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Abstract

Os and Nd isotopic ratios as well as major and trace element compositions have been measured in 17 mafic lavas from

Fogo Island, Cape Verde. These new data complement a previous archipelago-scale study (Southern and Northern Islands) by

Doucelance et al. [Doucelance, R., Escrig, S., Moreira, M., Gariépy, C., Kurz, M., 2003. Pb-Sr-He isotope and trace element

geochemistry of the Cape Verde Archipelago. Geochim. Cosmochim. Acta, 67 (19), 3717-3733], in which major, trace

element contents and Sr–Pb–He isotopic compositions of lavas were determined. We also report Os–Sr–Nd–Pb isotopic ratios

of 2 carbonatites from Fogo.

Fogo mafic lavas have Os–Sr–Nd–Pb isotopic ratios that define correlations similar to those previously observed for the

Cape Verde Southern Islands and interpreted to reflect a mixture between a moderate HIMU end-member (206Pb / 204Pb~20),

common to the Northern and Southern Islands of the archipelago, and an EM1-like end-member. Similar isotopic correlations

are observed within the different lava flows which requires that the two end-members are mixed during the lava

differentiation at shallow depth. The increasing contribution of the enriched end-member through time in Fogo lavas

confirms the shallow origin for the EM1 signature.

As with Pb, Sr and He, the Os and Nd isotopic compositions of the moderate HIMU end-member are explained by the

mixing of 1.6 Ga recycled oceanic crust (ROC) and lower mantle material (LM) and interpreted to represent the Cape Verde

mantle plume expression. For the EM1-like end-member, the high 187Os / 188Os ratios that are measured in mafic lavas

preclude the sub-continental lithospheric mantle from being its origin, as previously proposed based on trace element and Pb,

Sr and Nd isotopic compositions. Our new isotopic and trace element data still indicate that the enriched component is
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related to continental lithospheric material incorporated in the oceanic lithosphere during the opening of the Atlantic Ocean

but requires the involvement of lower continental crust fragments.

D 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Systematic analysis of Sr–Nd–Pb isotopic compo-

sitions in oceanic island basalts (OIB) and mid-

oceanic ridge basalts (MORB) has led to the

identification of several mantle end-members with

extreme locations in isotopic diagrams (Allègre and

Turcotte, 1985; White, 1985; Zindler and Hart, 1986;

Allègre et al., 1986/87) and termed DMM (dDepleted
MORB MantleT), HIMU (dhigh 238U/ 204PbT), EM1

and EM2 (dEnriched Mantle 1 and 2T) by Zindler and

Hart (1986). However, most of the oceanic islands

have intermediate positions in the Sr–Nd–Pb isotopic

diagrams, which suggest end-members having similar

characteristics but less extreme isotopic compositions.

The differences in end-member isotopic compositions

are currently debated. For example, while the extreme

HIMU end-member is generally associated with old

(~2 Ga) and altered recycled oceanic crust, the

moderate HIMU-like signature can be explained by

the mixing of this old oceanic crust with another

mantle component and also by the recycling of

relatively younger oceanic crust (byoung HIMUQ, cf.
Thirlwall (1997)). In the same way, the EM1-like

signature can have different origins such as intra-

mantle metasomatism processes (Hart, 1988; Hawkes-

worth et al., 1990), recycling of sediments associated

with ancient oceanic crust (Weaver, 1991; Chauvel et

al., 1992) or sub-continental lithospheric mantle

(Cohen and O’Nions, 1982; McKenzie and O’Nions,

1983). Lastly, it has to be noted that noble gas results,

notably high 3He / 4He ratios measured in some

oceanic island basalts, provide arguments in favour

of another mantle component: a relatively undegassed

reservoir thought to be the lower mantle (LM) (Kurz

et al., 1982).

The Re /Os isotopic system provides new informa-

tion on the nature and the composition of mantle end-

members. Re and Os are both highly siderophile and

chalcophile and have been strongly depleted in the
silicate Earth during the core formation. However, the

upper mantle appears to have a broadly chondritic

composition in such elements, supporting the model

of a late veneer input during the Earth accretion

(Allègre and Luck, 1980; Walker et al., 1996). During

melting processes, Re behaves as a moderately

incompatible element while Os is strongly compatible.

Therefore, melting products such as crustal material

have very high Re /Os relative to the residual mantle

and rapidly develop high radiogenic 187Os / 188Os by

h� decay of 187Re to 187Os (k =1.666�10�11 yr�1,

cf. Smoliar et al. (1996)). Furthermore, ancient sub-

continental lithospheric mantle has been depleted in

Re relative to Os by the crust extraction and has a

lower than primitive upper mantle 187Os / 188Os value

(Meisel et al., 1996). Therefore, the 187Os / 188Os ratio

appears to be sensitive to the presence in basaltic

sources either of important amounts of recycled

crustal material, having high 187Os / 188Os ratio but

low Os concentration, or small amounts of sub-

continental lithospheric mantle, having subchondritic
187Os / 188Os ratio and mantle-like concentration.

Previous studies of the Cape Verde archipelago

based on trace elements and isotopic measurements

(Sr, Nd, Pb, U/Th, He ratios) have shown relatively

clear variations between the Northern and Southern

Islands. Lavas from the Southern Islands display trace

elements and isotopic compositions that support the

involvement of sub-continental lithospheric mantle

(SCLM) in their source (Gerlach et al., 1988; Davies

et al., 1989; Kokfelt et al., 1998). This result has

motivated our Os study of Fogo Island where the

current volcanism of the Cape Verde archipelago

occurs. We report the first isotopic Os analyses as well

as new major, trace element and 143Nd / 144Nd

measurements on samples previously analyzed for

Pb, Sr and He isotopes by Doucelance et al. (2003).

