
crust. However, data on xenoliths from the eastern-
most Canary Island, Fuerteventura (Fig. 1), have not
been presented so far. In order to obtain a complete
overview of the nature of the continent-ocean transi-
tion along the eastern part of the central Atlantic
Ocean, it is essential to gain information also on the
lower crust beneath the island of Fuerteventura.
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Fig. 1 Map of the east-central Atlantic Ocean with magnetic
anomalies from Miiller et al. (1997). AZ Azores islands, CI Canary
Islands, M Mazagan escarpment, /AP Iberia Abyssal Plain, M AR
mid-Atlantic Ridge, M A RK mid-Atlantic Ridge south of the Kane
Fracture Zone, dotted line the edge of the continental platform,;
dash-dot line the seawards limit of the continent-ocean transition
zone outside Iberia

In this paper, data on gabbroic xenoliths from Fu-
erteventura are presented, including laser ablation (LA)
ICP-MS data on pyroxenes. In-situ mineral analyses are
eminently suited to ‘“see through™ the effects of the
Canary Islands event on the old crust on which the is-
lands are built. LA ICP-MS data on gabbroic rocks
from the Canary Islands have not been presented before.
Together with published data on gabbroic xenoliths
from other Canary Islands, the data on the gabbro
xenoliths from Fuerteventura are used to discuss (1) the
original nature of the passive margin in the area. Be-
cause the Canary Islands define a trend normal to the
passive margin of the African continent, east—west-re-
lated chemical variations in the initial lower crust may
be detected through a comparison between gabbroic
xenoliths from different islands. We will use available
data to discuss also (2) the evolution of the oldest part of
oceanic crust in the central Atlantic Ocean. We believe
that the petrological and geochemical data presented
here provide important information about passive
margins, which may be used to gain additional under-
standing of their different modes of formation.

Geological setting

The Canary Islands are located in the magnetic quiet
zone outside Morocco (Figs. 1, 2). The Canary Islands
consist of seven large islands that form a roughly east—
west trending islands chain located between 100 km and
500 km from the coast of western Africa (Fig. 2). The
oceanic lithosphere beneath the Canary Islands formed
between ~180 Ma and 190 Ma (easternmost part) and
~150 Ma ago (westernmost part; e.g. Verhoef et al.
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Fig. 2 Map of the Canary Islands showing bathymetry (with 500 m
contours) and magnetic anomalies (simplified after Verhoef et al.
1991; Roest et al. 1992; Schmincke et al. 1998). FT Fuerteventura,
G Gomera, GC Gran Canaria, HI Hierro, L Lanzarote, LP La
Palma, TF Tenerife, Mo Morocco

1991; Roest et al. 1992; Watts 1994; Hoernle 1998). The
Canary Islands formed much later when the Mid-
Atlantic Ridge (MAR) was located far west of the
Canary Islands. The oldest exposed lavas on the islands
show a rough westwards decrease in age from ~24 Ma
in Fuerteventura to ~1.1 Ma in Hierro (e.g. Abdel-
Monem et al. 1971, 1972; Schmincke 1982; Balogh et al.
1999). However, ages up to 63 Ma obtained on rocks in
the basal complex in Fuerteventura (Balogh et al. 1999)
suggest that formation of the islands may have started
considerably earlier, possibly, ~85 Ma ago (Le Bas et al.
1986). Eruptions in historic times in La Palma, Tenerife,
and Lanzarote (e.g. Carracedo and Day 2002) show the
Canary hotspot to be still active. Crustal xenoliths have
been found in all the large islands.

Fuerteventura is the second largest of the Canary
Islands (Fig. 2). An uplifted basal complex is exposed in
the western part of the island (e.g. Fuster et al. 1968).
The basal complex is dominated by submarine volcanic
rocks, but its oldest part consists of large intrusions of
ultramafic and mafic rocks and syenites, which are in-
truded by carbonatites, syenite dykes, and ijolites (e.g.
Fuster et al. 1968; Le Bas et al. 1986; Balogh et al. 1999).
The youngest parts of the basal complex are made up by
gabbros, pyroxenites, basaltic dyke swarms, and syenites
(e.g. Stillman et al. 1975; Stillman, 1987; Balogh et al.
1999). The basal complex is overlain by a basaltic shield
complex (e.g. Fuster et al. 1968; Coello et al. 1992).

Studies of gabbroic xenoliths from the islands of La
Palma, Hierro, Gran Canaria, and Lanzarote suggest
that the lower crust beneath most of the Canary Islands
consists of a combination of N-MORB-type gabbros
that have reacted to different degrees with enriched,
alkaline magmas and cumulates formed from alkaline
magmas, and gabbroic to syenitic intrusions formed
from alkaline magmas (Hoernle 1998; Schmincke et al.
1998; Neumann et al. 2000). A magnetic anomaly, S1, is
located between the easternmost Canary Islands and
Africa (Fig. 1; Verhoef et al. 1991; Roest et al. 1992).

Petrography

The gabbroic xenoliths collected in Fuerteventura are
granular with average grain size between 1 mm and
3 mm. The phase assemblage is dominated by plagio-
clase (ca. 20-60 vol%) and clinopyroxene (ca. 15—
40 vol%), with varying proportions of orthopyroxene
(not detected to about 40 vol%) and olivine (not de-
tected to about 20 vol%). Minute oxide grains are
occasionally present, mainly in glass-fluid inclusion trails
(commonly vermicular) and along grain boundaries.
Minute grains of apatite have been detected in a few
samples by scanning electron microscopy. Like the oxi-
des, apatite is restricted to glass-fluid inclusion trails and
grain boundaries. The grains are generally rounded, with
interlocking grain boundaries. The best developed con-
vex grain boundaries are generally seen in plagioclase,
whereas the other phases partly form rounded grains
and partly tend to fill in the spaces between plagioclase
grains. Olivine is commonly mildly oxidized. Orthopy-
roxene is present as separate, rounded grains, as rims on
olivine and clinopyroxene, and as exsolution lamellae in
clinopyroxene. Clinopyroxene has densely spaced, nar-
row to wide exsolution lamellae of orthopyroxene;
occasionally, the orthopyroxene forms domains in the
host clinopyroxene. In some samples, the exsolution
lamellae in clinopyroxenes are mildly curved. Unlike
orthopyroxene-bearing xenoliths from the other Canary
Islands, those from Fuerteventura show no signs of
reactions; amphibole has not been observed.

Analytical methods

Major elements in bulk rocks and some trace elements
(V, Cr, C, Ni) were determined by X-ray fluorescence
spectrometry (XRF) at the Department of Earth Sci-
ence, University of Bergen, using glass fusion discs and
pressed powder tablets and international standards for
calibration. Analyses of REE, Li, Rb, Sr, Y, Zr, Nb, Ba,
Hf, Ta, Pb, Th, and U were performed by inductively
coupled plasma mass spectrometry (ICP-MS) using a
Finnigan Element2 housed at the University of Bergen.
Approximately 100 mg of rock powder was digested in a
mixture of HF, HNO;, and HCIO, at 200°C. The sam-
ples were analyzed in 2% HNOj; in low- and medium-
resolution mode using Indium as an internal standard
and the method of standard addition to correct for
matrix effects. Accuracy was controlled by measure-
ments of standard samples in each run and normally
stayed within % 5%.

