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a Laboratoire de Géochronologie, Géosciences Azur UMR-CNRS 6526, parc Valrose, F-06108 Nice, France
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Abstract

To elucidate the age and origin of seamounts in the eastern North Atlantic, 54 titanite and 10 zircon fractions were dated by the U–Pb
chronometer, and initial Pb, Sr, and Hf isotope ratios were measured in feldspars and zircon, respectively. Rocks analyzed are essentially
trachy-andesites and trachytes dredged during the ‘‘Tore Madeira’’ cruise of the Atalante in 2001. The ages reveal different pulses of alka-
line magmatism occurring at 104.4 ± 1.4 (2r) Ma and 102.8 ± 0.7 Ma on the Sponge Bob seamount, at 96.3 ± 1.0 Ma on Ashton sea-
mount, at 92.3 ± 3.8 Ma on the Gago Coutinho seamount, at 89.3 ± 2.3 Ma and 86.5 ± 3.4 Ma on the Jo Sister volcanic complex, and at
88.3 ± 3.3 Ma, 88.2 ± 3.9, and 80.5 ± 0.9 Ma on the Tore locality. No space–time correlation is observed for alkaline volcanism in the
northern section of the Tore-Madeira Rise, which occurred 20–30 m.y. after opening of the eastern North Atlantic. Initial isotope sig-
natures are: 19.139–19.620 for 206Pb/204Pb, 15.544–15.828 for 207Pb/204Pb, 38.750–39.936 for 208Pb/204Pb, 0.70231–0.70340 for 87Sr/86Sr,
and +6.9 to +12.9 for initial epsilon Hf. These signatures are different from Atlantic MORB, the Madeira Archipelago and the Azores,
but they lie in the field of worldwide OIB. The Cretaceous seamounts therefore seem to be generated by melts from a OIB-type source
that interact with continental lithospheric mantle lying formerly beneath Iberia and presently within the ocean–continent transition zone.
Inheritance in zircon and high 207Pb of initial Pb substantiate the presence of very minor amounts of continental material in the litho-
spheric mantle. A long-lived thermal anomaly is the most plausible explanation for alkaline magmatism since 104 Ma and it could well be
that the same anomaly is still the driving force for tertiary and quaternary alkaline magmatism in the eastern North Atlantic region. This
hypothesis is agreement with the plate-tectonic position of the region since Cretaceous time, including an about 30� anti-clockwise rota-
tion of Iberia.
� 2006 Elsevier Inc. All rights reserved.
1. Introduction

The seamounts studied lie in the northern and central
part of the Tore-Madeira Rise, which extends over about
1000 km in SW–NE direction, roughly matching the oldest,
approximately 125–130 Ma old Atlantic magnetic anomaly
of oceanic crust in this region (Fig. 1; J anomaly; Pitman
and Talwani, 1972; Gradstein et al., 2004). Several hypoth-
esis were put forward to explain the origin of the rise;
however, none of them is sufficiently supported by geo-
chronological and geochemical data. Earlier explanations
are: (1) emplacement of late tertiary to recent magmas em-
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placed along shear zones, related to N–S compression of
the Iberian margin (Van der Linden, 1979; Geldmacher
et al., in press), (2) volcanism occurring in relation to first
oceanic lithosphere creation at 130–125 Ma, as suggested
by its vicinity with the oldest Atlantic oceanic magnetic
anomaly (Tucholke and Ludwig, 1982; Peirce and Barton,
1991; Olivet, 1996; Girardeau et al., 1998; Geldmacher
et al., in press), (3) volcanism, ascribed to the accumulation
of magmas underneath an unusually slow Atlantic ridge
(Olivet, 1996; Girardeau et al., 1998), and (4) magmatism
related to a ‘‘hot-spot-like’’ feature, active coevally with
spreading (Tucholke and Ludwig, 1982; Peirce and Barton,
1991; Geldmacher et al., 2001; Geldmacher et al., in press).

Prior to this study, only a few geochronological or tracer
isotope data were available for volcanoes emplaced
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Fig. 1. (a) Map of the North Central Atlantic (modified after Sibuet et al., 2004a) distinguishing the main structural units. Solid lines represent faults, and
dashed lines inferred faults. (b) Bathymetric map of the study region indicating the seamounts, sample locations and sample references. Seamount names
for so far unnamed seamounts are marked (*). AGFZ, Azores-Gibraltar Fracture Zone. SAP, Seine Abyssal Plain. Ages of Ormonde, Monchique,
Madeira, Porto Santo, Desertas Islands, Ampere, Josephine, Unicorn and Seine from Wendt et al. (1976); Féraud et al. (1981, 1982, 1986); Bernard-
Griffiths et al. (1997); Schärer et al. (2000); Geldmacher et al. (2000, 2005). Location of the J anomaly after Olivet (1996).
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between the Tore seamounts in the north, and Jo-Sister in
the south (Fig. 1, Wendt et al., 1976; Geldmacher et al., in
press). Rocks were collected by dredging during the 2001
‘‘Tore-Madeira’’ cruise of the Atalante. Samples of kg-size
were recovered, including basalts, trachy-andesites and
trachytes with the latter two lithologies being as abundant
as alkali basalts among the dredged rocks. The extent of
seawater alteration is high in most rocks precluding sys-
tematic 40Ar/39Ar dating and isotope tracing of whole-rock
samples. Given the strong degrees of alteration, only anal-
yses of grain-by-grain selected mineral separates were pos-
sible, and as far as dating is concerned, the occurrence of
primary magmatic titanite in most trachy-andesites and
trachytes made it possible to use the U–Pb method. A
few samples also contained very small amounts of zircon
used for combined titanite–zircon dating and Hf isotope
tracing on the same zircon grains. Fresh feldspar, either
K-feldspar or plagioclase, was used for U–Pb (Pb–Pb)
and Sr isotope analyses.

2. Geological framework

The Tore-Madeira Rise is a morphologically defined ob-
ject. The Tore seamounts form a �120 · 90 km wide
elliptic complex at its northern end having summits reach-
ing �2500 m over the �5000 m deep Tore depression
(Fig. 1). The southernmost seamount studied here is Jo
Sister lying at �500 km distance from the Tore locality.
It culminates at about 4000 m above sea floor. Other
seamounts investigated here are, from North to South,
Sponge Bob, Ashton and Gago Couthino, reaching
3000 m, 3500 m, and 3200 m above the �5000 m deep
seafloor, respectively (Fig. 1). Jo Sister has also been
named Erik and Gago Couthino, Teresa (Hoernle et al.,
2003; Geldmacher et al., in press) but none of these names
has been ratified so far. An important structure is the
Azores-Gibraltar Fracture Zone (AGFZ) which is an
Atlantic transform fault separating the Eurasian and
African plates. Its eastern end appears to split into three
branches towards the Tore, Gorringe, and Ampere-Coral
Patch seamounts (e.g., Laughton et al., 1975; Jiménez-
Munt et al., 2001). Dextral strike-slip movements along
this fracture zone seem to be absent or very small on the
plate scale since the J anomaly is not visibly displaced
(Fig. 1). Since Oligocene times, movements along the main
branch and the branches to the North and South of the
AGFZ seem to be transpressive, with a slight dextral
component along the main fracture due to extension in
the Azores region evidenced by the modeling of focal
mechanisms (Olivet, 1996; Malod, personal commun.).

Volcanoes to the North of the AGFZ lie along the first
Atlantic magnetic anomaly (J anomaly, 125–130 Ma) in
this region. This anomaly corresponds to the boundary be-
tween true oceanic crust and a transitional domain being
composed of rifted and stretched Iberian continental mar-
gin, unroofed lithospheric peridotites (e.g., peridotite ridge;
Fig. 1) detached from lowermost continental crust (Boillot
et al., 1989; Beslier et al., 1993). This transitional zone has
locally been intruded by syn-rift basaltic dikes and gabbros
(Beslier et al., 1988; Boillot et al., 1995; Schärer et al., 1995,
2000). North to 41�300N (Fig. 1), the J anomaly is not iden-
tified (south of Galicia Bank), implying that initial Atlantic
opening along the Galicia Bank occurred later. To the
South of the southern branch of the AGFZ, magnetic
anomalies older than J seem to be present in the Seine
Abyssal Plain (Roest et al., 1992) implying that some vol-
canoes to the South could be emplaced into oceanic litho-
sphere including the southern part of the Tore Madeira
Rise.

Geophysical investigations show the rise substratum to
be about 10 km thick, hypothetically containing some
underplated magmas (Mauffret et al., 1989; Peirce and Bar-
ton, 1991; Pinheiro et al., 1992). It has also been suggested
that formation of the rise represents a major event during
opening of the Central and North Atlantic ocean (Olivet,
1996). This correlates with small-amplitude gravity anoma-
lies suggesting that it is isostatically compensated on both
the local and regional scale (Peirce and Barton, 1991).

A magmatic event distinct from ocean spreading is the
emplacement of syn-rift related magmas prior or during
the very early stages of Atlantic opening in the Iberia mar-
gin. Such gabbro and dolerite emplacement occurred at 121
Ma along the Galicia Bank (Féraud et al., 1988; Schärer
et al., 1995, 2000) and at 138 Ma in the Gorringe Bank
(Girardeau et al., 1998; Cornen et al., 1999; Schärer
et al., 2000). These syn-rift subcontinental magmas have
MORB source signatures and were most likely derived
from the asthenosphere at that time.

Regionally important alkaline rocks, distinct from
both syn-rift magmatism and 130–125 Ma Atlantic open-
ing occur on the peridotitic–gabbroic Ormonde sea-
mount, the Ampere-Coral Patch seamounts, as well as
on the continent (Fig. 1). Rb–Sr, U–Pb and 40Ar/39Ar
ages for these rocks range between 67–77 and 31 Ma
(Rock, 1976; Féraud et al., 1982, 1986; McIntyre and
Berger, 1982; Bernard-Griffiths et al., 1997; Geldmacher
et al., 2000; Schärer et al., 2000). We will show that such
alkaline magmatism is also a major component of the
northern Tore-Madeira Rise, where differentiated alkaline
rocks have been recognized.

3. Alkaline magmatism: previous studies

3.1. The Madeira archipelago

The 14 Ma to recent Madeira Archipelago is composed
of volcanic and intrusive rocks of mostly alkaline affinity,
where basalts range from tholeiites to basanites. 40Ar/39Ar
ages on whole-rocks (total fusion) and plagioclase range
from 4.63 ± 0.10 Ma to 0.18 ± 0.08 Ma (Geldmacher
et al., 2000). The Desertas Islands of the archipelago are
considered to be the N–S arm of the Madeira rift system
for which 40Ar/39Ar whole-rock ages of basaltic lithologies
range from 3.62 ± 0.24 to 3.25 ± 0.08 Ma (Geldmacher
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et al., 2000). For Porto Santo Island located 45 km to the
north-east of Madeira, alkali basalts to trachytic rocks
(Geldmacher and Hoernle, 2000) have Ar whole-rock ages
of 13.1 ± 0.4 and 12.3 ± 0.4 Ma (Féraud et al., 1981) and
14.31 ± 0.22 and 11.07 ± 0.10 Ma for plagioclase (Geldm-
acher et al., 2000). To explain source characteristics of
Madeira volcanism contrasting hypothesis were proposed,
(1) interaction of a high-238U/204Pb (HIMU) plume com-
ponent with N-MORB-like asthenosphere and oceanic lith-
osphere (Hoernle et al., 1991, 1995), (2) interaction of
MORB source mantle with a mixture of HIMU and
EMI-type mantle plume material (Mata et al., 1998), (3)
recycling of relatively young oceanic crust (Thirlwall,
1997), (4) mixing of plume material containing a relatively
young (�1.2 Ga) recycled oceanic crust and shallow
MORB sources with a component of Paleozoic oceanic
crust (Widom et al., 1999), (5) progressive melting of plume
material containing relatively young (<1 Ga) recycled oce-
anic lithosphere from which enriched altered oceanic crust
and depleted lower crust and lithospheric mantle were de-
rived (Geldmacher and Hoernle, 2000, 2001), and (6) melt-
ing of metamorphosed oceanic lithosphere shortly after its
formation (Halliday et al., 1992, 1993, 1995).