The Os and Nd isotopic compositions confirm that

Fogo lavas result from the mixture between a

moderate HIMU end-member (206Pb / 204Pb~20) and
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an EM1-like end-member, as previously proposed

(Gerlach et al., 1988; Davies et al., 1989; Kokfelt et

al., 1998). Together with the major and trace element

compositions, the isotopic data suggests the contribu-

tion of the EM1-like end-member occurred during

magma differentiation. The Os compositions of Fogo

lavas combined with the other isotopic systems

indicate this end-member is lower continental crust

fragments, possibly with sub-continental lithospheric

mantle, stored within the oceanic lithosphere during

the opening of the Atlantic Ocean.
2. Geological Setting and sample location

The Cape Verde Islands are located in the central

Atlantic between latitudes 158 and 178 N. The

archipelago consists of ten major islands separated

into the Southern Islands (Brava, Fogo, Santiago

and Maio) and the Northern Islands (Santo Antão,

São Vicente, Santa Luzia and São Nicolau), which

also include the Eastern Islands (Boa Vista and Sal)
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Fig. 1. Geographical location map and seafloor bathymetry of the Cape

Doucelance et al. (2003).
(Fig. 1). Summaries of the structure and geology of

each island can be found in Matos Alves et al.

(1979) and Gerlach et al. (1988).

Fogo Island is located in the southwest of the

archipelago and forms the top of a large strato-volcano

with a summit at 2829 m. A collapse caldera fills the

northeast of the island and presently contains a more

recent cone, inactive since the 18th century. Fogo is still

a very active volcano with many smaller cones within

the caldera associated with historic lava flows (1847,

1857, 1951, 1995) which erupted in the eastern part of

the island (Day et al., 1999).

The 17 samples analyzed in this study were

selected to span the whole volcanic series, from pre-

caldera activity to the latest historic eruption in 1995.

Samples F-01, -02, -18 and -20 are pre-caldera,

coming from the western part of the island. F-11

and F-13, collected in the wall of the caldera, are syn-

or post-caldera. Others (F-06, -07, -08, -10, -12, -14, -

15, -16, -21, -22 and -24) are post-caldera and sample

historic volcanism. Samples F-10 and -12 come from

the 1785 lava flow, F-24 from the 1847, F-22 from the
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1857, and F-06, -07 and -21 from the 1951,

respectively. F-14 and -15 come from a separate lava

flow also erupted in 1951. Lastly, F-08 and -16

sample the most recent volcanic activity of the island

(1995). Sample locations are given in Table 2 and
Table 1

Major (wt.%) and trace element (ppm) concentrations of basalts from Fog

F-01 F-02T F-06 F-07T F-08T F-10 F-11 F-12 F-1

SiO2 39.63 41.59 41.72 42.24 42.47 42.18 39.26 41.49 41

TiO2 4.39 4.07 3.83 3.74 3.80 3.73 3.64 3.77 4

Al2O3 12.71 14.88 14.99 15.32 15.59 15.40 11.48 15.29 14

Fe2O3 14.79 14.19 13.98 13.31 13.24 12.97 14.63 13.29 14

MgO 8.69 7.15 6.79 6.49 6.17 6.01 10.41 6.18 7

CaO 14.18 11.07 12.06 12.02 11.94 11.98 14.39 11.60 13

Na2O 2.86 4.41 3.55 3.75 3.89 4.35 3.01 4.31 3

K2O 1.75 2.18 2.47 2.60 2.74 2.88 0.39 2.89 1

MnO 0.19 0.18 0.19 0.20 0.20 0.21 0.19 0.21 0

P2O5 0.59 0.60 0.83 0.82 0.84 0.91 0.77 0.87 0

Total 100.16100.32 100.00 100.49 100.88 100.48 98.60 99.48100

V 423 341 365 348 340 323 383 321 370

Cr 129 144 112 94 62 58 477 63 74

Co 54.6 47.2 46.3 42.8 40.3 36.6 60.0 40.4 48

Ni 93.3 82.9 58.3 50.4 41.6 40.5 161.6 49.0 55

Cu 119 94 93 72 69 63 91 71 86

Zn 132 149 148 149 151 133 133 135 135

Ga 23.3 23.8 24.8 24.8 24.7 23.7 21.7 23.4 22

Rb 44.1 62.6 54.1 56.0 60.1 64.4 36.1 62.4 47

Sr 827 929 1000 1041 1066 1126 681 1092 906

Y 25.6 23.4 27.9 29.1 29.9 30.0 26.6 29.4 27

Zr 299 330 325 338 357 356 289 342 291

Nb 51.5 83.0 80.7 84.1 90.0 94.0 48.4 91.4 57

Cs 0.40 0.64 0.58 0.68 0.74 0.76 0.42 0.70 0

Ba 560 795 768 802 849 878 319 877 682

La 37.0 44.9 46.9 56.2 59.4 63.0 43.4 61.1 45

Ce 95.1 97.6 116.1 124.0 131.0 132.0 110.0 130.1 112

Pr 12.3 11.6 14.4 14.8 15.7 16.1 13.9 15.8 13

Nd 51.3 46.5 57.5 57.1 62.6 63.7 57.2 62.5 56

Sm 10.53 9.09 11.00 10.80 11.40 12.17 11.00 11.74 11

Eu 3.26 2.84 3.48 3.41 3.70 3.73 3.44 3.65 3

Gd 8.47 6.74 8.95 8.78 9.06 6.05 8.60 9.22 8

Tb 1.13 0.98 1.20 1.22 1.33 1.26 1.16 1.26 1

Dy 5.76 5.00 6.22 6.12 6.49 6.61 6.09 6.68 6

Ho 0.94 0.87 1.01 1.02 1.03 1.10 0.96 1.07 1

Er 2.26 2.05 2.51 2.59 2.57 2.72 2.32 2.71 2

Tm 0.31 0.27 0.34 0.29 0.31 0.37 0.31 0.35 0

Yb 1.74 1.81 2.03 2.17 2.12 2.28 1.77 2.06 1

Lu 0.25 0.25 0.29 0.29 0.31 0.32 0.26 0.32 0

Hf 7.66 7.73 7.41 7.39 8.10 7.99 6.82 7.53 7

Ta 4.95 6.57 6.25 6.38 7.04 7.53 4.46 7.15 5

Pb 2.50 2.57 4.02 3.50 3.74 3.88 3.11 3.90 3

Th 3.02 4.47 4.23 5.11 5.73 5.39 3.41 5.24 4

U 0.76 0.97 1.01 1.05 1.19 1.32 1.09 1.27 1

T From Doucelance et al. (2003).
shown in Fig. 1. The two carbonatites were collected