Minerals were analyzed for major elements using a
CAMECA CAMEBAX Sx100 electron microprobe at
the Department of Geology, Oslo University. Acceler-
ating voltage was 15 kV and peaks were counted for 10 s
and backgrounds for 5 s. Mafic minerals were analyzed
using a beam current of 20 nA and focused beam,
whereas plagioclase analyses were performed with a



beam current of 10 nA and the beam raster over an area
of approximately 10pumx10pum to minimize Na loss.
Light elements were counted first to preclude any
underestimation. Oxides, natural and synthetic stan-
dards have been used. Matrix corrections were per-
formed by the PAP-procedure in the CAMECA
software. Analytical precision (2o error) evaluated by
repeated analyses of individual grains is better than
+1% for elements in concentrations of >20 wt%
oxide, better than +£2% for elements in the range 10—
20 wt% oxide, better than 5% for elements in the range
2-10 wt% oxide, and better than 10% for elements in
the range 0.5-2 wt% oxide.

Trace element mineral composition was determined
by laser ablation inductively coupled plasma-mass
spectrometry (LA ICP-MS) at the CNR-IGG, Pavia.
The LA ICP-MS instrument couples a double focussing
sector field ICP mass spectrometer (Element IR from
ThermoFinnigan) with a Q-switched Nd:YAG laser
source (Quantel Brilliant) operating at 213 nm. The laser
was operated at a repetition rate of 10 Hz, and the spot
diameter was varied from 20 pm to 40 pm with the pulse
energy in the range 0.01-0.03 mJ. Helium was used as
carrier gas and it was mixed with Ar downstream of the
ablation cell. Quantification was done using the NIST
SRM 612 glass as the external standard, with **Ca as
internal standard for clinopyroxene and *°Si for ortho-
pyroxene. Precision and accuracy were assessed on the
USGS BCR-2(g) reference glass and are both better than
10% for concentration at parts per million level. Full
details of the analytical parameters and quantification
procedures can be found in Tiepolo et al. (2003).
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Whole-rock compositions

Major element compositions and normative minerals
(CIPW) of the gabbroic xenoliths from Fuerteventura
are given in Table 1. The rocks are silica-saturated
(neither normative quartz nor nepheline), MgO con-
centrations are 8.0-18.7 wt%, and mg# (cation ratio
Mg*100/(Mg+ Feora))) = 73-86 (Table 1). In general,
the concentrations in TiO,, K,O and P,Os are low (0.1—
0.5 wt% TiOy; 0.02-0.06 wt% K,0; < 0.3 wt% P,0s);
but two samples (FT9-18 and FT9-30A) differ from the
others by slightly higher contents of TiO, (0.3—1.4 wt%)
and K,O (0.08-0.52 wt%; Fig. 3). High and highly
variable Al,O; and CaO concentrations are clearly due
to the accumulation of plagioclase and clinopyroxene in
different proportions. The compositional characteristics
of the gabbro xenoliths are significantly different from
those of basaltic lavas, dykes, and gabbroic rocks in the
basal complex in Fuerteventura (data by Fuster et al.
1968; Ahijado et al. 2001). This complex mostly contains
strongly silica-undersaturated (up to 33% normative
nepheline) rocks with high concentrations in TiO,, KO,
and P,0s. However, a series of roughly silica-saturated
dykes is also included. The composition of these dykes is
compared with that of gabbro xenoliths in Fig. 3; as a
result, the majority of the gabbro xenoliths is strongly
depleted in TiO,, K,O, and P,0s, thus clearly pointing
to a different origin.

The gabbro xenoliths from Fuerteventura also show
two distinct types of trace element patterns (Table 2;
Fig. 4). The majority of the samples have mildly

Table 1 Whole rock major element compositions (Wt%) and CIPW norms (wt%) for gabbro xenoliths from Fuerteventura

FT9-16 FT9-17 FT9-18% FT9-19 FT9-20 FT9-22 FT9-23 FT9-24 FT9-30A* FT9-30B FT9-31A FT9-31B
Si0, 48.97 50.28 47.84 47.40 48.72 48.54 46.29 50.77 47.87 49.53 51.07 50.77
TiO, 0.17 0.52 0.33 0.19 0.20 0.23 0.12 0.37 0.34 0.10 0.42 0.25
AL, O; 15.38 6.18 15.84 15.54 19.47 17.56 13.71 8.98 15.92 20.83 7.56 16.21
(FexO3)otal 3.96 9.99 4.38 10.06 5.11 7.98 7.03 7.46 4.89 3.44 10.17 6.70
MnO 0.08 0.21 0.08 0.16 0.10 0.13 0.12 0.17 0.09 0.08 0.21 0.14
MgO 12.38 14.53 14.00 13.28 9.33 10.09 18.71 13.00 13.23 7.97 14.12 9.28
CaO 18.10 16.84 16.64 12.25 15.55 13.98 12.89 17.69 15.96 16.68 15.98 14.65
Na,O 0.94 0.66 0.89 1.32 1.69 1.60 0.67 0.85 1.02 1.57 0.85 1.76
K,0O 0.03 0.03 0.08 0.03 0.06 0.04 0.02 0.05 0.10 0.04 0.03 0.05
P,Os 0.06 0.05 0.06 0.22 0.18 0.12 0.08 0.14 0.16 0.10 0.07 0.14
LOI 0.16 0.15 ND 0.08 0.32 0.26 ND 0.26 0.67 0.69 ND 0.16
Sum 100.23  99.44 100.14 100.53  100.73 100.53 99.64 99.74 100.25 101.03 100.48 100.11
mg# 86.1 74.2 86.4 72.3 78.3 71.5 84.1 71.5 84.3 82.1 73.3 73.3
CIPW norms
Plag 52.6 17.4 53.3 42.0 61.2 50.1 39.7 26.2 50.4 62.9 19.8 43.1
Cpx 31.8 38.6 26.1 12.3 18.4 15.9 15.3 37.2 22.8 18.2 32.5 18.8
Opx 1.2 36.9 - 30.0 8.1 23.3 19.1 314 9.5 12.8 42.0 34.8
Ol 12.3 2.8 18.5 11.7 9.6 7.4 23.3 1.6 14.4 4.4 1.7 0.5
IIm 0.4 1.1 0.8 0.4 0.5 0.5 0.3 0.8 0.8 0.2 0.8 0.5
Mt 1.5 3.1 1.2 3.0 1.8 2.5 2.2 2.4 1.7 1.1 3.0 2.0
Ap 0.2 0.1 0.2 0.5 0.5 0.3 0.2 0.4 0.4 0.3 0.2 0.3