3.2. The Josephine, Seine, Unicorn, and Ampere-Coral Patch

seamounts

Based on geochemical analyses and K–Ar whole-rock
dating (12.6 ± 0.4 Ma; 8.2 ± 0.2 Ma) of the Josephine sea-
mount it was originally suggested that the volcanoes build-
ing up the submarine mountain range between Josephine
and the Tore localities reflect a Miocene magmatic event
(Wendt et al., 1976). Further chemical analyses of Jose-
phine lavas confirm its alkaline character (Merle et al.,
2005).

Previous studies of three other volcanic complexes at
Seine, Unicorn, and Ampere-Coral Patch (Fig. 1) yield
whole-rock 40Ar/39Ar ages of 21.7 ± 0.2 Ma, 27.4 ± 2.4
Ma, and 31.20 ± 0.20 Ma, respectively (Geldmacher et al.,
2000, 2005). It is important to note that they all lie signifi-
cantly to the East of the Tore-Madeira Rise. The samples
analyzed for these seamounts are olivine–phyric basanites
and nephelinites with incompatible element characteristics
similar to the volcanic rocks of the Madeira Archipelago.
Initial Pb, Sr and Nd isotopic compositions of the Seine,
Unicorn and Ampere-Coral Patch seamounts are interpret-
ed as the result of interaction of Madeira plume melts with
the overlying lithosphere, which contains continental
lithospheric components (Geldmacher and Hoernle, 2000;
Geldmacher et al., 2005).

3.3. The Ormonde seamount

This seamount marks the eastern summit of the
Gorringe Bank. It is composed of peridotites that are
intruded by 138 ± 1 and 136 ± 1 Ma old gabbros, and
67–77 Ma old alkaline lavas on top of the bank (Féraud
et al., 1982, 1986; Cornen, 1982; Cornen et al., 1999; Schä-
rer et al., 2000). The alkaline lavas show two magmatic
trends (1) highly alkalic, silica-undersaturated rocks, rang-
ing from nephelinites to phonolites and (2) mildly alkaline,
silica-saturated volcanics ranging from alkali basalt and
basanites to trachytes (Cornen, 1982). The alkaline rocks
from the Ormonde seamount are interpreted on the basis
of initial Pb, Sr, Nd and Hf (on zircon) isotopic compositions
to be derived from sub-lithospheric mantle melts (OIB-like
source) contaminated by ancient Rb-depleted and LREE-
enriched lithospheric mantle detached during passive conti-
nental rifting (Bernard-Griffiths et al., 1997; Schärer et al.,
2000).

3.4. Continental Serra de Monchique

This complex (Fig. 1) is a sub-volcanic nepheline syenite
body interpreted as belonging to the Late Cretaceous
Iberian Alkaline Igneous Province, related to late stages
of opening of the Bay of Biscay (McIntyre, 1977; Cornen,
1982; McIntyre and Berger, 1982; Rock, 1982; Whitmarsh
et al., 1986). Dominant lithologies are nepheline syenites
and micro-syenites with minor gabbros and lamprophyres,
having incompatible elements patterns similar to the alkali
lavas on the Ormonde seamount. These rocks do not exhibit
any chemical or isotope signatures for the assimilation of
continental crust (Bernard-Griffiths et al., 1997). A whole
rock-mineral Rb–Sr age for Serra de Monchique, and
K–Ar mineral measurements yield an age of 72 ± 2 Ma
(Rock, 1976; McIntyre and Berger, 1982; Bernard-Griffiths
et al., 1997). Similar model for magma genesis are proposed
for Ormonde and Monchique (Bernard-Griffiths et al.,
1997).

4. Samples descriptions

4.1. Overview

Samples collected during the ‘‘Tore-Madeira Rise’’
cruise represent 40 different dredge sites located along the
flanks of the different seamounts. Magmatic rocks were
recovered in 22 dredges with exclusively basaltic lithologies
to the south of the Jo-Sister locality, and significantly differ-
entiated lithologies to the north (Fig. 1). Individual dredge
depth of our samples are given in Table 1, ranging from
�5007 to �1560 m representing seamount flank sections
between about 1 and 6 km, taking into account individual
seamount slopes measured at the sample localities. Although
the depth of sections are different among the seamounts, the
sampled rocks cover basal sections, intermediate levels, and
top sections of the 3000–4000 m high seamounts. We there-
fore consider that sampling is representative for lithologies
constituting the different seamounts, even if not all mounts
could be sampled from the bottom to the top.

Since most magmatic rocks have suffered significant
low-temperature alteration by seawater, dating accessory
minerals by the U–Pb chronometers was potentially the



Table 1
Petrological and mineralogical descriptions of rock samples from the different seamounts

Samples Location Dredging depth (m)
max–min

Rock type Alteration
(%)

Texture Phenocrystals Groundmass

Tore Smt (NW) 39�41.66N, 13�41.66W 4930–3350
TMD3b-2 Trachyte 5–10 Almost aphyric, micro-

vesicular, microlitic
fluidal

Rare mm-size An37 to anorth (An6;
Or21), diop (micro-phenocrysts):
Wo47–49; En27–30; Fs23–24, Fe–Ti ox

Lath of Anorth (An7–9;
Or19–23), pyroxene,
Fe–Ti ox

Tore Smt (N) 39�45.33N, 12�23.36W 5007–4589
TMDIOc-l Trachy-andesite 10–15 Slightly porphyritic,

micro-vesicular,
microlitic fluidal

Plag An40–44, Mg-hasting, diop (rare)
Wo48–49; En29–33; Fs19–22

Feldspar lath, Fe–Ti ox,
diop, Mg-hasting
(sparse)

TMD10c-2 Trachy-andesite 15 Slightly porphyritic,
micro-vesicular,
microlitic fluidal

Plag (oscillatory zoned) An38–47,
microphenocrysts of Mg-hasting
(minor), diop Wo46–48; En27–30;
Fs21–27, titanite (very rare)

Laths of plag An18–41,
Fe–Ti ox, diop, Mg-
hasting (rare)

Sponge Bob Smt 38�27.50N, 12�54.00W 3811–3243
TMD4-3 Trachyte 5 Slightly porphyritic,

microlithic fluidal
3–4mm-size euhedral sanidine Or36–42;
Ab56–62 (sparse), biotite, titanite, Fe–
Ti ox

Feldspar laths, Fe–Ti ox,
patchy biotite

TMD4-8 Trachyte 5–10 Porphyritic, microlithic
fluidal

3–4 mm-size euhedral K-feld An1–8;
Or25–48 (�3% modal), biotite, titanite,
Fe–Ti ox (microphenocrysts)

Feldspar laths, Fe–Ti ox,
patchy biotite

Ashton Smt 38�01.54N, 13�22.66W 2803–2395
TMD14-9 Trachyte <5 Highly porphyritic,

microlithic fluidal
6 mm–10 mm-size zoned K-fsp An2–

11; Or18–40 (�5% modal), subordinate
mm-size biotites, diop Wo45–46; En38–

39; Fs15–16 (sparse), Fe–Ti ox, apatite

Feldspar lath, Fe–Ti ox,
biotite, needles of
pyroxene

Gago Coutinho Smt 37�30.64N, 13�55.46W 2846–1560
TMD15-5 Trachyte 5–10 Almost aphyric,

microlithic fluidal
Euhedral zoned feldspar: An6 to
anorth (An6; Or34), Mg-hasting, diop
Wo45–46; En31–32; Fs22–23 (minor), Fe–
Ti ox, titanite

Lath of anorth (An8–9;
Or18–20), Fe–Ti ox,
pyroxene

Jo-Sister Smt 36�21.33N, 14�26.84W 2224–1960
TMD16-1 Trachy-andesite 35 Almost aphyric,

microlithic fluidal
Clino-amphibole (hastingsite,
kaersutite), core-altered plag An55–58

(rare), titanite, Fe–Ti Ox

K-fsp laths (Or22–46;
An2–15), Fe–Ti ox

TMD16-2 Trachy-phonolite 25 Almost aphyric,
microlithic fluidal

Clino-amphibole (hastingsite,
kaersutite), diop Wo47–49; En29–38;
Fs13–24 (microphenocrysts), titanite,
Fe–Ti ox

K-fsp laths (Or22–46;
An2–15), Fe–Ti ox

An, anorthite; Or, orthoclase; anorth, anorthoclase; diop, diopside; ox, oxides; Mg-hasting, magnesio-hastingsite; plag, plagioclase; K-fsp, K-feldspar. Microprobe analyses (EPMA) were performed
with a Cameca instrument (Microsonde Ouest, Brest). Analytical conditions were 15 kV, 15 nA, counting time 6 s, and correction by the ZAF method. Concentrations of <0.3% are considered
qualitative.
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most promising method to avoid alteration-induced bias
on the ages. Seawater alteration partly transformed the
crypto-crystalline groundmass to clay minerals, and facili-
tated Fe–Mn hydroxide in-filling of cracks and vesicles.
In examining all differentiated rocks, only 5 trachytes and
4 trachy-andesites contained primary magmatic titanite
and in consequence, our investigation was limited to these
samples representing six seamounts (Fig. 1). Zircon was
recovered from three of the titanite-bearing alkaline volca-
nics allowing combined U–Pb zircon–titanite dating and
Hf isotope measurements on zircon.

4.2. Detailed sample description

The principal petrographical and mineralogical charac-
teristics of the samples (thin sections and Electron Probe
Microanalyses) are given in Table 1. The groundmasses
of these samples show microlitic fluidal textures consisting
of laths of feldspars. A trachyte (TMD3b-2, 0.5 kg in
weight) dredged at NW-Tore is almost aphyric, displaying
rare mm-size feldspar phenocrysts, euhedral titanites and
few zircons. The matrix underwent alteration characterized
by Fe–Mn hydroxides lining the inner walls of vesicles. The
two samples from the northern part of Tore seamount
(TMD10c-1; TMD10c-2, 1.4 and 0.2 kg in weight, respec-
tively) are trachy-andesites, being slightly plagioclase-phy-
ric and carrying sparse brown amphiboles. Alteration is
characterized by Fe–Mn hydroxides, coating inner walls
of vesicles. Titanite is less abundant in TMD10c-2 than
in TMD10c-1 and no zircon could be seen.

The two Sponge Bob trachyte samples (TMD4-3, 1 kg in
weight; TMD4-8, 2.5 kg in weight) are porphyritic in mm-
size K-feldspar phenocrysts containing abundant titanite.
TMD4-3 contains also a few zircons. The Ashton sample
(TMD14-9, 1 kg in weight) is a fresh highly porphyritic tra-
chyte yielding abundant titanite and large zircons reaching
more than 1 mm in length. Zircon and titanite contain fre-
quent inclusions of apatite and oxides. The trachyte dredged
on the Gago Coutinho seamount (TMD15-5, 1 kg in
weight) is almost aphyric containing rare euhedral pheno-
crysts of zoned feldspars. Alteration is characterized by
Fe–Mn hydroxides along cracks. Titanite is abundant and
typically contains oxide inclusions; but zircon was absent.