in the western part of the island during a previous

sampling campaign (Hodgson, 1986). NF 43 is a

brown fine-grained carbonatite; NF 44 is mottled,

with brown rhombs in a white/grey matrix.
o, Cape Verde

3 F-14 F-15T F-16 F-18 F-20T F-21 F-22 F-24T

.13 42.60 42.14 42.35 42.08 40.65 41.10 42.92 41.42

.01 3.67 3.65 3.83 3.07 4.40 4.01 3.34 3.53

.09 15.80 15.71 15.49 12.64 14.53 14.56 16.89 13.31

.57 13.24 13.06 13.29 12.28 14.07 14.52 11.42 14.18

.04 5.81 5.81 6.04 10.79 6.50 6.81 4.62 9.21

.22 11.48 11.60 11.87 12.67 12.81 13.21 10.61 12.81

.34 3.98 4.00 3.83 3.62 3.61 3.44 5.33 3.08

.86 2.75 2.77 2.69 1.96 2.39 2.28 3.50 1.92

.20 0.20 0.21 0.20 0.20 0.20 0.21 0.22 0.20

.64 0.89 0.91 0.81 0.71 0.70 0.79 0.95 0.74

.25 100.02 99.86 100.11 100.02 99.86100.32 99.95100.40

321 328 359 310 372 396. 291 350

54 55 58 627 66 89 12 350

.0 38.5 40.6 42.4 52.1 46.9 47.1 30.2 53.6

.8 32.0 33.9 46.3 220 43.0 52.6 17.5 113

67 58 420 74 81 67 62 101

147 155 171 125 155 146 150 135

.5 25.1 25.9 25.8 20.8 25.1 24.6 24.8 22.4

.9 61.7 61.1 62.6 54.9 49.4 51.8 81.0 43.4

1095 1104 1068 1089 1014 971 1350 893

.1 30.8 31.0 30.5 26.0 29.5 29.7 33.5 27.2

370 357 364 290 356 335 436 281

.7 93.1 88.5 91.6 63.3 76.6 77.8 119 66.9

.47 0.65 0.71 0.67 0.60 0.56 0.58 0.92 0.64

831 771 847 733 747 720 1036 634.0

.7 62.1 56.8 61.4 59.2 48.5 46.9 76.1 46.9

.1 133.0 124.0 131.2 120.3 110.0 117.4 155.9 100.0

.9 16.5 15.4 15.9 14.2 14.0 14.9 18.7 13.1

.2 66.1 63.5 63.8 56.5 58.2 59.7 71.7 54.4

.04 12.58 11.30 12.10 10.46 10.80 11.49 13.02 9.97

.43 3.98 3.64 3.80 3.22 3.70 3.66 4.02 3.25

.58 9.60 9.41 9.61 7.96 8.78 9.10 10.18 8.18

.16 1.31 1.25 1.25 1.10 1.25 1.25 1.39 1.09

.03 6.77 6.33 6.67 5.64 6.47 6.57 7.15 5.70

.00 1.14 1.12 1.10 0.93 1.06 1.09 1.23 0.97

.54 2.84 2.64 2.76 2.37 2.45 2.71 3.10 2.19

.33 0.37 0.34 0.36 0.29 0.36 0.35 0.41 0.30

.94 2.25 2.27 2.24 1.74 1.96 2.05 2.49 1.80

.29 0.33 0.31 0.32 0.26 0.28 0.30 0.35 0.26

.15 8.27 7.99 8.20 6.34 9.04 7.79 8.46 6.57

.26 7.32 7.20 7.07 5.63 6.30 6.05 8.95 5.24

.50 4.25 4.09 6.07 3.61 3.03 3.36 6.14 3.36

.31 4.84 5.62 5.07 4.86 4.06 4.06 6.47 4.01

.09 1.16 1.25 1.18 1.57 0.96 1.01 1.61 0.88
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3. Analytical techniques

Osmium, rhenium and neodymium analyses were

performed on whole rocks, using the same powder

crushed into an agate mortar. Re–Os analyses were

done on 2–3 g samples. Osmium chemical separations

including extraction and purification steps are

described in detail elsewhere (Birck et al., 1997).

Osmium and rhenium isotopic ratios were measured

as OsO3
� and ReO4

� oxides on a Finnigan Mat 262

using negative thermal ionization and single-collec-

tion on an Ion Counting Multiplier. Os blanks (n =5)

were on the average: 0.036F0.009 pg/g with
187Os / 188Os=0.35F0.09; Re blanks range from 1.3

to 2.3 pg/g (mean=1.7 pg/g). Blank correction for the

Os isotopic ratio ranges from 0.05% to 0.42% (Table

2). Measured ratios were also corrected for oxygen.

Within-run 2r precisions vary between 0.46% and

3.63% for the 187Os / 188Os ratio. These values are

larger than the total external reproducibility of 0.13%

that was obtained on Os IPGP internal standards. It is

consistent with the low Os concentration of samples

and the lower signal intensity during acquisition.