The norms are calculated assuming Fe?* /Feg =0.85

LOI loss on ignition, ND not detected, mg# cation proportion Mg*100/(Mg+ Feyoa1), Plag plagioclase, Cpx clinopyroxene, Opx orth-

opyroxene, O/ olivine, Ilm ilmenite, Mt magnetite, Ap apatite
“Enriched samples



160
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S-shaped REE patterns (normalized to Primordial
Mantle, PM, as defined by McDonough and Sun 1995)
with mild depletion in the light and middle REE (LREE
and MREE, respectively) relative to the heavy REE
(HREE; e.g. (Nd/Yb)n = (Nd/YD)sampie/(Nd/
Yb)pm =0.3-0.8). These samples are referred to below as
“depleted”. Diagrams showing incompatible trace ele-
ments normalized to N-MORB (data from Hofmann
1988) show even more pronounced S-shapes with
increasing enrichment factors from the middle REE to-
wards both the most strongly incompatible elements
(Rb—Ce), and towards the HREE (Fig. 4). The samples
with the most marked Ba- and Sr-peaks and lowest REE
contents have the highest proportions of modal and
normative plagioclase (e.g. FT9-16: 53% plag; FT9-20:
61% plag; FT9-30B: 63% plag), clearly reflecting accu-
mulation of plagioclase. The lowest Ba- and Sr-anoma-
lies and the highest HREE contents are found in samples
with high proportions of clinopyroxene (e.g. FT9-17:
39% cpx; FT9-24: 37% cpx; FT9-31A: 33% cpx), sug-
gesting that in these samples the trace element patterns
are strongly influenced by accumulation of clinopyrox-

T T T T T U.O T T T T

70 80 90 50 60 70 80 90
mg# mg#

ene. Similar trace element patterns are exhibited by
orthopyroxene-bearing gabbro xenoliths from Lanza-
rote (Neumann et al. 2000).

The two samples with slightly higher TiO,- and K,O-
contents (FT9-18 and FT9-30A) are enriched in LREE
relative to HREE (e.g. (Nd/Yb)n=2.2-5.1) (Table 2;
Fig. 4) and are referred to below as “enriched”.

Mineral chemistry
Olivine

Olivine compositions fall in the range Fo7; ¢ g4, and
0.11-0.26 wt% NiO, with the exception of sample FT9-
31A CaO £ 0.1 wt% (Table 3, Fig. 5). The concentra-
tion of NiO decreases with decreasing Fo-content,
whereas CaO shows no correlation with Fo. Chemical
zoning was not observed. The high NiO- and low CaO-
contents exhibited by most olivines are typical of abyssal
gabbros. In Fig. 5, abyssal gabbros are exemplified by
gabbros retrieved from the MARK area along the MAR
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Table 2 Trace element compositions (ppm) for gabbro xenoliths from Fuerteventura

FT9-16 FT9-17 FT9-18" FT9-19 FT9-20 FT9-22 FT9-23 FT9-24 FT9-30A* FT9-30B FT9-31A FT9-31B
XRF
\% 121 271 96 123 113 145 87 211 116 101 262 149
Cr 2,000 1,625 1,776 581 650 627 970 2,140 1,413 762 1,430 656
Co 24 57 28 58 27 40 52 41 28 18 55 33
Ni 230 256 335 312 176 197 483 191 374 131 201 132
ICP-MS
Li 262 5.70 3.49 6.37 9.07 4.00 3.12 2.23 4.27 2.00 2.89 4.55
Rb 0.32 0.93 1.45 0.63 0.62 0.28 0.61 0.53 1.59 0.36 0.48 0.58
Sr 50.29 30.90 108.4 88.5 113.4 78.6 58.35 72.4 123.3 79.01 34.61 74.46
Y 4.47 18.62 5.60 6.70 5.65 8.46 3.35 13.28 5.82 3.35 16.74 9.46
Zr  9.69 17.61 21.63 12.41 11.24 8.05 7.92 9.12 23.36 6.04 9.36 10.01
Nb 0.37 0.51 5.11 0.56 0.85 0.21 0.78 0.63 4.83 1.00 0.03 0.97
Ba 11.26 8.47 100.2 22.0 47.33 39.98 34.26 56.13 87.50 41.38 23.58 17.26
Hf 035 0.57 0.54 0.40 0.31 0.27 ND 0.29 1.45 ND 0.37 ND
Ta ND 0.03 0.14 0.05 ND ND 0.06 ND 0.27 0.07 ND 0.07
Pb  0.75 1.08 0.50 0.75 0.79 0.27 0.47 0.34 2.34 0.51 0.19 0.91
Th  0.07 0.07 0.51 0.78 0.15 0.05 0.09 0.11 0.53 0.12 0.08 0.17
U 0.03 0.05 0.08 0.04 0.05 0.02 0.03 0.05 0.19 0.03 0.02 0.05
La 0.636 0.602 3.997 1.201 1.093 0.509 0.780 0.898 3.665 0.602 0.937 1.900
Ce 1.505 2.062 7.826 3.204 2.527 1.237 1.678 2.066 8.101 1.247 1.858 3.274
Pr 0220 0.354 1.020 0.408 0.353 0.204 0.236 0.328 1.013 0.171 0.351 0.515
Nd 1.118 2.289 4.2717 1.917 1.700 1.214 1.093 1.857 4.321 0.801 2.046 2.479
Sm  0.399 1.269 1.028 0.634 0.575 0.559 0.349 0.884 1.081 0.282 1.005 0.797
Eu 0.168 0.466 0.378 0.326 0.300 0.330 0.173 0.382 0.414 0.172 0.418 0.370
Gd 0.553 2.075 1.020 0.819 0.754 0.894 0.435 1.469 1.083 0.419 1.698 1.129
Tb  0.105 0.417 0.167 0.156 0.136 0.175 0.083 0.284 0.178 0.073 0.343 0.207
Dy 0.719 2.992 0.993 1.045 0.933 1.244 0.551 2.098 1.066 0.531 2.508 1.446
Ho 0.157 0.668 0.195 0.229 0.201 0.280 0.122 0.467 0.212 0.116 0.558 0.320
Er 0455 1.955 0.539 0.645 0.577 0.814 0.364 1.314 0.585 0.331 1.660 0.936
Tm 0.067 0.294 0.074 0.098 0.085 0.125 0.054 0.199 0.080 0.047 0.254 0.142
Yb 0.433 1.958 0.474 0.662 0.553 0.814 0.355 1.286 0.515 0.308 1.688 0.928
Lu 0.063 0.289 0.066 0.098 0.080 0.118 0.053 0.189 0.076 0.044 0.246 0.137

ND not detected
“Enriched samples

(Ross and Elthon 1997; Coogan et al. 2000; Cortesogno
et al. 2000). The MARK area is located just south of the
Kane Fracture Zone (Fig. 1) and is that part of the
MAR, for which chemical data are available, that lies
closest to the Canary Islands.

Clinopyroxene

Clinopyroxene is Mg-rich (mg#= 76.5-90.2), has low
concentrations in TiO, (0.2-0.6 wt%), ALO; (2.1-
3.4 wt%), and Na»O (0.2-0.5 wt%), but is rich in Cr,03
(0.2-0.7 wt%; Fig. 6; Table 4). There is a weak tendency
for decreasing Al and Na from core to rim. Ti is posi-
tively, and Al and Cr negatively, correlated with MgO.