The trachy-andesite samples from the Jo Sister sea-
mount (TMD16-1; TMD16-2, 4 and 1.5 kg in weight
respectively) are the most altered of all our samples. Bor-
ders of all TMD16-1 fragments are yellow-orange colored,
due to palagonization of the groundmass, whereas the inte-
rior is light grey. Sample TMD16-2 contains rare hasting-
site–kaersutite phenocryst and abundant grains of titanite
but no zircon. Alteration phases are hydroxides and clay
minerals partly replacing the groundmass.

Fifty-four abraded and non-abraded titanite and 10 zir-
con fractions were selected from nine different trachy-ande-
sites and trachytes for U–Pb geochronology. To search for
heterogeneities, overgrowths, and inclusions, all popula-
tions were examined by optical microscopy, back-scattered
electrons (BSE), and cathodoluminescence (CL) as dis-
played in Fig. 2. Grain-by-grain selection of the essentially
transparent titanites and zircons covers the full range of
habits constituting the populations (Figs. 2a–e). Titanites
are pale to dark yellow and occasionally light brown
reflecting pleochroism. Opaque inclusions are abundant
and most fractions analyzed contained such inclusions
(Figs. 2f, g and i), as well as some transparent colorless
euhedral crystals (probably apatites). Zircons are colorless
and also contain transparent and opaque inclusions (Figs.
2d and e). No significant growth heterogeneities, over-
growth or old cores could be detected.

5. Analytical procedures

Mineral separation was carried out using Franz isody-
namic magnetic separator, heavy liquids (CHBr3 and
CH2I2), and grain-by-grain hand-picking under the binoc-
ular microscope. Major and trace element analyses were
carried out by ICP-AES and ICP-MS at the University
of Brest (analytical procedures in Cotten et al., 1995) and
the CRPG at Nancy (analytical procedures in Govindaraju
and Mevelle, 1987 and Carignan et al., 2001). U–Pb and Pb
isotope measurements were performed on a Thomson 206
mass-spectrometer using a SEM for U–Pb analyses, and
a Faraday cage for Pb. Sr composition measurements were
made on the VG-Sector mass-spectrometer. Lead and U
isotopic ratios were corrected for 0.10 ± 0.05%/amu of
mass-fractionation on the SEM, as determined from
repeated runs of a mixed NBS-981 Pb/NBS-960 U
standard, as well as the gravimetrically calibrated
233U/235U spike (NBS-995/NBS-993). For NBS-981 Pb
our mean ratios (n = 8) corrected for mass-discrimination
are: 16.941 ± 0.004 (2-sigma-STERR) for 206Pb/204Pb,
15.501 ± 0.004 for 207Pb/204Pb, and 36.728 ± 0.009 for
208Pb/204Pb. For Faraday measurements, mass-fraction-
ation on Pb is 0.10 ± 0.03%/amu. Repeated measurements
of total Pb blanks (2004–2005) yielded 60 ± 30% pg for
titanite and 20 ± 60% pg for zircon, with less than 1 pg
blank U for both procedures. Zircon and titanite grains
were mechanically abraded to eliminate potentially altered
crystal surfaces (Krogh, 1982). Prior to dissolution in pure
>50% HF, titanite, zircon, and plagiclase were spiked with
a mixed 205Pb/235U solution, whereas K-feldspar, devoid of
U, was measured for composition only. Zircons were dis-
solved at 215 �C for 3 days in Teflon bombs followed by
anion exchange chemistry (modified from Krogh, 1973).
Titanite and feldspar was dissolved in PFA Teflon beakers
at 180 �C (�18 h). An HBr procedure was used, for separa-
tion and purification of U and Pb from titanite and plagio-
clase, modified after Manhès et al. (1978). For U–Pb, Pb
and Sr analyses, grain-by-grain selected feldspars were
washed in HCl 6 N, ground in an agate mortar, and
leached with 1% HF/HBr 1 N for a few minutes in the
ultrasonic bath (e.g., Schärer, 1991) prior to dissolution.

Strontium composition measurements on size-fractions
of grain-by-grain selected feldspars were done on unspiked



Fig. 2. Photomicrographs, CL and BSE images illustrating titanite and zircon grains. (a) prismatic fragments and a euhedral crystal of titanite; (b) and (c)
two different types of euhedral crystals of titanites; (d) and (e) zircons with opaque and transparent inclusions; (f) (transmitted light) zircon with
transparent inclusions; (g) zircon grain showing a well crystallized transparent inclusion, probably an apatite; (h) BSE image of a polished titanite grain
showing regular oscillatory growth zoning; (i) cathodoluminescence (CL) image of a polished zircon grain showing well-developed regular oscillatory
zoning, a well-crystallized inclusion is outlined; (j) CL image of a polished zircon grain showing well-developed regular oscillatory zoning.
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aliquots on 2/3 of the total sample solution, reserving 1/3
of the parent solution for spiking with a mixed 85Rb/84Sr
tracer for Rb–Sr concentration determination. For Sr
chemical separation, we employed Eichrom Sr-Spec. resin
while Rb separation was done with the AGW50-X12 cation
resin. Sr measurement accuracy was monitored using NBS-
987 standard yielding a mean (n = 8) ratio of
0.71026 ± 0.00005 (2-sigma-STERR). Hafnium isotope
measurements were performed on the Plasma-54 instru-
ment at the Ecole Normale Supérieure at Lyon using the
JMC-475 Hf standard for calibration after each sample
(Blichert-Toft et al., 1997). All data were normalized to
176Hf/177Hf = 0.282161 based on replicate analyses of
JMC 475, run before and after each analysis. For Hf iso-
tope analyses, the 3 N HCl fraction from the U–Pb proce-
dure was treated on the AGW50-X8 resin to avoid
interferences from 176Yb (e.g. Patchett and Tatsumoto,
1980; Bodet and Schärer, 2000). Isochrons were calculated
after Minster et al. (1979) and Ludwig (2003) with the latter
also used for constructing concordia plots.

6. Major and trace element results

6.1. Major elements

Compositions range in SiO2 from 56 to 63 wt% and be-
tween 0.21 and 0.67 wt% for MgO (Table 2), being consis-
tent with trachy-andesites to trachytes. The wide range of
alteration is reflected by their Loss On Ignition (LOI:
0.58–8.36 wt%). In the total-alkali vs. SiO2 diagram



Table 2
Major and trace element analytical results of rock samples from the different seamounts

Sample: TMD3b-2 TMD10c-1 TMD10c-2 TMD4-3 TMD4-8 TMD14-9 TMD15-5 TMD16-1 TMD16-2
Seamount: Tore (NW) Tore (N) Tore (N) Sponge Bob Sponge Bob Ashton Gago Coutinho Jo Sister Jo Sister

SiO2 (wt%) 62.00 58.18 58.45 62.98 63.40 60.25 62.20 56.40 56.67
TiO2 0.38 0.70 0.71 0.35 0.48 0.60 0.26 0.43 0.39
Al2O3 18.75 19.64 19.30 18.06 18.60 17.84 19.35 19.55 18.25
Fe2O3* 2.86 3.94 3.87 2.33 2.11 2.53 2.08 3.10 2.96
MnO 0.23 0.22 0.29 0.10 0.06 0.11 0.12 0.28 0.20
MgO 0.38 0.59 0.58 0.31 0.21 0.41 0.28 0.67 0.55
CaO 2.43 2.69 2.65 0.39 0.35 3.66 1.09 0.93 2.11
Na2O 6.75 6.18 6.20 6.61 6.45 6.10 6.75 4.95 5.37
K2O 4.60 4.10 3.85 5.59 6.85 5.91 5.30 5.15 6.55
P2O5 0.08 0.19 0.11 0.09 0.06 0.53 0.03 0.06 0.67
LOI 1.07 3.54 4.00 3.07 1.29 1.99 2.44 8.36 6.19
Total 99.53 99.97 100.02 99.88 99.86 99.93 99.90 99.88 99.90
Na2O+K2O 11.35 10.28 10.05 12.20 13.30 12.01 12.05 10.10 11.92
Q 0.05 — — 1.89 — — — 4.21 —
Cor — 0.62 0.40 0.66 0.08 — 0.62 4.69 0.10
Ne — — — — 1.34 3.12 — — 4.10
Rb (ppm) 76.0 60.7 43.5 211.0 185.0 105.0 105.0 62.0 105.0
Sr 692 862 835 26 63 377 392 98 338
Ba 1200.0 987.0 1025.0 14.3 240.0 643.0 0240.0 265.0 240.0
V 19 18 20 36 32 19 12 15 15
Cr 5.5 — 2.0 — 4.0 — 2.5 2.0 —
Co 1.5 1.2 1.0 0.4 0.8 1.6 21.0 1.0 1.9
Ni 11.0 24.6 37.0 — 2.5 5.5 10.0 53.0 31.3
Y 11.0 22.5 12.8 86.8 57.0 31.2 5.2 20.5 25.0
Zr 355 387 502 1007 1235 637 262 955 899
Nb 81 114 122 173 261 129 48 227 188
La 97 59 39 187 180 110 33 117 112
Ce 213 186 190 283 290 182 136 213 183
Nd 40.0 50.1 30.5 106.0 72.0 68.1 18.0 50.0 46.0
Sm 5.10 8.09 5.15 16.20 9.60 11.00 2.10 6.65 6.28
Eu 1.55 2.94 2.12 3.30 2.18 2.76 0.74 1.43 1.19
Gd 3.10 6.20 3.85 12.80 8.50 7.16 1.40 4.80 4.32
Dy 2.10 4.68 2.85 13.80 8.20 6.84 0.90 3.95 4.49
Er 1.10 2.06 1.30 9.52 5.80 3.11 0.50 2.20 2.50
Yb 1.09 1.69 1.14 16.60 6.40 3.64 0.47 2.10 2.97
Th 13.7 13.8 13.2 49.5 29.0 14.1 19.3 29.0 25.4
Eu/Eu* 1.19 1.27 1.46 0.70 0.74 0.95 1.32 0.77 0.70

Major and trace elements of samples TMD 3b-2, TMD4-8, TMD10c-2, TMD15-5 and TMD16-1 were obtained by ICP-AES at Brest (Université de
Bretagne Occidentale) following the method described in Cotten et al. (1995). Relative standard deviations are <2% for major elements, Rb and Sr, and
<5% for other trace elements. Analyses of samples TMD4-3, TMD10c-1, TMD14-9 and TMD16-2 were performed at Nancy (CRPG-CNRS). Major
elements were obtained by ICP-AES following the method described in Govindaraju and Mevelle (1987) and trace elements by ICP-MS following the
method in Carignan et al. (2001). Analytical precision is at 1–5% for major elements, except for MnO, MgO, Ca2O and P2O5 (10%). For trace elements,
analytical precision is in the range 5–10% for abundances >50 ppm, 5–15% between 50 and 10 ppm, 5–20% between 10 and 1 ppm and 5–25% for
abundances <1 ppm. Fe2O3*, total iron expressed as Fe2O3. LOI, loss on ignition. Eu/Eu* = EuN/

p
(SmN · GdN). CIPW norms calculated with adjusting

Fe3+/Fe2+ ratio after Middlemost (1989). Q, normative quartz; Cor, normative corundum; Ne, normative nepheline.
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(Fig. 3; TAS, Le Bas et al., 1986), all rocks lie either in the
trachyte or trachy-andesite fields corroborating their alka-
line affinity. One rock (TMD16-2) plots in the tephri-pho-
nolite field. This classification has to be considered to be
influenced by the high degrees of seawater alteration. The
freshest rocks are trachytes having less than 2 wt% of
LOI, being devoid of CIPW normative corundum (Table
2, TMD3b-2; TMD4-8; TMD14-9). They are moderately
alkaline (Na2O + K2O: 10–13 wt%), sodi-potassic, and
slightly under-saturated or saturated in SiO2 such as ob-
served for trachytes on the Ormonde seamount (Bernard-
Griffiths et al., 1997), where alkali magmatism was dated
at 67–77 Ma (Féraud et al., 1982, 1986; Schärer et al.,
2000). The other rocks contain CIPW normative corundum
(<5 wt%), associated in two rocks with significant CIPW
normative quartz, which most likely is the direct result of
seawater alteration.