Replicate analyses of the 187Os / 188Os ratio agree

within 0.3–0.8%. Due to the low Os content and to the

heterogeneous distribution of Os inside samples,

replicate measurements of Os concentration display

expected variations ranging from 3.9% to 10.7%.

Neodymium analyses were done on the same

dissolved fraction used by Doucelance et al. (2003)

for Sr analyses. Nd chemical separation is based on the

procedure described in Richard et al. (1976). Neo-

dymium measurements were performed in static multi-

collection mode on a Finnigan Triton and corrected for

mass discrimination using 144Nd / 146Nd=0.7219.

Lead and strontium analyses of carbonatites were

performed following the procedure described for

basalts in Doucelance et al. (2003).

Major and trace element compositions were meas-

ured by the bService d’Analyses des Roches et des

MinerauxQ at CRPG/Nancy. Following alkaline melt-

ing with LiBO2 and nitric acid dissolution, major

abundances have been determined by ICP-AES with a

precision better than 1% except for CaO, Na2O, K2O

and MnO (b2%) and P2O5 (b10%). Trace element

composition were determined by ICP-MS with a

precision better than 5% for most elements except for

Pb (b20%), Cr and Cs (b15%) Ni, Lu and Tm
(b10%), U (b8%), Dy and Th (b7%), Gd (6%) and Sr

(b4%). Trace element data for international standards

measured by the SARM are available on their web site

(http://www.crpg.cnrs-nancy.fr/SARM/) and in Cari-

gnan et al. (2001).
4. Results

4.1. Major and trace element compositions

Whole-rock analyses of major and trace elements

are reported in Table 1. Using the alkali–silica

nomenclature, Fogo lavas are mostly basanites,

tephrites and nephelinites. In comparison to the other

Cape Verde islands, Fogo lavas (Fig. 2) have

relatively high Fe2O3 (11.42–14.79 wt.%) and TiO2

(3.07–4.40 wt.%) and low MgO content (4.6–10.8

wt.%) for a similar range of SiO2 contents (39.26–

42.92 wt.%). The trace element compositions show

homogenous primitive mantle-normalized trace ele-

ment patterns, similar to those from previous studies

(Gerlach et al., 1988; Davies et al., 1989; Doucelance

et al., 2003) and from Tristan da Cunha basalts (Cliff

et al., 1991). These results confirm the EMI-like

signature of Fogo lavas with relative depletion in Pb,

Th and U and large enrichments for Ba, Nb, La and

Rb.

The osmium concentrations range from 2.2 to 28.6

ppt (Table 2 and Fig. 2), among the lowest Os content

measured in OIB, particularly in Atlantic archipelagos

like the Azores and the Canary Islands (Hauri and

Hart, 1993; Reisberg et al., 1993; Marcantonio et al.,

1995; Roy-Barman and Allègre, 1995; Bennet et al.,

1996; Hauri et al., 1996; Widom and Shirey, 1996;

Lassiter and Hauri, 1998; Brandon et al., 1999;

Widom et al., 1999; Schiano et al., 2001; Eisele et

al., 2002). The rhenium concentrations vary from 281

to 1826 ppt.

4.2. Isotopic compositions

Except sample F-22, which has the lowest Os

content together with the most radiogenic Os isotopic

ratio (0.1548), Fogo lavas define a small range from

0.1323 to 0.1369 (Fig. 3). Compared to this range, the

uncertainty on 187Os / 188Os ratios (from 0.46% to

3.63%) appear to be relatively large. Nevertheless, the

http://www.crpg.cnrs-nancy.fr/SARM/


Table 2

Sample locations and Os, Sr, Nd and Pb isotopic compositions of Fogo basalts and carbonatites

Samples Latitude

E8
Longitude

W8
Volc. unit Re

(ppt)

Os

(ppt)

187Re /
188Os

(187Os /
188Os)m

Blank

correction

(%)

(187Os /
188Os)i

87Sr / 86Sr 143Nd / 144Nd 206Pb / 204Pb 207Pb / 204Pb 208Pb / 204Pb

Basalts

F-01 14854V00 24830V00 Pre-caldera 674 18.30 176.5 0.1334 (23) 0.11 0.703685 (18) 0.512760 (4) 19.105 (8) 15.553 (9) 38.884 (31)

F-02 14855V04 24829V57 Pre-caldera 488 18.72 125.1 0.1343 (23) 0.29 0.703723 (23) 0.512727 (3) 19.064 (14) 15.567 (17) 38.880 (56)

F-18 14857V28 24828V32 Pre-caldera 444 18.21 117.1 0.1323 (06) 0.10 0.703546 (20) 0.512764 (3) 19.220 (8) 15.563 (9) 38.914 (31)

F-20 14800V53 24825V18 Pre-caldera 955 11.61 394.8 0.1343 (08) 0.07 0.703722 (22) 0.512735 (9) 19.062 (11) 15.548 (14) 38.822 (47)

F-20b 14800V53 24828V18 Pre-caldera 12.06 0.1343 (07) 0.07

F-11 14859V39 24820V54 Caldera wall 281 28.60 47.1 0.1331 (09) 0.05 0.703665 (21) 0.512759 (3) 19.077 (11) 15.566 (9) 38.947 (44)

F-13 14859V19 24822V40 Caldera wall 620 7.13 417.6 0.1352 (08) 0.26 0.703715 (19) 0.512733 (9) 19.109 (8) 15.552 (9) 38.901 (31)

F-10 14859V42 24820V40 1785 729 15.28 228.8 0.1330 (18) 0.08 0.703616 (24) 0.512745 (4) 19.133(8) 15.560 (9) 38.917 (31)

F-12 14859V39 24820V54 1785 456 16.32 134 0.1347 (14) 0.07 0.703625 (20) 0.512758 (2) 19.143 (13) 15.577 (9) 38.975 (31)