In both the “depleted” and the “‘enriched” samples,
the clinopyroxenes are markedly depleted in LREE and
other strongly incompatible elements relative to HREE
(e.g. (La/Yb)n=0.01-0.09; Table 5; Fig. 7) and form
nearly parallel REE patterns, although two samples (the
“depleted”” samples FT9-16 and FT9-23) are slightly less
depleted in LREE relative to HREE than other samples.
The clinopyroxenes in the “‘enriched’” samples have REE
patterns similar to those of the most depleted ““depleted”
xenoliths. There is, however, considerable scatter among
the most highly incompatible elements (Rb-Ta). The

concentrations in REE, as well as the depletion in Sr
relative to LREE, increase with decreasing mg# (Fig. 7).
With respect to both major and trace elements clino-
pyroxene in gabbros from Fuerteventura falls within, or
close to, the field defined by clinopyroxene in MARK
gabbros. However, although also the elements Rb-Ta
fall mostly within the range of MARK gabbros, these
elements are less depleted relative to LREE in Fuert-
eventura gabbros than in those from the MARK area
(Fig. 7).

Orthopyroxene

Also, orthopyroxene is Mg-rich (mg#: 71.4-86.7), and
has relatively low concentrations in TiO, (0.10-
0.28 wt%) and Al,O3 (1.3-1.6 wt%); CaO-contents are
0.5-1.4 wt% (Table 6; Fig. 8). The concentrations of
TiO, and CaO increase with decreasing MgO; chemical
zoning is negligible. Orthopyroxene in Fuerteventura
gabbros is generally more depleted in TiO, and CaO
than those in MARK gabbros, and tends towards higher
MgO and Al,O3 concentrations. There are no significant
composition differences between orthopyroxene in “de-
pleted”” and “‘enriched” samples.
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Fig. 4 Rare earth element (REE) and trace element concentrations ~ Plagioclase

in selected gabbro xenoliths from Fuerteventura, normalized to
primordial mantle (PM; data by McDonough and Sun 1995) and
average N-MORB (data by Hofmann 1988), respectively. For
comparison are also shown the REE and/or trace element patterns
of gabbroic rocks from the MARK area along the MAR (“MARK
gabbros”; data from Casey 1997), orthopyroxene-bearing gabbroic
xenoliths from Lanzarote (“gabbro xenoliths, Lanzarote”), me-
tasomatized gabbro xenoliths from La Palma (data from Neumann
et al. 2000), gabbros from the Canary Islands believed to have
formed from alkali basaltic Canary Islands magmas (“‘alkaline CI
gabbros”; data from Neumann et al. 2000), and aphyric basalt
lavas from Tenerife (data from Neumann et al. 1999)

The orthopyroxene in three samples were analyzed
for trace elements, two “depleted”” and one “‘enriched”.
In all three samples, orthopyroxene is strongly depleted
in LREE relative to HREE ((Ce/Yb)n <0.01; Table 7;
Fig. 9), although enrichment in the elements Rb-Ta is
generally higher than those for LREE.

Plagioclase compositions fall in the range Ang;s
Ab15 ¢Org 1—Ang7 3Ab3, ¢Orp 1, both normal and reverse
zoning is observed (Table 8). An-rich, Or-poor plagio-
clase, as found in the Fuerteventura gabbros, is typical
of N-MORB rocks.

Discussion

The chemical relationships in the gabbro xenoliths from
Fuerteventura indicate a two-stage evolutionary history.
This is illustrated by (1) the presence of “depleted” as
well as “enriched” whole-rock REE patterns (Fig. 4), (2)
the S-shaped whole-rock trace element patterns of the
“depleted” gabbros, and (3) the presence of clinopy-
roxene and orthopyroxene with strongly depleted trace

Table 3 Major element compositions (wt%) and forsterite contents (Fo) in olivine in gabbro xenoliths from Fuerteventura

Sample FT9-16 FT9-18* FT9-20 FT9-22 FT9-23 FT9-30A" TF9-30B FT9-31A FT9-31B
SiO, 39.96 40.24 38.21 36.94 39.59 40.10 38.49 37.97 38.42
FeO 13.91 11.20 21.10 25.81 14.54 13.18 18.29 22.36 22.67
MnO 0.18 0.15 0.33 0.37 0.22 0.20 0.28 0.32 0.38
MgO 46.45 48.16 40.71 36.60 44.28 46.97 42.99 39.44 39.41
NiO 0.20 0.26 0.18 0.14 0.18 0.26 0.19 0.11 0.14
CaO 0.03 0.02 0.03 0.04 0.05 0.02 0.03 0.30 0.00
Sum 100.73 100.06 100.57 99.90 98.85 100.72 100.27 100.50 101.04
Fo 85.6 88.5 71.5 71.6 84.4 86.4 80.7 75.9 84.6

“Enriched samples
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Fig. 5 NiO and CaO plotted against Fo-content in olivine in
gabbro xenoliths from Fuerteventura. Olivine in the Fuerteventura
gabbros overlap with the mafic part of the field defined by olivine in
the MARK area (about 23°N, along the MAR; data from Cannat
et al. 1997; Ross and Elthon 1997), whereas olivine in MOR
gabbros from the Canary Islands that have reacted with Canary
Islands melts (group 2; Neumann et al. 2000) have significantly
lower contents of NiO, and higher CaO

element patterns in rocks with “enriched” whole-rock
pattern (Figs. 7, 9). We show below that the gabbros
originally formed from N-MORB melts and were later
infiltrated and metasomatized by alkaline melts enriched
in strongly incompatible elements.

The original composition of the lower crust beneath
Fuerteventura

As shown above, the majority of the gabbros from Fu-
erteventura (“depleted” xenoliths) shows clear affinity to
N-MORB gabbros expressed by low whole-rock con-
centrations in TiO,, K,O, and P,Os, and depletion in
LREE and MREE relative to HREE (Table. 1, 2;
Figs. 3, 4). Also, the low Ti—Al contents and strongly
LREE-depleted REE patterns in both clinopyroxene
and orthopyroxene are typical of N-MORB gabbros
(Tables 4, 5, 6, 7; Figs. 5, 6, 7, 8, 9). The negative cor-
relation between concentrations in incompatible trace
elements and mg# exhibited by the pyroxenes clearly
reflects formation from melts that have undergone dif-
ferent degrees of fractional crystallization. There are no
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compositional differences between the minerals from the
“enriched” and the “depleted” samples.

We have used the REE concentrations in clinopy-
roxenes and partition coefficients between clinopyroxene
and basaltic melt (using data from Hill et al. 2000, for
Ti—Al-poor clinopyroxene) to estimate the REE patterns
of the melts that gave rise to the gabbros. The results are
shown in Fig. 10. The putative liquids in equilibrium
with both the “depleted” and the “‘enriched” gabbro
xenoliths fall below the average N-MORB composition,
relative to which they display even a stronger LREE
depletion. Basalts with similar REE compositions have
been retrieved in the central Red Sea. This implies that
the lower crust beneath Fuerteventura initially formed
from strongly depleted N-MORB type melts, and that
the pyroxenes have essentially retained their original
composition.

Available data (e.g. Komor et al. 1990; Niida 1997;
Ross and Elthon 1997; Stephens 1997) indicate that the
Fo-contents of peridotites collected along the central
MAR are concentrated between 90 and 91. Assuming
these peridotites to represent residues after formation of
N-MORB melts, primary N-MORB melts should be in
equilibrium with olivine of composition 90-91. Olivines
in the Fuerteventura gabbros have Fo-contents of 71.6—
86.4 (Table 3), thus indicating that none of the melts
that gave rise to these gabbros were primary, but had all
been subjected to some degree of fractional crystalliza-
tion. The presence of both normal and reverse zoning in
some mineral grains (Table 8) suggests that the gabbros
formed in magma chambers that were periodically
replenished with more mafic magma.