6.2. Trace elements

Compatible trace element contents are low (Table 2;
Ni < 53 ppm, Cr < 5.5 ppm, Co < 21 ppm, V < 36 ppm)
which is in agreement with values expected for evolved la-
vas (Table 2). Cobalt content in the Gago Coutinho sample
(TMD15-5) is high with respect to the other samples where
compatible elements contents are low. This feature could
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be related to seawater alteration of Fe–Mn hydroxides that
incorporated Co. The incompatible element patterns of our
samples (Fig. 4) are very similar to these of trachytes from
Ormonde and Madeira which are interpreted to be pro-
duced by fractional crystallization from basaltic parental
melts.

Five samples show negative anomalies in Sr and Ba
(TMD4-3, TMD4-8, TMD14-9, TMD16-1 and TMD16-
2). Although these rocks underwent various degrees of
alteration the amplitude of trace element abundances do
not seem to be correlated with alteration; they seem to be
partly magmatic. Slightly negative Eu anomalies (Fig. 5)
suggest fractionation of sodi-potassic feldspars during late
stages of crystallization (Villemant et al., 1980). Rocks
without Sr and Ba anomalies show weak positive Eu anom-
alies indicating that plagioclase is a cumulate phase in these
rocks.

The concave shape of REE patterns is consistent with
removal of amphibole and apatite from the magma
(Fig. 5). The trachyte from Gago Coutinho (TMD15-5)
displays significant depletion in moderately and slightly
incompatible elements relative to trachytes from the
Madeira Archipelago and Ormonde trachytes (Figs. 4
and 5). This suggests very evolved stages of crystallization
including apatite fractionation causing magma depleted in
middle REE and Y, and titanite producing depletion in
middle REE and Nb. Fractionation of the latter phase is
evidenced by Nb depletion. Such depletion also occurred
in the TMD3b-2 lava (Tore NW). Three samples display
Ce anomalies that could be related to the filling of vesicles
and cracks by Fe–Mn hydroxides.

7. Geochronological and isotope results

7.1. General

The Tables 3 and 4 lists U–Pb analytical results of tita-
nites and zircons, Table 5 gives initial Pb composition of
feldspars, Table 6 lists Rb–Sr analytical results for feld-
spars, and Table 7 shows initial Hf isotope compositions
of zircon. For more analytical details we refer to the corre-
sponding footnotes. Concordia and isochron diagrams for
U–Pb analytical results are given in the Figs. 6–8. Initial Pb
isotopic composition of feldspars are shown in Fig. 9, rel-
ative to the evolution of continental crust, the MORB-type
mantle, and isotope signatures measured in magmatic
rocks related to seamount formation in the Central Atlan-
tic region (Fig. 10).

Given the fact that all titanites from the seamounts have
significant amounts of initial common Pb, relative to
radiogenic Pb, data are presented in both the Concordia
(207Pb/235U vs. 206Pb/238U) and isochron diagrams (238U/204Pb
vs. 206Pb/204Pb). The fundamental difference with this ap-
proach is that data of the Concordia plot are corrected
for initial Pb, whereas the isochron data include initial
Pb reflecting two different ways to derive ages. Since the
titanite populations are young and poor in U, and conse-
quently poor in radiogenic Pb, all ages are based on the
206Pb/238U chronometer because 207Pb/235U is not precise
enough; however, the latter ratios serve to test whether
the U–Pb chronometer behaved within analytical limits
as a closed system since crystallization. Some of the ellip-
ses (e.g., Figs. 6e and 8a) plot slightly to the left of the con-
cordia curve, which can be explained by the uncertainty in
common Pb correction due to real differences of intial Pb
compositions in titanite, not identical to that measured in
cogenetic feldspars.

7.2. U–Pb dating

7.2.1. Tore seamounts

From the northernmost expression of the volcanic range
at Tore (Fig. 1) two samples were analyzed for titanite, and
a third rock for titanite and zircon. In all populations, crys-
tal surfaces are well developed and devoid of any corrosion
features. From the TMD3b-2 trachyte from NW Tore, a
series of 5 abraded and unabraded titanite and 4 zircon size
fractions were analyzed. Titanites yield identically concor-
dant data (Fig. 6a), defining an average 206Pb/238U age of
80.5 ± 0.9 Ma (2r STERR). The same data produce
together with initial Pb of cogenetic plagioclase an iso-
chron age of 82.1 ± 2.4 Ma (Fig. 6b). The four zircon frac-
tions yield one concordant and 2 very slightly discordant
fractions with 206Pb/238U ages within error of the titanites.
The fourth fraction plots about 10% discordant yielding a
slightly older age around 99 Ma. These dates were not
included in age calculation.

Six titanite fractions from the trachy-andesite
(TMD10c-1) from north Tore yield identically concordant
and very slightly discordant data defining a mean
206Pb/238U age of 88.3 ± 3.3 Ma (Fig. 6c). Plotted together
with Pb data from plagioclase they yield a 238U/204Pb vs.
206Pb/204Pb isochron age of 87.8 ± 1.6 Ma (Fig. 6d). The
third sample (TMD10c-2) is also a trachy-andesite from
the same locality, for which four titanite fractions yield 3
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identically concordant dates and a slightly discordant frac-
tion defining together a mean age of 88.3 ± 3.9 Ma
(Fig. 6e). Regressed with initial Pb of plagioclase they yield
a 238U/204Pb– 206Pb/204Pb isochron age of 88.0 ± 4.5 Ma
(Fig. 6f).

7.2.2. Sponge Bob seamount

Six titanite size-fractions from the Sponge Bob trachyte
TMD4-3 yield identically concordant ages defining a mean
age of 102.8 ± 0.7 Ma (Fig. 7a) and 3 zircon fractions give
concordant to slightly discordant dates, with two fractions
within error of the mean titanite age. The most discordant
fraction yields a slightly older age of about 111 Ma.
Regressed together with K-fsp. the 6 titanite fractions give
a isochron age of 102.7 ± 0.7 Ma (Fig. 7b). Six titanite
fractions from the other trachyte (TMD4-8) yield equally
concordant data defining a mean titanite age of
104.4 ± 1.4 Ma in the concordia plot (Fig. 7c) and
107.2 ± 3.4 Ma together with K-fsp. in the
238U/204Pb–206Pb/204Pb isochron treatment (Fig. 7d).

7.2.3. Ashton seamount

Eight size-fractions of titanite from a trachyte (TMD
14-9) plot identically concordant defining an mean age of
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94.3 ± 2.4 Ma, and two zircon fractions plot equally con-
cordant (Fig. 7e). A third zircon analysis is about 2% dis-
cordant. The mean 206Pb/238U age of 96.8 ± 1.1 Ma for
the three zircon fractions is identical to the titanite age.
The full set of titanite and zircon data yields a mean age
of 96.3 ± 1.0 Ma. The eight titanite fractions define togeth-
er with K-fsp. a 238U/204Pb–206Pb/204Pb isochron age of
93.7 ± 0.7 Ma (Fig. 7f).

7.2.4. Gago Coutinho seamount

Two of the five titanite fractions from a trachyte
(TDM15-5) yield identically concordant ages, whereas the
other three analyses plot by 2–4% discordant having slightly
older 207Pb/235U ages (Fig. 8a). The mean 206Pb/238U age of
all fractions is 92.3 ± 3.8 Ma. Their 238U/204Pb–206Pb/204Pb
isochron age including K-fsp. is 93.8 ± 1.5 Ma (Fig. 8b).
These titanite ages agree within error with two new horn-
blende ages from other rocks of this seamount yielding
92.9 ± 0.6 and 94.5 ± 0.4 Ma obtained by the 40Ar/39Ar
method (Geldmacher et al., in press).

7.2.5. Jo Sister seamount

Four titanite fractions from the trachy-andesite
TMD16-1 plot identically concordant, whereas a fifth frac-
tion lies about 2% discordant (Fig. 8c). Their mean
206Pb/238U age is 86.5 ± 3.4 Ma. All fractions regressed
together with initial Pb measured in K-fsp. yield an iso-
chron age of 86.7 ± 0.9 Ma (Fig. 8d). The tephri-phonolite
sample (TMD16-2) yielded eight identically concordant
titanite analyses, and a slightly discordant data defining a



Table 3
U–Pb analytical results (Concordia plot) for titanites and zircons from the different seamounts

Sample descriptiona Weight (mg) Concentration
(ppm)

206Pb
204Pb

Radiogenic Pb in
atomic % c

Atomic ratiosc Apparent
ages Mac

Corr.
Coef.

U Pb rad. Meas.b 206Pb 207Pb 208Pb
206Pb
238U

%err (2r)
207Pb
235U

%err (2r)
206Pb
238U

207Pb
235U

TMD 3b-2 (NW Tore)

Titanite
(1) Titanite �25 gr., NA, Ss, Pr. Frag.,

Gdn. to Lgt. Yw, opaq. incl.
0.2651 13.69 0.38 36.16 37.8 1.6 60.6 0.01222 8.5 0.0712 35.0 78.3 69.8 0.40

(2) Titanite 3 gr., Ls, sPr., Lgt, Yw, opaq. incl. 0.2990 13.66 0.44 44.10 35.8 2.1 62.1 0.01332 6.8 0.1073 16.3 85.3 103.5 0.51
(3) Titanite 12 gr., Ls, sPr., Lgt. Yw, opaq. incl. 0.3210 14.93 0.45 44.25 36.6 1.9 61.5 0.01263 7.5 0.0893 17.0 80.9 86.9 0.53
(4) Titanite 5 gr., Ls, sPr., Lgt. Yw 0.3455 15.61 0.48 50.48 36.3 2.1 61.6 0.01284 5.7 0.1003 14.1 82.3 97.1 0.51
(5) Titanite 6 gr., Ls, sPr., Lgt. Yw, opaq. incl. 0.2484 14.98 0.44 56.64 37.6 4.9 60.5 0.01275 9.9 0.0896 12.0 81.7 87.1 0.82

Zircon
(6) Zircon 5 gr., Ss, sPr., Dk to Pl. Yw, 0.0900 117.29 2.01 135.54 62.7 3.0 34.3 0.01249 1.9 0.0832 4.2 80.0 81.2 0.54
(7) Zircon �15 gr., Ss, sPr., Pl. Yw 0.0426 197.41 3.08 146.17 68.6 3.5 27.9 0.01242 2.4 0.0871 3.5 79.5 84.8 0.72
(8) Zircon �12 gr., Ss, sPr., Pl. Yw 0.0787 232.75 4.66 305.98 54.7 2.9 42.4 0.01268 2.1 0.0932 4.2 81.2 90.5 0.58
(9) Zircon �10 gr., Ss, sPr., opaq. incl. 0.0430 394.71 7.42 452.49 71.0 3.8 25.2 0.01549 1.3 0.1131 2.8 99.1 108.8 0.54

TMD 10c-1 (N Tore)

Titanite
(10) Titanite 8 gr., Ms to Ls, sPr.,

Gd. to Lgt. Yw, opaq. incl.
0.2286 9.59 0.30 30.65 37.0 2.0 61.0 0.01326 9.5 0.0975 38.9 84.9 94.5 0.44

(11) Titanite 4 gr., Ls to VLs, sPr., Gdn. Yw 0.3191 9.75 0.34 48.98 34.6 2.1 63.3 0.01396 9.8 0.1162 17.4 89.4 111.6 0.62
(12) Titanite 14 gr., Ss to Ms, sPr.,

Gdn. Yw, opaq. incl.
0.2793 9.82 0.34 48.00 33.8 2.0 64.2 0.01360 11.7 0.1086 14.6 87.1 104.6 0.80

(13) Titanite 12 gr., Ms, sPr., Gdn.
Yw, opaq. incl.