F-24 14857V56 24817V38 1847 714 20.03 172 0.1334 (07) 0.40 0.703761 (18) 0.512728 (4) 18.969 (11) 15.562 (14) 38.804 (47)

F-24b 14857V56 24817V38 1847 553 18.90 141.1 0.1328 (09) 0.38

F-22 14855V15 24817V40 1857 961 2.20 2116.3 0.1548 (56) 0.42 0.703656 (21) 0.512765 (3) 19.094 (8) 15.561 (9) 38.898 (31)

F-06 14854V56 24820V23 1951 1826 9.98 878 0.1362 (16) 0.12 0.703738 (20) 0.512726 (3) 18.900 (8) 15.539 (9) 38.731 (31)

F-07 14854V56 24820V23 1951 667 7.07 471.2 0.1360 (09) 0.09 0.703789 (19) 0.512722 (4) 18.882 (11) 15.530 (14) 38.701 (46)

F-07b 14854V56 24820V23 1951 543 6.79 368.7 0.1349 (12) 0.07

F-14 14858V41 24822V42 1951 494 8.12 291.8 0.1348 (13) 0.14 0.703758 (22) 0.512725 (18) 18.935 (8) 15.549 (9) 38.772 (31)

F-15 14858V23 24822V42 1951 973 5.75 812.9 0.1356 (10) 0.10 0.703738 (22) 0.512728 (19) 18.930 (11) 15.551 (14) 38.790 (56)

F-15b 14858V23 24822V42 1951 868 6.45 645.9 0.1369 (17) 0.09

F-21 14855V13 24817V41 1951 1085 8.09 643.3 0.1336 (20) 0.15 0.703727 (18) 0.512736 (2) 19.020 (8) 15.554 (9) 38.832 (31)

F-16 14856V19 24821V38 1995 1081 4.79 1083.5 0.1358 (17) 0.24 0.703764 (19) 0.512737 (4) 18.932 (8) 15.537 (9) 38.752 (31)

F-08 14856V23 24821V40 1995 707 4.40 768.9 0.1358 (09) 0.14 0.703734 (22) 0.512737 (5) 18.937 (11) 15.558 (9) 38.814 (44)

Carbonatites

NF 43 1623 22.87 343.1 0.1924 (20) 0.16 0.1698 (39) 0.703156 (16) 0.512930 (6) 19.865 (8) 15.604 (9) 39.208 (31)

NF 44 481 12.60 184.4 0.1839 (24) 0.22 0.1718 (48) 0.703158 (20) 0.512926 (3) 19.866 (8) 15.597 (9) 39.189 (31)

Numbers in parentheses are 2r errors refering to the last digits. Samples ending with bbQ are Re–Os duplicates. Sr and Pb ratios are from Doucelance et al. (2003). Mean values have

been used in case of Pb duplicate analyses. 187Os / 188Os ratios of carbonatites are corrected for Re decay using a mean age of 4 Ma.
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Fig. 2. Major and trace element variations of Fogo lavas. Though Fogo mafic lavas are not derived from a same parental magma, the Fe2O3–

TiO2–V–MgO variations suggest they have been differentiated first by crystallization of olivine and cpx and then by Fe–Ti oxide formation. The

variations of Os and Cu versus Ni show that Fe–Ti oxide is a fractionating phase. Thick lines represent a fractional crystallization model starting

from a primary melt with 220 ppm Ni, 18 ppt Os and 85 ppm Cu. The first step corresponds to an evolution with DOs /DNi=0.05 and DCu /

DNi=0.01. The second step begins at 65 ppm Ni with ratios of Os and Cu partition coefficients over that of Ni changed to DOs /DNi=1.8 and

DCu /DNi=0.65. The chalcophile property of Os and Cu supports that the change of their partition coefficients essentially reflects the formation

of sulphides associated with Fe–Ti oxide formation. The overall negative trend in the Re vs. Ni diagram failed to be reproduced by a single-stage

differentiation (dashed line) starting from the most primitive sample and a DRe /DNi as low a 0.01. The positive trend defined by the 1951–1995

lava flows can be reproduced by a two-step crystallisation model (thick line), starting at 220 ppm Ni and 1600 ppt Re with DRe /DNi=0.01 and

DRe /DNi=1.8 below 65 ppm Ni, which support the chalcophile property of Re.
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analytical scatter cannot account for all the variation

observed and the overall positive trend with the

inverse of 188Os (Fig. 3). Global correlations with

the other isotopic ratios (Fig. 4) support that the Os

isotopic variation reflects the mixture between the two

end-members previously identified. In addition, the

correlations within flows between Os and Pb and Sr
isotopic composition despite the fact that the samples

are indistinguishable within the quoted uncertainties

also confirms that the isotopic variations observed are

real.

Fogo lavas have neodymium isotopic ratios rang-

ing from 0.512718 to 0.512765. These isotopic ratios

are similar to those previously measured for Fogo,
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after correction of Nd isotope ratios from Gerlach et

al. (1988) for inter-laboratory bias (see Hoernle et al.

(2002) for details).

Os–Sr–Nd–Pb compositions are also reported for

two carbonatites from Fogo (Table 2). NF43 and

NF44 have more radiogenic 187Os / 188Os (0.1924 and

0.1839, respectively) than mafic lavas for concen-

trations of the same order (22.9 and 12.6 ppt,

respectively). These radiogenic Os compositions are

in agreement with those measured in carbonatites

from the Canary Islands (Widom et al., 1999). Earlier

works found ages of 3.4F1.0 Ma (Lancelot and

Allègre, 1974) and 4 Ma (Hoernle et al., 2002) for the

Fogo carbonatites. In a 187Os / 188Os vs. 187Re / 88Os

diagram, the two samples we analyzed yield an age of

3.2F1.2 Ma, consistent with those previously pro-

posed. Nevertheless, having no evidence of a common

history for our two samples, the mean age of 4 Ma

proposed by Hoernle et al. (2002) is used, leading to

corrected 187Os / 188Os ratios of 0.1698F0.039 and

0.1718F0.048 for NF43 and NF44, respectively.