Infiltration/metasomatism

Although both whole-rock and pyroxene data show
affinity to N-MORB, the gabbroic xenoliths from Fu-
erteventura also show features that are not typical of N-
MORB gabbros. The S-shaped (‘“‘composite’”) whole-
rock trace element patterns of the “depleted” gabbro
xenoliths (Fig. 4) imply that the original strongly de-
pleted N-MORB trace element patterns of the gabbros
have been superimposed by an enriched pattern, most
likely due to infiltration by melts enriched in strongly
incompatible relative to mildly incompatible elements.
Such infiltration may also explain the mismatch between
“enriched” whole-rock REE patterns and depleted
pyroxene patterns, as well as the tendency for increasing
enrichment factors from MREE to the most strongly
incompatible elements exhibited by the pyroxenes
(Figs. 7, 9). The shapes of the trace element patterns of
the “enriched” Fuerteventura gabbros resemble those of
lavas formed from mildly alkaline to transitional Canary
Islands melts, and are also exhibited by the Si-saturated
dykes in the Fuerteventura basal complex (Fig. 4).
However, the concentrations in incompatible elements
are significantly lower in the gabbro xenoliths than in
the lavas and dykes (Fig. 4).
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As shown above, enrichment in strongly incompatible
elements is mainly seen in the whole-rock data (Fig. 4),
and appears to have affected the pyroxenes only to a
very minor degree (Figs. 7, 9). Apatite (and oxides) is
only present as minute grains in glass-fluid inclusion
trails and along grain boundaries. This implies that
enrichment must be caused by melts that have infiltrated
the rocks along grain boundaries and fractures through
grains, and that this has happened too recently to allow
equilibration between the wall-rock minerals and the
infiltrating melts. The infiltrating magmas must conse-
quently belong to the Canary Islands event. It is possible
that the infiltration was caused by the lavas that brought
xenoliths to the surface.

MgO (wt%) MgO (wt%)

We tested the suggestion that the trace element pat-
terns of the gabbro xenoliths may be explained by a
simple mixing model involving N-MORB cumulates and
enriched alkali basaltic magmas. We used the modal
proportions of minerals from the norm calculations
(Table 1), assuming that olivine, clinopyroxene, ortho-
pyroxene, and plagioclase belong to the original N-
MORB gabbro assemblage, whereas oxides and apatite
formed from the infiltrating melt. Furthermore, we used
the analytical data for clinopyroxene (Table 5), and
estimated the trace element compositions of olivine,
orthopyroxene, and plagioclase on the basis of clino-
pyroxene data combined with two-mineral and mineral/
melt partition coefficients (namely olivine/clinopyrox-

Table 4 Major element compositions in clinopyroxene (wt%) in gabbro xenoliths from Fuerteventura. Open spaces mean not analyzed

Sample  FT9-16 FT9-17 FT9-18* FT9-20 FT9-22 FT9-23 FT9-24 FT9-30A% TF9-30B  FT9-31A FT9-31B
Comment Large Small

Core Rim Core Rim Core Rim Core Rim
SiO, 52.16 52.41 5248 50.54 51.70 51.15  50.87 51.18 52.27 5132 52.24 52.66 51.75 51.95 50.68 52.24
TiO, 0.24 033 0.35 0.58 0.21 0.36 0.58 0.50 0.34 0.49 0.27 029 0.20 0.22 0.57 0.47
Al,O4 3.14 274 289 2.72 3.70 2.69 2.54 226 2.65 2.63 329 270 246 234 2.67 2.14
Cr,0;5 0.70 0.70 0.73 0.33 0.75 0.22 0.45 0.52 0.66 0.67 040 0.38 0.32 0.22
FeO 3.54 356 351 747 3.20 5.68 7.04 6.87 3.75 5.99 3.56 335 505 481 822 6.88
MnO 0.11 0.11 0.11 0.20 0.11 0.17 0.20 0.20 0.14 0.16 0.13 0.13 0.14 0.15 0.20 0.21
MgO 16.45 1648 16.25 14.62 16.52 15.62 15.16 15.40 16.58 1499 16.52 16.57 16.49 16.38 14.98 15.17
NiO 0.04 0.05 0.03 0.02 0.04 0.04 0.04 0.04 0.10 0.01 0.03 0.02 0.05 0.03 0.04 0.02
CaO 23.92 2427 2342 2211 2372 2275 221522342254 2249 2398 24.53 22.58 23.02 21.52 22.85
Na,O 0.40 0.23 046 041 0.23 0.40 0.42 0.27 0.28 0.35 0.33 024 049 0.36 0.47 0.35
Sum 100.70 100.88 100.22 99.01 99.87  98.89  98.99 99.05 99.07 98.95 101.00 101.15 99.61 99.65 99.66 100.56

“Enriched samples
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indicate “‘enriched” samples

ene, orthopyroxene/clinopyroxene, clinopyroxene/melt,
and plagioclase/melt) for tholeiitic systems; the trace
element compositions of apatite and magnetite have
been calculated from apatite/melt and magnetite/melt
partition coefficients for alkali basaltic systems (Ta-
ble 9). As model for the infiltrating melt we have used
the composition of an alkali basaltic dyke (TF20) in
Tenerife.

Assuming a very low proportion of trapped melt, we
were able to reproduce quite well the S-shaped trace
element patterns of the “depleted” samples, as well as
the different degrees of positive anomalies for Ba and Sr.
In Fig. 11, we show the results for 0.8% trapped melt in
all the “depleted” samples. For the “‘enriched” samples
FT9-18 and FT9-30A, we obtained a relatively good fit
between observed and estimated trace element patterns,
assuming 5% of trapped melt in addition to crystalli-
zation of Fe-Ti oxides and apatite from the infiltrating
melt (Fig. 11).

Some deviations between estimated and observed
trace element concentrations (e.g. Nb, Ta, and Zr among
the “depleted” samples) may be related to either the
assumption that all infiltrated melts had the same com-
position and/or to the choice of inaccurate partition
coefficients. Furthermore, the melt-rock mixing model
proposed here is clearly an oversimplification of the real
infiltration process, which probably also involves some

Ce St Zr SmTi_Tb Y Er Yb Sc Ce

La Ce Pr Nd SmEu Gd Tb Dy Y Ho Er Tm Yb Lu R N o S R e Dy Ho T LoV

chemical exchange between the infiltrating melt and the
wall-rock minerals. This is verified by the higher-than-
expected and highly variable concentrations in the most
strongly incompatible elements in both clinopyroxene
and orthopyroxene (Figs. 7, 9). In spite of the deviations
between observed and estimated trace element concen-
trations, we conclude that the gabbros represent N-
MORB cumulates which have been infiltrated to differ-
ent degrees by enriched alkali basaltic magmas belong-
ing to the Canary Islands magmatism. The only
difference between the “enriched” and the ‘“‘depleted”
samples appears to be a significantly more extensive
degree of infiltration in the “‘enriched”, than in the
“depleted”, gabbros.