0.3727 9.07 0.35 44.70 32.2 2.l 65.7 0.01422 7.9 0.1254 16.5 91.0 119.9 0.58

(14) Titanite 8 gr., Ms, sPr., Lgt. Yw,
opaq. incl.

0.2942 9.48 0.32 44.64 34.2 1.4 64.4 0.01349 10.7 0.0772 19.8 86.4 75.5 0.56

(15) Titanite 10 gr., Ms to Ls, sPr.,
Gdn. Yw, opaq. incl.

0.3658 10.62 0.40 51.02 32.4 1.7 65.9 0.01397 7.5 0.0988 12.8 89.4 95.6 0.63

TMD 10c-2 (N Tore)

Titanite
(16) Titanite �10 gr., NA, Ss, Pr. Frag.,

Lgt. Yw, opaq. incl.
0.2417 9.20 0.27 27.80 43.0 3.1 53.9 0.01441 12.1 0.1452 32.9 92.3 137.7 0.52

(17) Titanite �20 gr., NA, Ss, Pr. Frag.,
Lgt. Yw, opaq. incl.

0.3267 9.69 0.34 36.98 34.2 2.7 63.1 0.01393 7.4 0.1496 25.3 89.1 141.6 0.52

(18) Titanite �25 gr., NA, Ss, Pr. Frag.,
Lgt. Yw, opaq. incl.

0.3960 10.63 0.37 26.74 32.8 2.6 64.6 0.01333 6.6 0.1455 42.0 85.4 137.9 0.64

(19) Titanite �15 gr., NA, Ss, Pr. Frag.,
Lgt. Yw

0.2255 12.45 0.36 37.88 45.2 2.1 52.7 0.01515 15.5 0.0986 30.3 97.0 95.5 0.52

TMD 4-3 (Sponge Bob)

Titanite
(20) Titanite 7 gr., NA, Ls to VLs, sPr.,

Gdn. Yw
0.4524 9.16 0.45 28.58 28.9 1.5 69.6 0.01625 5.9 0.1164 53.4 103.9 111.8 0.58

(continued on next page)
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Table 3 (continued)

Sample descriptiona Weight (mg) Concentration
(ppm)

206Pb
204Pb

Radiogenic Pb in
atomic % c

Atomic ratiosc Apparent
ages Mac

Corr.
Coef.

U Pb rad. Meas.b 206Pb 207Pb 208Pb
206Pb
238U

%err (2r)
207Pb
235U

%err (2r)
206Pb
238U

207Pb
235U

(21) Titanite 7 gr., NA, Ls to VLs,
Pr. Frag., Gdn. Yw

0.4502 11.73 0.54 31.97 30.5 1.2 68.3 0.01612 4.4 0.0904 39.6 103.1 87.9 0.49

(22) Titanite 12 gr., NA, Ls, Pr. Frag.,
Gdn. Yw, opaq. incl.

0.2302 11.90 0.53 30.31 31.1 1.3 67.5 0.01600 7.5 0.0942 38.4 102.3 91.4 0.39

(23) Titanite �12 gr., Ms to Ls, Pr. Frag.,
Gdn. Yw

0.2670 11.86 0.53 30.73 30.6 1.4 68.1 0.01590 7.0 0.0978 45.1 101.7 94.7 0.38

(24) Titanite 5 gr., NA, Ms, Pr. Frag.,
Gdn. Yw, opaq. incl.

0.2475 11.78 0.54 30.36 30.8 1.9 67.3 0.01639 8.6 0.1356 40.5 104.8 129.1 0.44

(25) Titanite 6 gr., NA, Ms to Ls, LPr.,
Gdn. Yw

0.2007 12.13 0.55 28.48 30.6 1.1 68.3 0.01608 9.8 0.0796 65.8 102.8 77.8 0.31

Zircon
(26) Zircon �12 gr., Ss, sPr., Nc,

opaq. incl.
0.0632 312.74 8.11 440.97 53.7 2.7 43.6 0.01614 0.9 0.1124 1.7 103.2 108.1 0.62

(27) Zircon 5 gr., Ms, sPr., Nc,
opaq. incl.

0.0701 237.05 5.80 316.11 56.3 2.7 41.0 0.01597 1.1 0.1060 2.0 102.1 102.3 0.62

(28) Zircon �14 gr., Ss, sPr., Nc,
opaq/ap. incl.

0.0942 289.67 8.23 393.10 53.0 2.8 44.3 0.01745 3.7 0.1250 4.2 111.5 119.6 0.90

TMD 4-8 (Sponge Bob)

Titanite
(29) Titanite �10 gr., NA, MS, Pr. Frag.,

Gdn. Yw, opaq. incl.
0.1822 11.60 0.49 22.67 33.3 1.7 65.0 0.01634 5.7 0.1144 74.2 104.5 110.0 0.74

(30) Titanite 6 gr., NA, Ms to Ls, Pr. Frag.,
Gdn. Yw

0.3526 12.48 0.61 22.73 27.5 1.4 71.1 0.01560 3.8 0.1065 61.6 99.8 102.8 0.87

(31) Titanite 4 gr., NA, Ls to VLs, Pr. Frag.,
Gdn. Yw

0.3684 12.95 0.66 22.21 27.0 0.1 71.9 0.01585 3.3 0.0895 59.5 101.4 87.0 0.75

(32) Titanite 8 gr., Ms to Ls, Pr. Frag.,
Gdn. Yw

0.3764 12.86 0.68 24.62 26.8 1.4 71.8 0.01634 3.5 0.1190 40.5 104.5 114.1 0.65

(33) Titanite 6 gr., Ls, Pr. Frag., Gdn. Yw 0.3674 12.27 0.64 28.62 27.1 1.0 71.9 0.01622 2.8 0.0834 30.6 103.7 81.3 0.47
(34) Titanite 8 gr., Ms to Ls, Pr. Frag.,

Gdn. Yw
0.3182 12.02 0.65 26.09 27.3 1.3 71.4 0.01701 2.4 0.1109 16.7 108.7 106.8 0.45

TMD 14-9 (Ashton)

Titanite
(35) Titanite 1 gr., VLs, sPr., Gdn. Yw 0.5448 9.99 0.47 34.32 26.8 1.2 72.0 0.01459 4.4 0.0876 43.2 93.4 85.3 0.53
(36) Titanite 11 gr., Ms, Pr. Frag., Gdn. Yw 0.1908 8.33 0.30 29.66 35.0 2.2 62.8 0.01454 11.9 0.1286 29.3 93.0 122.8 0.51
(37) Titanite 3 gr., NA, Ls, sPr., Gdn. Yw,

opaq. incl.
0.1898 8.44 0.33 27.98 32.3 2.4 65.2 0.01454 9.7 0.1502 9.7 93.1 142.1 0.51

(38) Titanite 10 gr., Ms, Pr. Frag., Gdn. Yw,
opaq. incl.

0.1165 8.96 0.28 27.20 40.2 2.2 57.6 0.01466 15.6 0.1120 15.6 93.8 107.8 0.44

(39) Titanite �20 gr., Ss, Pr. Frag., Gdn. Yw,
opaq. incl.

0.3374 8.79 0.38 30.64 29.3 1.4 69.3 0.01481 5.9 0.0974 46.9 94.8 94.4 0.51

(continued on next page)
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Table 3 (continued)

(40) Titanite 1 gr., VLs, sPr.,
Gdn. Yw

0.3802 8.77 0.35 33.15 32.0 1.7 66.3 0.01479 6.0 0.1088 37.9 94.6 104.8 0.48

(41) Titanite 4 gr., NA, Ls to
VLs, sPr., Gdn. Yw

0.3082 8.77 0.36 35.26 33.4 2.1 64.5 0.01593 14.0 0.1384 44.3 101.9 131.6 0.48

(42) Titanite 1 gr., VLs, sPr.,
Gdn. Yw

0.2570 8.47 0.34 29.90 32.5 1.8 65.7 0.01497 7.8 0.1142 44.4 95.8 109.8 0.49

Zircon
(43) Zircon 4 gr., Ms, sPr.,

Nc
0.2142 56.06 1.05 323.70 69.2 3.3 27.5 0.01508 1.3 0.1000 2.2 96.5 96.8 0.66

(44) Zircon 6 gr., Ss, sPr.
Nc, opaq/ap. incl.

0.0886 53.39 1.09 117.82 64.2 3.1 32.8 0.01525 4.0 0.1005 9.1 97.6 97.3 0.53

(45) Zircon 4 gr., Ms, sPr.,
Nc

0.0991 76.12 1.57 152.32 64.2 3.4 32.4 0.01531 3.1 0.1109 4.6 97.9 106.8 0.72

TMD 15-5 (Gago Coutinho)

Titanite
(46) Titanite 8 gr., Ms, Pr.

Frag., Gdn. to Dk Yw
0.1296 14.10 0.46 27.99 37.0 3.0 60.1 0.01402 8.7 0.1545 34.7 89.7 145.9 0.54

(47) Titanite 12 gr., Ms, Pr.
Frag., Lgt. Yw, opaq.
incl.

0.1350 13.16 4.7 0.37 44.9 2.7 52.4 0.01480 11.0 0.1221 17.3 94.7 117.0 0.65

(48) Titanite 15 gr., Ms, Pr.
Frag.,Lgt. to Dk Yw,
opaq. incl.

0.1975 12.11 0.41 35.35 36.2 2.0 61.8 0.01425 9.4 0.1066 29.2 91.2 102.8 0.44

(49) Titanite 15 gr., Ms, Pr.
Frag., Lgt. to Dk Yw,
opaq. incl.

0.1854 14.47 0.50 36.17 36.8 2.7 60.5 0.01473 7.9 0.1483 18.4 94.2 140.4 0.56

(50) Titanite 20 gr., Ss, Pr.
Frag., Lgt. Yw, opaq.
incl.

0.2430 14.74 0.56 40.44 33.0 1.6 65.4 0.01440 9.3 0.0941 18.4 92.2 91.3 0.55

TMD 16-1 (Jo Sister)

Titanite
(51) Titanite 10 gr., Ss, Pr.

Frag., Lgt Gdn. Yw,
opaq.incl.

0.2053 9.95 0.31 35.56 38.2 2.1 59.7 0.01394 12.0 0.1058 33.6 89.2 102.1 0.45

(52) Titanite 15 gr., NA, Ss,
Pr. Frag., Lgt Gdn. Yw,
opaq. incl.

0.2377 10.06 0.32 36.79 37.2 2.3 60.5 0.01359 10.4 0.1158 19.8 87.0 111.2 0.58

(53) Titanite 25 gr., Ss, Pr.
Frag.,Lgt Gdn. Yw,
opaq.incl.

0.2567 10.07 0.34 30.64 35.5 2.1 62.5 0.01366 8.7 0.1106 22.8 87.5 106.5 0.50

(54) Titanite 9 gr., Ms, sPr.,
Lgt Gdn. Yw, opaq.
incl.

0.2485 10.80 0.32 38.09 39.5 2.0 58.5 0.01336 9.6 0.0954 23.0 85.6 92.5 0.50

(55) Titanite 14 gr., Ms, sPr.,
Lgt Gdn. Yw, opaq.
incl.