NF43 and NF44 also have very similar Sr–Nd–Pb

isotopic compositions, identical within the uncer-

tainty. The two carbonatites fall within the restricted

range of previous analyses of carbonatites from Fogo

(Gerlach et al., 1988; Hoernle et al., 2002). Their

signature is less radiogenic than basaltic lavas for Sr

isotopes (87Sr / 86Sr=0.703158), but more radiogenic

for Nd (143Nd / 144Nd=0.512930) and Pb isotopes
(206Pb / 204Pb = 19.868; 207Pb / 204Pb = 15.599;
208Pb / 204Pb=39.201).

4.3. Isotopic variability within lava flows

The mafic lavas we analyzed correspond to at least

six different volcanic series with different ages of

eruption. The distinction of the different groups

reveals an important isotopic variability within each

lava flow. The two groups with more than two

samples (i.e., 1951 and pre-caldera groups) have Os,

Pb, Sr and Nd isotopic ratios that define binary mixing

trends (Fig. 4). The basalts from 1951 have partic-

ularly low mean Os contents (~7.8 ppt), making them

highly sensitive to post-differentiation contamination

by radiogenic material. However, the inverse of Os

contents of these samples does not correlate with
187Os / 188Os, indicating that they have not been

significantly contaminated after differentiation (Fig.

3). Instead, the almost constant values of differ-

entiation index associated with the isotopic variation

implies that the mixture occurred prior to the end of

magma differentiation and that the isotopic hetero-

geneity is preserved within the magma.

Pre-caldera samples define a linear correlation in
187Os / 188Os–187Re / 188Os diagram (not shown) that

could represent either an isochron (395F216 Ma

and (187Os / 188Os)0=0.1317) or a binary mixture.

The mixture hypothesis is supported by the correla-
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correlations within the 1951 and pre-caldera data, supporting a common origin for the intra-lava Os–Pb–Sr–Nd isotopic variations and the Fogo

basalt isotopic evolution through time.
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tions between the isotopic ratios and the incompat-

ible element ratios such as Ba /Nb or Ba /La defined

by the pre-caldera samples. Moreover, correlations

between Sr–Nd–Pb isotopes indicate a binary mix-

ture and, since the Os isotopes correlate with Sr–Nd–

Pb, their variations should reflect the same mixture.

Correcting Os isotopic compositions for post-erup-

tion decay would reduce the Os variability within the

pre-caldera group but would have no effect on the
other isotopic ratios and remove the pre-caldera

samples from the overall Pb–Os and Sr–Os correla-

tions (Fig. 4).

The isotopic compositions of samples from the

groups with two samples (Caldera wall and 1785 lava

flow) do not define linear trends parallel to those

defined by 1951’s lava flows and pre-caldera samples.

Without a more numerous sampling, discussing the

origin of their intra-lava isotopic variability remains
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somewhat speculative. Except for Os isotopic com-

position of sample F-22, the other isotopic composi-

tions are within the range defined by the most

numerous groups.

4.4. Temporal isotopic variations

The trends defined by the 1951 and pre-caldera

groups are similar to those defined by the whole

dataset, suggesting they reflect the same mixture. In

order to study the temporal evolution of Fogo

volcanism, we consider here the average isotopic

compositions of each lava flow. As reported in Fig. 4,

the average isotopic compositions define correlations,

similar to those defined by the whole dataset, which

can be explained by a mixture in variable proportions

of two end-members. Due to their similarities in

major, trace element and isotopic compositions, mafic

lavas from the 1951 and 1995 lava flows can be

interpreted to be representative of the current volcan-

ism. Pre-caldera samples display Os, Pb, Sr and Nd

ratios distinct from those measured in samples from

the 1951–1995 lava flows (Fig. 4).

Except for one pre-caldera sample, the 1785 lava

flow display the largest HIMU signature measured in

this study and plot within the pre-caldera field. The

sample from the 1847 lava flow plot within the

1951–1995 lava flow fields while the sample from

the 1857 lava flow plot in the pre-caldera field (see

Fig. 4). While the Pb, Sr and Nd isotopic composi-

tions of the 1847 and 1857 samples are consistent

with the correlations defined in the isotopic diagrams,

these two samples have Os isotopic ratios plotting

outside of the correlations defined by the other lava

flows. The Os isotopic ratio of sample F-24 (1847

lava flow) is within the range defined by the other

lava flows, suggesting that the deviation is caused by

a sampling bias. Concerning the 1857 lava flow,

sample F-22 has the lowest Os content measured in

this study together with a high 187Os / 188Os ratio

(0.1548) that strongly differs from the isotopic

compositions measured in other Fogo lavas. This

feature strongly suggests that its Os isotopic compo-

sition reflect a post-differentiation contamination by

radiogenic material such as old oceanic crust forming

the sea floor.

Due to the short time interval between the 1847

and 1857 eruptions and to the isotopic scatter existing
within the 1951 lava flow and the pre-caldera group,

the two samples from the 1847 and 1857 lava flows

could be grouped together. Such a grouping empha-

sizes the temporal isotopic evolution existing in the

historic lava flows, starting from the moderate HIMU

composition of the 1785 lava flow and pre-caldera

group, toward the enriched composition (i.e. high
87Sr / 86Sr and 187Os / 188Os ratios and low 206Pb / 204Pb

and 143Nd / 144Nd ratios) of the 1951–1995 lava flows,

through the 1847 and 1857 lava flow compositions. A

similar isotopic distinction has been previously

observed in Fogo and Santiago basalts and interpreted

as a temporal evolution of the proportions of the

different end-members involved in the magmatic

source (Gerlach et al., 1988).
5. Discussion

5.1. Re–Os behaviour during differentiation

Despite the fact that Fogo lavas belong to different

lava series and derive from different parental magmas,

their composition in major elements suggests that they

have experienced similar episodes of differentiation.