Gabbro xenoliths from Fuerteventura compared to ones
from the other Canary Islands

Rare earth elements and trace element compositions
similar to those exhibited by the Fuerteventura gabbros
are also found among gabbro xenoliths from La Palma,
Gran Canaria, and Lanzarote (Schmincke et al. 1998;
Neumann et al. 2000). The compositions of the “de-
pleted” samples closely resemble those of orthopyrox-
ene-bearing gabbro xenoliths from Lanzarote, whereas
the “enriched” samples resemble gabbro xenoliths from

Table 6 Major element compositions (Wt%) in orthopyroxene in gabbro xenoliths from Fuerteventura. Open spaces mean not analyzed

Sample FT9-16 FT9-17 FT9-20 FT9-22 FT9-30A* TF9-30B FT9-31A FT9-31B
Core Rim Core Rim Core Rim
SiO, 55.82 53.19 53.97 53.93 53.01 53.16 56.32 54.49 54.19 52.27 53.97
TiO, 0.12 0.28 0.23 0.23 0.25 0.21 0.11 0.12 0.10 0.28 0.21
Al,O3 1.31 1.54 1.56 1.59 1.28 1.23 1.59 1.64 1.59 1.54 1.27
Cr,0;3 0.15 0.17 0.32 0.33 0.18 0.21 0.18 0.17 0.15
FeO 9.10 16.82 13.57 13.43 16.16 16.25 8.98 12.11 12.19 18.08 17.71
MnO 0.23 0.36 0.33 0.33 0.38 0.38 0.22 0.30 0.28 0.40 0.41
MgO 32.57 26.18 29.28 29.20 27.14 27.21 32.82 30.21 30.37 25.37 26.27
NiO 0.04 0.04 0.06 0.05 0.02 0.03 0.06 0.05 0.04 0.05 0.04
CaO 0.45 1.12 0.61 0.93 1.07 0.95 0.65 0.98 0.73 1.44 0.95
Na,O 0.04 0.03 0.06 0.01 0.01 0.03 0.09 0.08 0.09 0.11 0.01
SUM 99.82 99.74 99.67 99.70 99.33 99.45 101.17 100.21 99.77 99.70 100.98

“Enriched samples
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Table 7 Trace element compositions (ppm) in orthopyroxene in
gabbro xenoliths from Fuerteventura (with 1o analytical error)
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Fig. 8 Ti-Al-Ca—mg# relationships in orthopyroxene in gabbro
xenoliths from Fuerteventura compared to orthopyroxene in
gabbroic rocks from Lanzarote, Gran Canaria, and La Palma,
believed to have formed from N-MORB melts (Schmincke et al.
1998; Neumann et al. 2000), and orthopyroxene in gabbroic rocks
from the MARK area (Cannat et al. 1997; Ross and Elthon 1997).
The lower CaO-contents in orthopyroxene in gabbroic rocks in the
Canary Islands than in the MARK area most likely reflect
equilibration to lower temperatures of the old oceanic crust
beneath the Canary Islands. The highly LREE-depleted clinopy-
roxenes from Fuerteventura show a striking similarity to those in
MARK gabbroic rocks

La Palma which show evidence of reactions, including
formation of amphibole at the expense of clinopyroxene
(Neumann et al. 2000; Fig. 9). Also, these xenoliths were
interpreted as N-MORB gabbros which have been
mildly to strongly infiltrated by enriched Canary Islands
magmas (Neumann et al. 2000). Ar—Ar age determina-
tions on plagioclase and hornblende in tholeiitic gabbro

Sample FT9-20 FT9-30A" FT9-31A

n 2 lo 4 lo 5 lo

Li 0.80 0.11 1.97 0.37 0.81 0.09
Sc 31.3 4.7 249 4.8 37.6 2.9

Ti 1,380 250 530 120 1,540 140

A% 145 14 103 23 160 9

Cr 776 75 1,040 230 991 56

Co 85.6 8.0 77 20 84.7 4.6
Rb <0.07 0.048 0.011 <0.04

Sr 0.780 0.067 0.0122 0.0068 0.061 0.012
Y 1.25 0.22 0.63 0.13 2.22 0.20
Zr 0.699 0.049 0.070 0.01 0.523 0.0317
Nb 0.0117 0.0032  0.0248 0.0046  <0.06

Cs <0.016 <0.007 <0.013

Ba 0.318 0.026 0.103 0.017 0.094 0.017
La <0.006 <0.0024 <0.005

Ce <0.014 0.0037 0.0009 0.0103 0.0021
Pr 0.0036 0.0013  <0.001 0.0037 0.0010
Nd 0.0302 0.0046  0.0090 0.0029  0.0396 0.0059
Sm 0.0098 0.0027  0.0052 0.0017  0.0301 0.0053
Eu 0.0114 0.0020 0.00238 0.00084 0.0154 0.0019
Gd 0.054 0.017 0.0204 0.0074  0.099 0.016
Tb 0.0131 0.0018  0.0063 0.0014 0.032 0.002
Dy 0.157 0.020 0.082 0.017 0.317 0.022
Ho 0.0472 0.0049  0.0259 0.0057  0.0939 0.0054
Er 0.220 0.027 0.097 0.022 0.393 0.026
Tm 0.0441 0.0088 0.0190 0.0047  0.075 0.008
Yb 0.434 0.079 0.186 0.042 0.65 0.06
Lu 0.0737 0.0078  0.0320 0.0065 0.115 0.0069
Hf 0.0272 0.0065 0.0115 0.0024  0.0406 0.0048
Ta <0.007 0.00178  0.00052 <0.003

Pb <0.007 0.0270 0.0059 0.389 0.034
Th 0.00113  0.00039 0.00094 0.00029 <0.0004

U <0.0009 0.00035 0.00009 <0.0005

n number of analyses
“Enriched sample

xenoliths from Gran Canaria giving ages of 164+3 to
178 £17 Ma support the conclusions that the tholeiitic
gabbros from the different Canary Islands represent the
oceanic crust formed during the opening of the central
Atlantic Ocean (Schmincke et al. 1998).

In order to compare the original composition of dif-
ferent part of the oceanic crust beneath the Canary Is-
lands, it is necessary to “‘see through” the effects of the
Canarian intraplate event. It is clear from a comparison
between trace element data on minerals and rocks
(Figs. 4, 7, 9) that metasomatism and reactions with
Canarian magmas have affected the most highly
incompatible e¢lements more than the moderately
incompatible ones. Shervais (1982) has shown that, like
REE, the Ti—V relationships are diagnostic of tectonic
setting, and may also be used to separate rock series
within the same area. In Fig. 12, we compare the V—
TiO, relationships in gabbroic xenoliths from different
Canary Islands. Orthopyroxene-bearing gabbroic rocks
of group 1 (N-MORB gabbros very mildly affected or
unaffected by the Canarian magmatism) from La Palma,
Lanzarote, and Fuerteventura show uniform, low Ti/V
ratios (6-10). Group 2 samples (N-MORB gabbros
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Table 8 Major element compositions and An-Ab-Or relationships in plagioclase in gabbro xenoliths from Fuerteventura. I and II
represents typical compositions of two different groups of plagioclase