0.3621 10.86 0.35 39.58 36.0 1.8 62.2 0.01336 6.3 0.0918 23.8 85.6 89.2 0.44

(continued on next page)
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Table 3 (continued)

Sample descriptiona Weight (mg) Concentration
(ppm)

206Pb
204Pb

Radiogenic Pb in atomic
% c

Atomic ratiosc Apparent ages
Mac

Corr.
Coef.

U Pb rad. Meas.b 206Pb 207Pb 208Pb
206Pb
238U

%err (2r)
7Pb
5U

%err (2r)
206Pb
238U

207Pb
235U

TMD 16-2 (Jo Sister)

Titanite
(56) Titanite �10 gr., Ss to

Ms, Pr. Frag., Gdn. Yw,
opaq. incl.

0.2462 10.79 0.33 31.07 39.7 2.2 58.0 0.01402 6.9 1090 34.6 89.8 105.1 0.47

(57) Titanite �12 gr., Ss, Pr.
Frag., Gdn. Yw, opaq. incl.

0.2716 10.80 0.38 28.75 40.1 1.9 63.0 0.01435 9.4 1073 49.8 91.8 103.5 0.44

(58) Titanite 18 gr., NA, Ss, Pr.
Frag., Lgt Gdn. Yw, opaq. incl.

0.3664 10.92 0.36 29.99 37.1 2.6 60.3 0.01423 5.2 1396 39.9 91.1 132.7 0.67

(59) Titanite �20 gr., NA, Ss, Pr.
Frag., Gdn. Yw, opaq. incl.

0.3642 9.99 0.34 30.94 35.1 1.6 63.3 0.01372 5.2 0877 46.4 87.8 85.3 0.53

(60) Titanite 6 gr., Ms to Ls, sPr.,
Gdn. Yw, opaq. incl.

0.2430 10.21 0.33 40.63 41.5 2.0 56.6 0.01548 11.8 1008 33.6 99.0 97.5 0.45

(61) Titanite 8 gr., Ms, sPr.,
Gdn. Yw, opaq. incl.

0.1110 10.82 0.25 29.38 51.6 3.5 44.9 0.01354 18.3 1265 30.4 86.7 120.9 0.61

(62) Titanite 10 gr., Ss, Pr.
Frag., Gdn. Yw, opaq. incl.

0.2134 10.41 0.32 29.89 37.5 2.1 60.4 0.01315 11.9 1017 39.5 84.2 98.3 0.45

(63) Titanite 10 gr., Ss to Ms,
Pr. Frag., Gdn. Yw, opaq. incl.

0.2066 11.98 0.35 34.12 40.8 2.8 56.4 0.01365 12.9 1291 25.0 87.4 123.3 0.57

(64) Titanite �20 gr., NA,
Ms, Pr. Frag., Lgt Yw, opaq. incl.

0.3099 10.47 0.32 36.27 37.8 2.3 59.9 0.01355 7.3 1144 33.8 86.8 110.0 0.48

(a) Analyses were performed on transparent, euhedral titanites and zircons. NA, non-abraded (all other minerals mechanically abraded, following the echnique described by Krogh (1982)). Gr., grains;
Ss, small size (100–150 lm); Ms, middle size (150–200 lm); Ls, large size (200–250 lm); VLs, very large size (>250 lm); Pr. Frag., prismatic fragmen sPr., short prismatic (length/width = 2 to 4); Yw,
yellow; Dk., dark; Lgt., light, Gd., golden; Pl., pale; Nc, no color; opaq. incl., opaque inclusions, opaq/ap. incl., opaque and/or apatite inclusions. M s discrimination is 0.10 ± 0.05%/amu for both Pb
and U. Decay constants for 238U and 235U are thoses determined by Jaffey et al. (1971) and recommended by Steiger and Jäger (1977): 238U = 1.55125 · 10�10 y�1 ± 8.33 · 10�14 (0.054%),
235U = 9.84850 · 10�10 y�1 ± 6.71 · 10�13 (0.068%). Total Pb blanks are from 60 to 100 pg for titanite and from 20 to 34 pg for zircon. Total proced ral U blanks are less than 1 pg in both procedures
(see analytical procedures for details). (b) Ratios corrected for mass-discrimination and isotopic tracer. (c) Ratios corrected for mass-discriminati , isotopic tracer contribution, blank, and initial
common Pb determinated in leached K-fsp and Plag. from the same rock sample (Table 5).
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Table 4
Isochron U–Pb data for the titanite fractions from the rock samples from the different seamounts

Samples Concentration Pb comm. (ppm) 206Pb/204Pb(a) (a) Error in % (2r-STERR) 238/204(a) (l) Error in % (2r-STERR)

TMD 3b-2 (NW Tore)

(1) Titanite 0.357 49.29 1.03 2467 1.11
(2) Titanite 0.257 64.66 0.65 3418 1.50
(3) Titanite 0.286 61.59 0.42 3360 4.74
(4) Titanite 0.231 74.94 0.87 4344 1.50
(5) Titanite 0.075 181.85 0.64 12761 1.82
(6) Plag. 19.14 0.07 — —

TMD 10c-1 (N Tore)

(7) Titanite 0.433 38.64 0.81 1443 0.96
(8) Titanite 0.099 109.01 1.47 6411 1.57
(9) Titanite 0.076 134.09 0.83 8425 0.50
(10) Titanite 0.158 72.72 1.14 3743 0.91
(11) Titanite 0.117 90.84 0.78 5287 0.54
(12) Titanite 0.134 91.67 0.59 5168 0.71
(13) Plag. 19.50 0.11 — —

TMD 10c-2 (N Tore)

(14) Titanite 0.543 35.22 0.57 1101 0.87
(15) Titanite 0.304 48.21 1.63 2072 1.47
(16) Titanite 0.938 29.17 0.35 737.1 0.62
(17) Plag. 19.34 0.08 — —

TMD 4-3 (Sponge Bob)

(18) Titanite 0.829 31.21 1.02 722.3 1.32
(19) Titanite 0.775 35.43 0.43 989.8 0.36
(20) Titanite 0.745 36.19 0.44 1045 0.50
(21) Titanite 0.736 36.23 0.74 1053 0.51
(22) Titanite 0.718 37.05 1.19 1072 1.32
(23) Titanite 0.842 34.63 0.71 942.6 1.33
(24) K-fsp 19.47 0.13 — —

TMD 4-8 (Sponge Bob)

(24) Titanite 3.43 23.27 0.66 223.3 0.98
(25) Titanite 3.83 22.98 0.52 215.3 1.13
(26) Titanite 4.32 22.75 0.32 197.7 1.13
(27) Titanite 2.49 25.19 0.55 340.6 0.88
(28) Titanite 1.26 30.00 0.54 640.2 0.51
(29) Titanite 1.85 26.93 0.17 429.9 0.50
(30) K-fsp 19.62 0.21 — —

TMD 14-9 (Ashton)

(31) Titanite 0.503 38.20 0.74 1291 0.48
(32) Titanite 0.394 39.35 0.42 1374 0.50
(33) Titanite 0.563 33.54 0.52 974.9 0.41
(34) Titanite 0.496 36.56 0.96 1172 0.61
(35) Titanite 0.556 34.59 0.54 1027 0.72
(36) Titanite 0.437 38.66 0.93 1305 1.15
(37) Titanite 0.516 35.32 0.94 1066 1.09
(38) K-fsp 19.36 0.04 — —

TMD 15-5 (Gago Coutinho)

(39) Titanite 0.977 32.63 0.65 941.3 0.38
(40) Titanite 0.309 60.50 0.24 2775 0.36
(41) Titanite 0.368 50.01 0.97 2145 1.17
(42) Titanite 0.482 48.27 0.55 1958 0.41
(43) Titanite 0.309 64.24 0.34 3110 0.91
(44) K-fsp 19.44 0.03 — —

TMD 16-1 (Jo Sister)

(45) Titanite 0.241 56.61 0.60 2730 0.50
(46) Titanite 0.316 47.97 0.51 2084 0.45
(47) Titanite 0.242 58.44 0.81 2914 0.97
(48) Titanite 0.288 52.45 0.78 2465 0.52
(49) K-fsp 19.50 0.05 — —

TMD 16-2 (Jo Sister)

(49) Titanite 9 0.572 36.81 0.42 1234 0.55
(continued on next page)
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Table 4 (continued)

Samples Concentration Pb comm. (ppm) 206Pb/204Pb(a) (a) Error in % (2r-STERR) 238/204(a) (l) Error in % (2r-STERR)

(50) Titanite 10 0.661 34.85 0.88 1069 1.04
(51) Titanite 11 0.770 32.71 0.98 928.7 1.42
(52) Titanite 12 0.597 34.53 0.30 1095 0.33
(53) Titanite 17 0.349 46.96 0.82 2028 4.06
(54) Titanite 19 0.449 39.45 0.89 1517 1.29
(55) Titanite 20 0.311 53.93 0.99 2523 1.03
(56) Titanite 22 0.332 47.44 1.74 2062 0.95
(57) K-fsp 19.50 0.06 — —

For each rock, initial Pb ratios were measured in plagioclases and K-fsp from the same rock (Table 5). (a) Ratio corrected for mass discrimination, isotopic
tracer contribution, and Pb blank.

Table 5
Pb analytical results for feldspars of the different dated seamounts

Samples Mineral (206Pb/204Pb)i (207Pb/204Pb)i (208Pb/204Pb)i Source

l x j

Tore seamount

TMD3b-2 Plag 19.139 ± 0.013 15.544 ± 0.012 38.750 ± 0.030 9.68 37.23 3.85
TMD10c-1 Plag 19.496 ± 0.021 15.611 ± 0.021 39.281 ± 0.050 10.04 39.42 3.93
TMD10c-2 Plag 19.343 ± 0.016 15.642 ± 0.014 39.310 ± 0.025 9.89 39.54 4.00

Sponge Bob seamount

TMD4-3 K-fsp 19.471 ± 0.025 15.714 ± 0.020 39.496 ± 0.049 10.04 40.41 4.03
TMD4-8 K-fsp 19.620 ± 0.042 15.828 ± 0.040 39.936 ± 0.109 10.19 42.19 4.14

Ashton seamount

TMD14-9 K-fsp 19.363 ± 0.007 15.636 ± 0.006 39.179 ± 0.015 9.92 39.08 3.94

Gago Coutinho seamount

TMD15-5 K-fsp 19.440 ± 0.006 15.661 ± 0.010 39.377 ± 0.028 9.99 39.84 3.99

Jo Sister seamount

TMD16-1 K-fsp (microlite) 19.497 ± 0.009 15.652 ± 0.007 39.517 ± 0.016 10.04 40.36 4.02
TMD16-2 K-fsp (microlite) 19.496 ± 0.012 15.669 ± 0.009 39.552 ± 0.026 10.04 40.52 4.04

Plagioclases were spiked with the 233U–235U–205Pb tracers to U/Pb. No significant amount of U was detected. Isotopic ratios were determinated with a VG
sector instrument using a Faraday cup and a Thomson 206 instrument using a Faraday cup and an electron multiplier system. For both instruments, the
Faraday cups were used. All l (238U/204Pb), x (232Th/204Pb) and j (232Th/238U) values were calculated for the U–Pb Concordia age of the same rock
(Table 3) using a single-stage evolution model of the Earth mantle (Holmes, 1946). For these calculations, constants used are recommended by IUGS
(Steiger and Jäger, 1977); an age of 4.56 Ga was used for the Earth (Allègre et al., 1995) and initial Pb composition measured in Canyon Diablo iron
meteorite (Tatsumoto et al., 1973).
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mean 206Pb/238U age of 89.3 ± 2.3 Ma (Fig. 8e). The tita-
nite–K-fsp. 238U/204Pb–206Pb/204Pb isochron age is
88.3 ± 1.3 Ma (Fig. 8f).