The evolution of the TiO2, Fe2O3 and V contents

relative to MgO (Fig. 2) supports a differentiation by

fractional crystallization that may occur first by

crystallization of olivine and clinopyroxene and later

by crystallization of Fe–Ti oxides. The evolution of

Os content with MgO and Ni contents is comparable

to TiO2 evolution (Fig. 2), with a change of slope at

MgO=7.1 wt.% and Ni=65 ppm. Since the silicates

have very low Os content, the decrease in Os suggests

the formation and fractionation of sulphides (Burton

et al., 2002). The similar evolution of Os and Cu (Fig.

2), both chalcophile elements, confirms that the

increase of slope is related to sulphide formation

enhanced by Fe–Ti oxide precipitation that induces a

marked sulphur oversaturation in the melt. The bulk

partition coefficient for Os can be estimated relative to

that of Ni for the two steps of crystallization. A

fractional crystallization model reproducing the Ni–

Os trends is reported in Fig. 2, starting from a

hypothetical primary melt with 220 ppm Ni, 18 ppt Os

and 85 ppm Cu and DOs /DNi=0.05 and DCu /

DNi=0.01. At 65 ppm Ni, the ratios of Os and Cu

partition coefficients over that of Ni increase signifi-
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cantly to DOs /DNi=1.8 and DCu /DNi=0.65. The

estimation of bulk partition coefficient for Os is

difficult because DNi is changing during crystalliza-

tion (Hart and Davis, 1978).

The high Re contents of Fogo lavas contrast with

the low contents measured in Hawaiian subaerial

lavas (b350 ppt), which have been attributed to reflect

Re degassing during the eruption (Lassiter, 2003). Our

dataset define an overall negative trend in the Re vs.

Ni diagram which cannot be produced by a single-

stage differentiation starting from the most primitive

sample (Fig. 2). The positive trend defined by the

1951–1995 lava flows is similar to those defined in

the other diagrams reported in Fig. 2, which suggests

that sulphide formation has an significant effect on the

evolution of Re content. Such a positive trend can be

reproduced using a DRe /DNi equal to 1.8 for the

second step of crystallization and the high Re content

of F-06 requires a Re content up to 1600 ppt for the

starting melt used for the first step. The dispersion of

Fogo lavas in the Re vs. Ni diagram confirms that the

different groups of samples identified above have to

be derived from different parental magmas, with

initial Re content as low as 150 and up to 1600 ppt

for the recent lava flows. The high initial Re content

required for the recent lava flows, which have the

more enriched signature, suggests that the Re content

is strongly influenced by the enriched component

contribution. The initial Re content should be even

higher if the magmas have encountered a significant

degassing.

5.2. Origin of Fogo basalt isotopic variations

The correlations defined by the Os, Pb, Sr and Nd

isotopic compositions of Fogo lavas support the

existence of binary mixing between a moderate HIMU

and an EM1-like end-member. The fact that these

correlations are similar to the intra-lava flow trends

defined by pre-caldera and 1951 groups (Fig. 4)

suggests they reflect mixing of the same components.

The existence of isotopic correlation within a single

lava flow also implies that the mixture occurred after

the magma formation and was not followed by an

efficient homogenization.

The linear relationship observed between the mean
187Os / 188Os and 1 / 188Os ratios (Fig. 3) can be

interpreted either as (1) the mixing of two end-
members, one with high 187Os / 188Os and low Os

content and one with low 187Os / 188Os and high Os

content, or as (2) the addition of radiogenic material

during or after the magma differentiation, which has a

greater effect on the low Os content lava. The first

hypothesis would imply that the measured Os con-

centrations directly reflect the proportion of mixing of

the two end-members involved and should not

correlate with indices of fractionation. However, it

has been shown above that the Os content variation of

Fogo basalts is consistent with differentiation pro-

cesses, supporting the second hypothesis. Within a

given lava flow the Os isotopes do not correlate with

differentiation indices. This suggests that the contri-

bution of the Os radiogenic end-member occurred

prior to the end of the magma differentiation,

producing an isotopic heterogeneity that is preserved

in the magma, while differentiation has obscured the

initial Os concentration variations.

To summarize, the combination of the different

scales of variation imply that the enriched signature

of Southern Cape Verde Islands is related to a

shallow contamination. The enriched end-member

has to interact with the magma during its differ-

entiation and affect the Os–Pb–Sr–Nd isotopic

compositions. This contribution can correspond

either to the addition of another silicate melt with

distinct isotopic composition or to the assimilation of

surrounding lithologies.

The correlations defined by our dataset in the Sr–

Nd–Pb isotopic diagrams (cf. Doucelance et al. (2003)

and Figs. 5 and 6) are similar to those observed in

previous studies of the Southern Islands (Gerlach et al.,

1988; Davies et al., 1989; Kokfelt et al., 1998;

Christensen et al., 2001). This feature strongly suggests

that our isotopic dataset reflects similar mixtures of the

same two end-members. The convergence of the

Southern and Northern Island trends in the 208Pb /
204Pb–206Pb / 204Pb and 87Sr / 86Sr–206Pb / 204Pb iso-

topic diagrams toward high 206Pb / 204Pb values have

led to the identification of a common moderate HIMU

end-member (206Pb / 204Pb~20, cf. Gerlach et al.

(1988); Hoernle et al. (2002); Doucelance et al.