Sample FT9-16 FT9-20 FT9-22 FT9-24 FT9-30A% FT9-31B
Comment Core Rim Core Rim Corel RimI Corell RimII Core Rim Core I CoreIl Core Rim
SiO, 46.62 46.02 48.74 49.63 46.44 46.23  48.65 50.51 49.74  49.38  46.63 46.08 51.55 49.19
Al,O3 32.86 33.23 31.73 31.56 32.41 33.01 31.68 30.58 30.66 30.79 33.02 32.35 30.07 31.97
Fe,05 0.17 0.15 0.38 0.38 0.27 0.29 0.38 0.34 0.35 0.28 0.27 0.26 0.28 0.27
CaO 17.66 1798 16.05 1532 17.09 17.38 16.14 14.44 1486 1524 17.81 17.50 13.95 15.86
Na,O 1.70 1.44 2.62 3.00 1.77 1.50 2.56 3.47 3.17 2.95 1.68 1.97 3.74 2.63
K,O 0.01 0.01 0.01 0.01 0.01 0.02 0.02 0.02 0.02 0.03 ND ND 0.02 0.03
Sum 99.04 98.83 99.52 99.89 97.99 98.43  99.43 99.37 98.80 98.66 99.41 98.15 99.60 99.96
An 85.1 87.3 77.2 73.8 84.2 86.4 77.6 69.6 72.1 74.0 85.5 83.1 67.3 76.8
Ab 14.8 12.6 22.8 26.1 15.8 13.5 22.3 30.3 27.8 25.9 14.5 16.9 32.6 23.0
Or 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 <0.1 <0.1 0.1 0.2

An anorthite, Ab albite, Or orthoclase, ND not detected
“Enriched samples

moderately to strongly infiltrated by Canarian magmas)
tend towards somewhat higher ratios (mainly between
10 and 22), whereas group 3 gabbros (formed from en-
riched Canarian magmas) show significantly higher
ratios (50 to >150), overlapping with Canary Islands
lavas. Melts of similar REE compositions as those esti-
mated for the lower crust beneath the Canary Islands,
and similar Ti/V ratios, appear also to have given rise to
some of the very young gabbroic rocks in the MARK
area (Casey 1997).

The low, uniform Ti/V ratios in group 1 gabbros from
the different Canary Islands (Fig. 12) indicate a uniform
degree of depletion from east to west in the old oceanic
crust beneath the Canary Islands. This is taken to imply
that there was no significant change in degree of partial
melting or mantle source composition during the first ca.
30 Ma (ca. 180-150 Ma) of the opening of the central
Atlantic Ocean in this area. The low, uniform Ti/V ra-
tios also imply that involvement of the continental crust
is negligible.

Implications

Ernst and Buchan (1997) and Wilson
(1998) proposed that a mantle plume was

and Guiraud
located below

Fig. 9 REE and spider

western Africa about 200 million years ago, and that this
plume is reflected in the chemical characteristics of the
oldest seafloor in the central Atlantic Ocean. This
hypothesis has been debated. Janney and Castillo (2001)
have presented evidence that the oldest basalts (160—
120 Ma) sampled by deep-sea drilling from the central
Atlantic oceanic crust have isotopic and chemical sig-
natures compatible with plume contamination. Most of
the samples included in this study were collected in the
western Atlantic Ocean; only one sample was located in
the eastern Atlantic, close to the M23 magnetic anomaly
southeast of Cape Verde. McHone (2000), in contrast,
claims that the Early Jurrassic magmatism that accom-
panied the opening of the central North Atlantic Ocean
occurs in overlapping provinces of distinct dyke trends
and compositional types, not as magmas associated with
a single plume, Furthermore, according to McHone
(2000) there are no hotspot tracks in the central Atlantic
crust that may have been generated by a ca. 200 Ma year
old plume. Magmatism associated with mantle plumes
(OIB) differs significantly from N-MORB magmas for
its generally enriched (or not depleted) PM-normalized
incompatibility diagrams (LREE/HREE> 1.0 and Ti/
V> >10; e.g. Schilling 1973; Schilling et al. 1983; Sun
and McDonough 1989; Casey 1997, Hannigan et al.
2001). The data on group 1 gabbros (Figs. 4, 5,6,7, 8,9,

diagrams for orthopyroxene in
gabbro xenoliths from
Fuerteventura normalized to

REEARTIT

PM as given by McDonough
and Sun (1995). The
orthopyroxenes are strongly
depleted in LREE relative to
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enrichment factors for the
elements Rb-Ta than for
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with asterisks indicate { m
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Table 9 Mineral/mineral and mineral/melt partition coefficients
with references used to estimate the trace element compositions of
the melts that gave rise to clinopyroxenes in the Fuerteventura
gabbro xenoliths (Fig. 10), and hypothetical whole rock composi-
tions shown (Fig. 11). Plag/cpx and mt/cpx values are estimated
from the listed mineral/melt partition coefficients. The “Alk. melt”
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used as a model for trapped melt in Fig. 11 is based on data on
mafic, aphyric, alkali basaltic lavas and dykes from Tenerife
(Neumann et al. 1999). Where necessary, partition coefficients have
been interpolated on the basis of the available data (shown in
italics)

Partition coefficients Alk. melt
Phases Ol/cpx Opx/cpx Cpx/melt Plag/melt Mt/melt Ap/melt
Ref. 1,2 2,3 4,5 6 7,8,9 10 11
Rb 0.5 1.0 0.0047 0.042 0.004 0.01 255
Ba 0.3 0.6 0.0006 0.277 0.0001 0.74 607
Th 0.05 3.9 0.0056 0.004 0.022 0.7 7.79
U 0.3 4.0 0.005 0.004 0.02 0.7 1.64
Nb 0.003 0.2 0.0027 0.004 0.1 0.001 104
Ta 0.06 0.07 0.01 0.004 0.1 0.01 8.4
La 0.011 0.014 0.044 0.184 0.003 4.0 69.3
Ce 0.0025 0.014 0.084 0.121 0.003 4.2 140
Pr 0.003 0.017 0.124 0.139 0.0045 34 16
Sr 0.0011 0.018 0.124 1.9 0.0001 2.7 1167
Nd 0.003 0.017 0.173 0.121 0.006 34 55
Zr 0.005 0.08 0.164 0.0042 0.1 0.007 338
Hf 0.005 0.192 0.29 0.004 0.31 0.01 7.8
Sm 0.003 0.026 0.28 0.139 0.0072 3.1 12.5
Eu 0.003 0.038 0.31 0.088 0.0065 2.8 3.44
Ti 0.018 0.40 0.36 0.001 1.0 0.006 22200
Gd 0.003 0.043 0.34 0.07 0.0055 1.7 9.3
Tb 0.004 0.056 0.36 0.05 0.006 2.2 1.34
Dy 0.004 0.071 0.41 0.029 0.006 1.8 7.1
Y 0.004 0.091 0.44 0.0315 0.004 3.1 37
Ho 0.004 0.091 0.41 0.022 0.008 1.7 1.07
Er 0.004 0.116 0.41 0.0181 0.007 14 2.7
Tm 0.006 0.140 0.41 0.012 0.005 1.00 0.37
Yb 0.009 0.182 0.41 0.006 0.003 0.93 2.2
Lu 0.016 0.227 0.43 0.0027 0.023 0.75 0.33

Ol olivine, cpx clinopyroxene, plag plagioclase, mt magnetite, ap apatite
I Eggins et al. (1998), 2 Garrido et al. (2000), 3 Green et al. (2000), 4 Hauri et al. (1994), 5 Foley et al. (1996), 6 Bindeman and Davis
(2000), 7 Nielsen et al. (1992), 8 Nielsen et al. (1994), 9 Horn et al. (1994), 10 Tonov et al. (1997), 11 Neumann et al. (1999)

10, 11, 12) represent robust evidence against the possi-
bility that a mantle plume can have affected the area of
the Canary Islands during the opening of the central
Atlantic Ocean. It has been shown that also the upper
mantle beneath the Canary Islands, including the east-
ernmost islands Lanzarote and Fuerteventura, origi-
nated as a highly refractory oceanic lithospheric mantle
(Neumann et al. 2002; M.M. Abu El-Rus and E.-R.
Neumann, unpublished data).