7.3. Pb–Sr–Hf isotope results

Pb, Sr, and Hf isotope data are summarized in the Ta-
bles 5–7, and plotted in the Figs. 9–12 together with data
fields for Atlantic MORB, the latest Miocene to Quaterna-
ry São Miguel Island, the 14 Ma to recent Madeira Archi-
pelago, and in particular, Ormonde and Monchique
Cretaceous alkaline magmatism (Fig. 1). Where appropri-
ate, data for worldwide OIB were also included as well as
data from the Ampere, Seine, and Unicorn seamounts
(Fig. 1). Initial Hf signatures are plotted vs. time in
Fig. 11, together with evolution model curves for depleted
MORB mantle (DM) and chondrite uniform mantle reser-
voir (CHUR).
8. Discussion

8.1. Geochronology

Since the U–Pb chronometer in zircon and titanite be-
have as closed systems at temperatures in excess to
700 �C (e.g., Krogh, 1973; Zhang and Schärer, 1996), all
ages given in both the Concordia and isochron diagrams
can be interpreted to date the crystallization of these min-
erals either in the magma chamber from where magmas
were extracted or in situ, within the solidifying lava. Time
intervals between chamber or lava crystallization can be
considered to be short, compared to analytical uncertain-
ties on the ages. Investigations of magma transfer kinetics
show that these processes are very rapid occurring on the
order of 100–200 ky (e.g. Condomines et al., 1982). Zircon
data from two trachytes (Figs. 6a and 7a) substantiate the
presence of very small amounts of older inherited zircon



Table 6
Rb–Sr analytical results for feldspars from the different seamount samples

Samples Weight (mg) Concentrations 87Rb/86Sr ±2% Concordia age (Ma) 87Sr/86Sr measured (87Sr/86Sr)i

Sr (ppm) Rb (ppm)

Tore seamount

TMD3b-2 9.95 459 2.39 0.0152 80.5 0.70308 ± 1 0.70306
TMD10c-1 9.34 630 0.51 0.0024 88.3 0.70341 ± 1 0.70340
TMD10c-2 8.03 705 0.53 0.0022 88.2 0.70294 ± 2 0.70294

Sponge Bob seamount

TMD4-3 8.95 14.3 49.7 10.2 102.8 0.70869 ± 2 0.69396*
Duplicate 8.31 11.8 39.0 9.70 102.8 0.70928 ± 2 0.69528*
TMD4-8 8.46 72.7 23.6 0.951 104.4 0.70371 ± 3 0.70231

Ashton seamount

TMD14-9 9.30 257 8.22 0.0935 96.3 0.70321 ± 1 0.70309

Gago Coutinho seamount

TMD15-5 9.00 372 3.73 0.0294 92.3 0.70309 ± 1 0.70305

Jo Sister seamount

TMD16-1 8.13 113 25.5 0.6596 86.5 0.70360 ± 4 0.70280
TMD16-2 9.20 69.4 29.9 1.26 89.3 0.70401 ± 3 0.70243

Measured 87Sr/86Sr ratios were normalized to 86Sr/88Sr = 0.1194. Analytical uncertainties are ± 2% for 87Rb/86Sr. Uncertainties for measured 87Sr/86Sr are
given in table relative to the last digits. The 87Rb decay constant used to calculate 87Sr/86Sr(i) is 1.42 · 10�11y�1(Steiger and Jäger, 1977). Rb and Sr
concentration were performed on a Thomson 206 mass-spectrometer using electron multiplier and a single Faraday cup. Isotopic compositions of Sr were
performed on a VG sector mass-spectrometer using a single Faraday cup. *, overcorrection from high 87Rb/86Sr.

Table 7
Hf isotope analytical results for the dated zircons of the different seamount samples

Samples 176Hf/177Hf measured Concordia age (Ma) eHf0 (present day) eHfi

Tore seamount

TMD 3b-2 Z1 0.282983 ± 8 80.5 7.5 9.3 ± 0.3
TMD 3b-2 Z2 0.283084 ± 7 80.5 11.0 12.9 ± 0.2
TMD 3b-2 Z3 0.282996 ± 11 80.5 7.9 9.7 ± 0.4

Sponge Bob seamount

TMD 4-3 Z1 0.282966 ± 8 102.8 6.9 9.2 ± 0.3
TMD 4-3 Z2 0.282901 ± 8 102.8 4.6 6.9 ± 0.3

Ashton seamount

TMD 14-9 Z1 0.282965 ± 5 96.3 6.8 9.0 ± 0.2
TMD 14-9 Z2 0.282953 ± 8 96.3 6.4 8.6 ± 0.3
TMD 14-9 Z3 0.282942 ± 7 96.3 6.0 8.2 ± 0.2

Measured 176Hf/177Hf are corrected for mass-discrimination using 179Hf/177Hf = 0.7325 (Patchett and Tatsumoto, 1980). JMC- 475 Hf standard:
176Hf/177Hf = 0.282163 ± 9 (Blichert-Toft et al., 1997). To calculate epsilon values (eHf0 and eHfi) the following constants were used: age of the
Earth = 4.56 Ga; ð176Lu=177HfÞ0CHUR ¼ 0:0332� 2; (176Hf/177Hf)CHUR today = 0.282772 ± 29; (176Hf/177Hf)CHUR at 4.56 Ga = 0.279718 ± 29 (Blic-
hert-Toft and Albarède, 1997); eHfT

sample ¼ ½ð176Hf=177HfÞTsample=ð176Hf=177HfÞTCHUR � 1� � 104, with ð176Hf=177HfÞTCHUR ¼ ð176Hf=177HfÞ0CHUR�
ð176Lu=177HfÞ0CHUR � ðekT � 1Þ (Patchett et al., 1981); kLu = 1.93 · 10�2 Ga�1 (Sguigna et al., 1982).
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incorporated into the host magma. Such inheritance in
mantle-derived rocks has also been observed for dikes
intruding the ultramafic–mafic complex of the Ligurian
Alps, where relic zircons appears to have been extracted
from the subcontinental lithospheric mantle, tapped by
asthenospheric magmas (Borsi et al., 1996). Alkali lavas
(77 Ma) on top of the Ormonde seamount also shows zir-
con inheritance (Schärer et al., 2000).

The available U–Pb dates show that seamount genesis
along the continent–ocean transition of the Iberian margin
(Fig. 1) occurred over a period of at least 23.9 ± 1.2 m.y.
bracketed by the oldest seamount dated at 104.4 ± 1.4
Ma (107.2 ± 3.4 Ma for isochron), and 80.5 ± 0.9 Ma
(82.0 ± 2.4 Ma for isochron) for the youngest. This implies
that alkaline magmatism occurred roughly 21 m.y. after
formation of the first Atlantic oceanic crust around 125–
130 Ma (Gradstein et al., 2004). In consequence, construc-
tion of the seamounts cannot be attributed to Atlantic
spreading as proposed earlier; they should be considered
to reflect an exclusively intra-plate phenomena. An impor-
tant time gap of about 70 m.y. exists between 104–81 Ma
seamount emplacement along the northern segment of
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the Tore-Madeira Rise, and the much younger, 14 Ma to
recent formation of the Madeira Archipelago. The Creta-
ceous volcanic phases dated in this study could potentially
be followed by Miocene to recent volcanism, as suggested
by earlier K–Ar dating of Wendt et al. (1976) from the
Josephine seamount. New 40Ar/39Ar data from this sea-
mount and a further two seamounts south of Josephine
give ages between 0.5 and 16 Ma (Geldmacher et al., in
press). These date corroborate the genesis of the Tore
Madeira rise to be significantly more complex than previ-
ously thought. For instance, very contrasting ages of 86–
89 Ma vs. 4 Ma indicate two very distinct phases of Jo Sis-
ter magmatic activity in Late Cretaceous and Pliocene
times. Considering the sensitivity of whole-rock matrix to
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seawater interactions, K–Ar and 40Ar/39Ar whole-rock
ages from these seamounts require confirmation.

8.2. Petrogenesis of samples

All samples studied here are evolved alkaline lavas
whose compositions range from trachy-andesite to tra-
chyte, which cannot be derived by simple partial melting
of peridotites. To explain their origin the following options
have to be considered: (1) differentiation by crystal frac-
tionation from an originally alkali-basaltic liquid, (2) small
degrees of melting of non-peridotite sources, and (3) mix-
ing of alkali-basaltic liquids with highly differentiated mag-
mas having SiO2 above 65 wt%. Note that the most evolved
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rock analyzed here is a trachyte with 63.4 wt% SiO2 (Table
2). To evaluate these possibilities it is useful to recall the
following: (a) about half of the dredged samples are tra-
chy-andesites and trachytes, whereas the remaining rocks
are basanites and alkali-basalts; (b) the lavas studied here
have experienced different degrees of crystal fractionation
prior to extrusion, as indicated by anomalies in Ti, P, Sr
and Ba (Fig. 4). These anomalies can be ascribed to frac-
tional crystallization of Fe–Ti oxides, apatite and feldspar.
Plagioclase fractionation is corroborated by strong deple-
tion in Sr and modestly negative Eu anomalies in some
samples (Figs. 4 and 5). Some of the lavas are plagioclase
cumulative as indicated by their slightly positive Eu
anomalies.
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Storage for a considerable period of time of liquids in
magma chambers may lead to wallrock assimilation, in
particular the Iberian subcontinental mantle. Alternatively,
‘‘en route’’ contamination during magma ascent through
this lithosphere could also occur. Arguments in favor of
this are (1) the small components of inherited Pb present
in a few zircons (Figs. 6a and 7a), (2) differences in initial
Hf among zircons from a single rock (Fig. 11), and (3) rel-
atively radiogenic common Pb, in particular 207Pb which
does not match any MORB or OIB mantle reservoir. Cases
of high initial 207Pb/204Pb of subcontinental mantle are also
reported for lherzolithe xenoliths of recent volcanic rocks
from Tanzania, E-Africa (Cohen et al., 1984).

8.3. Isotope characteristics

Initial Pb isotopic compositions (Fig. 9) are significantly
more radiogenic than a single stage model (Geochron) and
they roughly plot at the end or beyond the model evolution
curve for upper continental crust (Zartman and Doe,
1981). Their variation is relatively limited in 206Pb/204Pb
ranging from 19.139 to 19.620, whereas variations in
207Pb/204Pb are significantly larger lying between 15.544
and 15.828. Plotted in an 206Pb/204Pb–207Pb/204Pb diagram
(Fig. 10a) the data range from the Atlantic field for NW-
Tore to significantly more radiogenic values. The same
data trends are present in the 206Pb/204Pb–208Pb/204Pb dia-
gram (Fig. 10b) lying sub-parallel to data field from São
Miguel Island of the Azores Archipelago (Widom et al.,
1997; Moreira et al., 1999). A heterogeneous plume, con-
taining in addition an old subcontinental lithospheric man-
tle was proposed for the origin of the São Miguel Island
(Widom et al., 1997; Moreira et al., 1999). Lead of 3 sea-
mounts (NW and N-Tore and Ashton) lies in the field of
Atlantic MORB. Most initial 87Sr/86Sr values range from
0.70232 to 0.70340. A sample yields unreasonable low ra-
tios below 0.70 (TMD4-3, Table 6). Since our single feld-
spars grains show very weak alteration features, it may
be that apparent opening of the Rb–Sr system could be
related to seawater alteration. In our case such alteration
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caused an increase in Rb/Sr leading to over-corrected ini-
tial ratio.

A plot of initial Sr and Pb isotope signatures reveals that
three of our seamount samples (Jo Sister and Sponge Bob)
are more radiogenic in 206Pb than MORB, and two samples
are less radiogenic in 87Sr. These three rocks are a trachy-
andesite (TMD16-1), a tephri-phonolite (TMD16-2), and a
trachyte (TMD4-8). To evaluate the influence of potential
bias by seawater alteration, we have calculated maximal
shifts of initial 87Sr/86Sr. We used 5–10% Rb/Sr fraction-
ation that corresponds to the extent of maximal observed
feldspar alteration. This test shows that the ratios are
affected to a very low degree only. For example, sample
TMD16-1 corrected for 10% Rb/Sr-fractionation yields a
minimum (87Sr/86Sr)i of 0.70271 and a maximum
(87Sr/86Sr)i of 0.70287, compared to the original value of
0.70280 (Table 6). The other five trachy-andesites and
trachytes plot in the Atlantic MORB field as do Pb–Sr data
from Ormonde and Serra de Monchique (Fig. 10c).

Zircons from three of the dated rocks were analyzed for
their initial Hf isotope composition to help constrain po-
tential magma sources. Three zircon fractions were mea-
sured for the trachyte samples TMD3b-2 and TMD14-9,
and two for the TMD4-3 trachyte. Initial epsilon Hf values
(eHfi) ranging from +6.9 to +12.9 (Table 7; Fig. 11) lie in-
between the CHUR evolution line and a MORB type res-
ervoir (DM). It is important to note that differences exist
in epsilon Hf between zircon fractions of a given sample
that are much in excess of the analytical uncertainty. These
differences could result from: (1) mixing of magma batches,
each containing zircon crystals at the time of mixing, (2)
incorporation of xenocrystic zircon by extraction from
adjacent wallrocks in a magma already containing zircon,
and (3) a successively adding relatively small volume of iso-
topically distinct melts to a large volume of magma with a
uniform isotope composition, coupled with new zircon
growth at, or shortly after the time of mixing. In any case,
this observation of differences in initial Hf signatures of zir-
con is consistent with the presence of small inherited radio-
genic Pb components necessarily carried by relic zircons
(Figs. 6a and 7a) that also requires extraction of grains from
a different host. This host must have been significantly older
than the magma, to explain inheritance in zircon, already
observed in the 77 Ma old alkali rock on Ormonde (Fig. 11).
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Fig. 12 shows correlations between initial Hf and Pb iso-
tope signatures measured in the seamounts, plotted relative
to the fields of Atlantic MORB, worldwide Ocean Island
Basalts (OIB), and São Miguel Island. All our alkaline vol-
canic lavas are distinct from both Atlantic MORB and São
Miguel volcanic rocks but they lie within the field of OIB
sources.

8.4. Geodynamic context of magmatism

From a regional point of view, Cretaceous volcanoes
roughly follow the significantly older J anomaly but also
the different branches of the Azores-Gibraltar Fracture
Zone (AGFZ; Fig. 1). This suggests these structures have
played a major role for enabling magma ascent. An age
difference of 7.8 ± 4.2 Ma observed for the two localities
of the Tore seamount complex substantiates the hypoth-
esis that its construction includes at least two distinct
magmatic pulses. Since the two localities lie in the vicin-
ity of the northern branch of the Azores-Gibraltar Frac-
ture Zone (AGFZ in Fig. 1), magmatic activity could
have been focused along the fault. It may also be that
age gradients exist along faults such as suggested earlier
by Féraud et al. (1977). Another useful observation is
that formation of the seamounts between Tore and Jo
Sister, and possibly up to the Madeira Archipelago,
approximately follows the main direction of initial ocean
spreading marked by the J anomaly (125–130 Ma)
formed about 20 m.y. prior to first alkaline volcanism
at 104 ± 1 Ma (Fig. 1). The boundary between the
stretched continental lithosphere of Iberia and the ocean-
ic lithosphere can be considered as a zone of weakness,
and magmas can preferentially percolate through this
zone, compared to normal oceanic or continental litho-
sphere. It is likley that this zone of weakness served as
a guide for magma ascent and orientation of seamount
emplacement. In extrapolating the actual spreading rate
of 2.2 cm/y (DeMets et al., 1990) to Upper Cretaceous
time, the Atlantic ridge would have been located about
460 km to the west at the time of volcanism at 104
Ma, using the 125–130 Ma initiation age for beginning
Atlantic opening (Gradstein et al., 2004). On the other
hand, if a very slow initial spreading rate of 0.67 cm/y
is used (Srivastava et al., 2000) the distance would have
been only 134 km.

From our new ages we cannot see any significant region-
al age trend along the seamount chain lying to the north of
the Azores-Gibraltar-Fracture-Zone (AGFZ; Fig. 1). The
same is true if we include the earlier dated 77 Ma old alka-
line magmas on the Ormonde seamount and the 72 Ma old
Serra de Monchique on the continent (Fig. 1). Given ana-
lytical uncertainties on these ages some minor regional age-
trends may exist; however, they necessarily would lie within
a few million years. An illustration for this are the three
ages of the Tore seamounts (88.2 ± 3.9; 88.3 ± 3.3;
80.5 ± 0.9 Ma) where any age trend is necessarily limited
to a few million years. Moreover, potential migration of
volcanism north of the AGFZ must be compatible with
motions of the Iberian plate at that time. Different hypoth-
eses were proposed for movements of Iberia between 120
and 80 Ma, converging toward an agreement that it moved
in southeast direction by about 800 km (e.g., Malod, 1989;
Olivet, 1996; Sibuet et al., 2004b). Since we cannot see the
corresponding age trend in our volcanoes, i.e., the absence
of ages becoming increasingly younger towards the north-
west, a Hawaiian-type plume model can be ruled out. This
excludes the northern part of the Tore-Madeira Rise to be
the simple volcanic trace of Iberian motion over such a hot
spot between 120 and 80 Ma. Concerning the Tore-Madei-
ra Rise region to the south of the AGFZ, the Oligocene–
Miocene Unicorn, Ampere, and Seine volcanoes do not
match the axis of the rise, lying significantly to the east
(Fig. 1). Their emplacement most likely reflects a particular
geodynamic context, possibly in relation to lithospheric
discontinuities such as expressed by the large E–W striking
faults in this region (Fig. 1) as suggested previously by
Geldmacher et al. (2005). An alternative hypothesis consid-
ers these seamounts to belong to the Madeira hot-spot
track across the African plate, spanning the Madeira
Archipelago through the Unicorn, Seine, Ampere and Or-
monde seamounts to the Serra de Monchique alkaline
complex (Geldmacher et al., 2000, 2005; Geldmacher and
Hoernle, 2000).

To explain the large extent of alkaline magmatism in
the eastern North Atlantic (Fig. 1) migration of melting
within the head region of a long lived thermal anomaly
seems to be the most likely model. Such activity since
at least 104 Ma (oldest seamount) to recent times
(Madeira Archipelago) would be consistent with the per-
sistent existence of large plumes, reaching life times of
130 m.y. (e.g., Courtillot et al., 2003). This would mean
that the same thermal anomaly was/is periodically active
underneath the Atlantic oceanic crust, the transition
zone, and the continental margin of Iberia. Finite-fre-
quency tomography indicates the presence of a deep-
rooted plume (>1000 km depth) having maxima P-wave
anomalies at about 300 km depth, underneath the
Azores, Canary, and Madeira complexes (Montelli
et al., 2004). This assumption is also valid in space
and time if the about 300 km W–E anti-clockwise rota-
tion of the Iberian Peninsula is considered.

8.5. Origin of magmas

In considering the full set of new data it seems that 104–
81 Ma alkaline magmas were derived from sources having
a component with: (1) low Rb/Sr, (2) relatively high
epsilon Hf and (3) relatively high 207Pb/204Pb at a given
206Pb/204Pb (Figs. 10–12). To acquire such isotopic signa-
tures, the magma sources must have evolved in isolation
for several hundred million years. In any model explaining
the genesis of our alkaline magmas, a contribution of crust-
al material is required to explain radiogenic Pb, and in par-
ticular the presence of inherited old radiogenic Pb
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discovered in zircon (Figs. 6a and 7a). The most likely
explanation is the incorporation of very minor amounts
of detrital sediments, assimilation of lower continental
crust or lithospheric mantle containing relic detrital sedi-
ments. The observed decoupling of Hf–Sr from Pb signa-
tures is entirely consistent with the fact that mantle melts
can very easily be shifted in Pb by addition of even very
small amounts (a few %) of continental material (e.g.,
Schärer, 1991). This is not the case for Hf and Sr for which
mantle melts have a strong buffering effect.

Interaction of OIB-type magmas with material from
the Iberian lithospheric mantle seems to be the most
plausible interpretation, satisfying the presence of Rb-de-
pleted lithospheric mantle, highly radiogenic Pb, and
inherited Pb in zircon. Supporting evidence in favor of
this hypothesis are Sr data from the peridotite ridge
about 500 km off the coast of Iberia (Fig. 1) where
87Sr/86Sr as low as 0.7021 were observed in Cpx in lherz-
olites, representing potential contaminating material of
our magmas (Chazot et al., 2005). It has been shown that
isotopic heterogeneity of Iberian margin ultramafic rocks
were already present at the time of rifting, reflecting a long
and complex history of depletion and enrichment events
affecting old mantle (Chazot et al., 2005). We emphasize that
this model concerns alkaline volcanic activity investigated
here, i.e., the northern section of the Tore-Madeira Rise
north of the Azores-Gibraltar Fracture Zone (Fig. 1). It is
also be valid for the origin of the contemporaneous alkaline
rocks on Ormonde and at continental Monchique, as well as
the seamounts Ampere, Seine and Unicorn (Bernard-Grif-
fiths et al., 1997; Geldmacher and Hoernle, 2000; Schärer
et al., 2000; Geldmacher et al., 2005).

Given the geochemical and isotopic data for the
northern part of Tore-Madeira Rise (Figs. 9, 10 and
12) we cannot reliably deduce mixing proportion between
the OIB-type component, materials from the Iberian
lithospheric mantle, and the necessarily very small
amounts of crustal components present within or at-
tached to the lithospheric mantle. This three components
hypothesis applies to the seamounts composing the
northern Tore Madeira rise volcanoes. On the other
hand, sources of alkaline magmas to the South may
vary, either along the rise or in neighbouring regions
where alkaline volcanism occurs such as Seine, Ampere,
and Ormonde (Fig. 1). Such differences were proposed
for the origin of the latter seamounts as well as the
Madeira Archipelago, where the involvement of a young
high-U/Pb plume was proposed, interacting with en-
riched material present in the oceanic lithosphere possi-
bly containing some continental material (Geldmacher
and Hoernle, 2000; Geldmacher et al., 2005).

9. Major conclusions

(1) U–Pb ages of six seamount complexes emplaced
along an about 500 km long segment of the northern
Tore-Madeira Rise yield ages between 104 and 81
Ma, being significantly different in age than previous-
ly assumed. Their origin is not related to 130–125 Ma
initiation of opening of the Atlantic ocean.

(2) A long-lived thermal anomaly, present underneath
the continental plate margin since at least 104 Ma
seems required to explain mantle melting and related
volcanism. At the time of alkaline volcanism, the
active Atlantic spreading center was located between
136 and 460 km to the West, corresponding to poten-
tial minimum and actually measured spreading rates
of 0.67 and 2.2 cm/yr, respectively.

(3) Magmas were probably generated in the head of a
mantle plume (OIB-type magmas) with time–space
migrating domains of melting under the oceanic lith-
osphere, the ocean–continent transition zone and the
continent. Small portions of continental material
have also been incorporated in the magmas.
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