The continental slope off western Morocco south of
the Canary Islands is relatively steep. The island Fu-
erteventura appears to be built partly onto the conti-
nental slope (Fig. 2). This means that the true base of
the continental slope probably lies west of the bottom of
the submarine valley between Fuerteventura and the
continental slope, close to the eastern coast of Fuert-
eventura. This is illustrated in Fig. 13, which represents
a simplified profile along the line A-A’ in Fig. 2. In
areas with wide transition zones between ‘‘normal”
continental and oceanic crust, like in the Iberian Abyssal
Plain (Fig. 1) and the Red Sea, these transition zones are
found seawards of the base of the continental slope. The
presence of an old oceanic lower crust and upper mantle
beneath Fuerteventura (as well as that beneath the other

Canary Islands) implies that the continent—ocean tran-
sition in the Canary Islands area must be quite sharp,
that is less than the distance between the base of the

Estimated melt compositions
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Fig. 10 Estimated REE concentrations in melts that gave rise to
gabbroic xenoliths in Fuerteventura, normalized to average N-
MORB (Hofmann 1988). The estimates are based on clinopyroxene
and orthopyroxene data (this study) and the partitioning of REE
between pyroxenes and basaltic melts (cpx/melt: data on Ti-Al-
poor cpx from Hill et al. 2000, with adjustment of Tmpy/melt tO
0.76; opx/melt: Green et al. 2000). For comparison are also shown
the REE patterns of glasses and crystalline rocks collected along
the mid-ocean ridge in the central Red Sea (Altherr et al. 1988)
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Fig. 11 Observed gabbro compositions compared to estimated
ones based on the assumptions that the gabbros represent N-
MORB cumulates infiltrated by alkali basaltic Canarian magmas,
and that olivine, clinopyroxene, orthopyroxene, and plagioclase
belong to the original N-MORB gabbro assemblage, whereas oxide
and apatite have formed from the infiltrating melt. We have used
the analytical data for clinopyroxene and orthopyroxene (Tables 5
and 7), and estimated the trace element compositions of olivine and
plagioclase from clinopyroxene data combined with olivine/
clinopyroxene, clinopyroxene/melt, and plagioclase/melt partition
coefficients for tholeiitic basaltic systems (Foley et al. 1996;
Bindeman and Davis 2000; Garrido et al. 2000; Table 9); trace
element compositions of apatite and magnetite have been calcu-
lated from apatite/melt and magnetite/melt partition coefficients in
alkaline basalts (Ionov et al. 1997; Nielsen et al. 1992, 1994,
respectively; Table 9). The proportion of each phase is given by the
norm calculations (Table 1)

continental platform and the east coast of Fuerteven-
tura.

The sharp continent—ocean transition found to exist
along the eastern Atlantic Ocean in the Morocco-Can-
ary Islands area is significantly different from that fur-
ther north, where the 80 to 130-km-wide transition zone
along the Iberian peninsula is well documented (e.g.
Boillot and Winterer 1988; Pinheiro et al. 1996; Whit-
marsh and Sawyer 1996; Chian et al. 1999). Also at the
base of the Mazagan escarpment, about 100 km west of
the coast of Morocco, north of the Canary Islands
(Fig. 1), continental crust (consisting of highly
deformed, ca. 515 million years old granodioritic gneis-
ses) has been recovered at about 4,000 m water depth by
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Fig. 12 V-TiO; relationships in gabbro xenoliths of different types
from the Canary Islands (this study; Schmincke et al. 1998;
Neumann et al. 2000), compared to gabbroic rocks from the
MARK area along the central MAR (data from Casey 1997) and
aphyric basalts from Tenerife (TF basalts; Neumann et al. 1999).
FT Fuerteventura, LZ Lanzarote, GC Gran Canaria, TF Tenerife,
LP La Palma. Samples from Fuerteventura, Lanzarote, and La
Palma Gr 1 (filled symbols) represent N-MORB gabbros infiltrated
by very small amounts of enriched melts. Samples from Gran
Canaria and La Palma Gr 2 represent N-MORB gabbros infiltrated
by significant amounts of enriched melts. Samples from Tenerife
and La Palma Gr 3 comprise gabbroic rocks formed from enriched
Canary Islands magmas. The Ti/V ratios increase from the N-
MORB gabbros least affected by Canary Islands melts (Ti/V~6) to
those that have formed from Canarian magmas (Ti/V~50). See text
for discussion

Deep Sea Drilling (DSDP Leg 79, Hole 544A; Kreuzer
et al. 1984). This suggests that the continental break-up
also in this area is related to strong attenuation of the
continental crust, and possibly results in the incorpora-
tion of pieces of old continental crust in the newly
formed oceanic crust. The reason for the different styles
in developing the passive margin along Morocco and
Iberian peninsula is so far unknown.

Summary of conclusions

Gabbro xenoliths collected in northern Fuerteventura
are very fresh and consist of Ti—Al-poor clinopyroxene
+ plagioclase (Ang;_¢7) + olivine (Fo7,gs) £ ortho-



pyroxene. Our studies of these xenoliths have led to the
following observations and conclusions:

1. Clinopyroxene and orthopyroxene are markedly de-
pleted in LREE relative to HREE, but show enrich-
ment factors (normalized to primordial mantle) for
the most strongly incompatible elements close to
those of the LREE

2. Clinopyroxenes formed from melts with strongly
depleted REE patterns, implying that they originally
belonged to a highly refractory N-MORB lower crust

3. Whole-rock trace element patterns range from mildly
S-shaped (mildly depleted in Pr—Sm relative to both the
strongly incompatible elements Rb-La and the
HREE) to ones enriched in the most strongly incom-
patible element, including LREE, relative to HREE

4. The trace element compositions are compatible with
the formation of the gabbroic xenoliths as cumulates
from N-MORB basaltic magmas and their successive
infiltration at various extents ( < 1% to >5%) by
enriched alkali basaltic melts

5. Infiltration and enrichment occurred during the
Canary Islands magmatic event, possibly by the host
lavas that brought the samples to the surface; this
result contradicts the claim that a mantle plume was
present in the area during the opening of the Atlantic
Ocean

6. The trace element compositions of the gabbro xeno-
liths from Fuerteventura closely resemble those of the
most depleted samples from other Canary Islands,
implying a uniform degree of partial melting of a
uniform mantle source during the first ca. 30 million
years of opening of this part of the Atlantic Ocean;

7. The presence of the N-MORB oceanic crust (and
mantle) beneath Fuerteventura implies that the con-
tinent—ocean transition outside western Morocco
must be relatively sharp, in contrast to the 80 to
130-km-wide transition zone along the Iberian pen-
insula, further north.
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