(2003)) and two others: (a) an EM1-like end-member

for the Southern Islands; (b) the local depleted

mantle for the Northern Islands. On the basis of all

the isotopic diagrams, the two end-members are

identified in the Os isotopic diagrams. Using the
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1989), Azores (Widom and Shirey, 1996), Canary (Hoernle et al., 1991; Marcantonio et al., 1995) and Tristan da Cunha (White and Hofmann,

1982; Le Roex et al., 1990; Cliff et al., 1991). Samples from the Southern and Northern Islands define two distinct domains. The Northern

Islands define a steep trend with low 87Sr / 86Sr and radiogenic 143Nd / 144Nd, almost parallel to the trend defined by St. Helena basalts. In

contrast, the Southern Islands define a trend significantly steeper than the classical mantle array from the lowest 143Nd/ 144Nd value of the

Northern Islands toward unradiogenic 143Nd/ 144Nd and moderately radiogenic 87Sr / 86Sr ratios. Also reported are fields for Pitcairn for which

the EMI-like signature has been explained by sediment contribution in the source (Woodhead and Devey, 1993; Eisele et al., 2002) and

Kerguelen islands (Dosso and Murthy, 1980; White and Hofmann, 1982; Weis et al., 1993). HIMU is for the extreme HIMU end-member; EM1

corresponds to the Enriched Mantle 1 (Zindler and Hart, 1986). LM=Lower Mantle. Its isotopic composition (87Sr / 86Sr=0.70429 and
143Nd/ 144Nd=0.51272) is calculated as resulting from the mixture of Bulk Silicate Earth material and ~17% of Depleted Mantle (See

Doucelance et al. (2003) for details).
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converging isotopic trends defined by the Southern

and Northern Islands, the composition of the

moderate HIMU end-member is estimated: 187Os /
188Os ~ 0.1325, 206Pb / 204Pb ~ 19.76, 87Sr / 86Sr ~

0.70334 and 143Nd / 144Nd~0.51281. The location

of the EM1-like end-member in the isotopic dia-

grams is less constrained. However, using the

isotopic correlations, a possible isotopic composition

can be estimated: 206Pb / 204Pb~18.60, 87Sr / 86Sr~

0.7040 and 143Nd / 144Nd~0.51262 and 187Os /
188Os~0.1450. This composition has been chosen

to plot at the enriched extremity of the Southern

Island field in the different isotopic diagrams and

one should keep in mind during the following

discussion that the actual composition of the

enriched component is likely to be more extreme.
5.3. Nature of the enriched end-member

On the basis of trace elements and Sr–Nd–Pb

compositions, previous studies have identified the

EM1-like end-member of Southern Islands as the sub-

continental lithospheric mantle (SCLM) (Gerlach et

al., 1988; Davies et al., 1989; Kokfelt et al., 1998;

Doucelance et al., 2003). It should be noted that

evidence has also been shown that fragments of

continental lithosphere may be located beneath the

eastern Canary Islands (Hoernle et al., 1991; Hoernle,

1998; Widom et al., 1999). The radiogenic Os isotopic

composition we determine for the enriched end-

member is an unexpected feature for the sub-

continental lithospheric mantle. Indeed, most of the

ultramafic xenoliths sampling SCLM display partic-
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Atlantic MORB (Dosso et al., 1993). The dashed thick line represents the Northern Hemisphere Reference Line (Hart, 1984). Fields for the

African lower continental crust (granulites from Lashaine, Lesotho and Markt groups (Rogers and Hawkesworth, 1982; Cohen et al., 1984;

Huang et al., 1995) are also shown.

S. Escrig et al. / Chemical Geology 219 (2005) 93–113 105
ularly unradiogenic 187Os / 188Os ratios (average
187Os / 188Osc0.1214F0.0078 (1r)) (Walker et al.,

1989; Carlson and Irving, 1994; Pearson et al., 1995;

Chesley et al., 1999; Meisel et al., 2001; Schmidt and

Snow, 2002). These low 187Os / 188Os ratios reflect the

evolution of a mantle reservoir with a low Re /Os due

to the Re depletion associated with the crust extraction

(Walker et al., 1989; Pearson et al., 1995). Even if

some minerals have high Re /Os ratios and have

developed radiogenic 187Os / 188Os ratios with time,

sulphides with low Re /Os dominate the Os budget of
ultramafic xenoliths and impose an unradiogenic bulk

composition (Burton et al., 1999; Burton et al., 2000).

The 187Os / 188Os ratios measured in ultramafic xen-

oliths remain less radiogenic than those measured in

Cape Verde basalts and the value estimated for the

enriched end-member.

The contribution of the enriched end-member may

be related to different processes occurring at different

steps of the magma evolution, such as (1) the mixture

with oceanic lithosphere melted by the thermal effect

associated with the mantle plume, (2) the assimilation
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in a magmatic chamber of the surrounding rocks or (3)

the interaction with the oceanic crust during the

magma ascent. In the following section, we inves-

tigate the different possible contaminants that may

interact with the magma, with the aim of explaining

the radiogenic Os isotopic compositions of basalts.

This contaminant must account for Pb–Sr–Nd isotopic

and trace elements compositions that have previously

led to propose it to be the sub-continental lithospheric

mantle, i.e. the steep trend defined by the Cape Verde

Southern Islands in the Sr–Nd isotopic diagram which

differs from those defined by other oceanic islands

(Fig. 5) and the elevated 208Pb / 204Pb and 207Pb / 204Pb

ratios for a given 206Pb / 204Pb.

5.3.1. Interaction with the volcanic pile

On the basis of our sampling, the assimilation of

ancient lavas forming the volcanic pile during the

latest stage of the magma ascent or interaction with

the underlying lava flows can be rejected. Indeed, the

temporal isotopic variation shows that the younger the

lavas are, the more they have an EM1-like signature,

with higher 87Sr / 86Sr and 187Os / 188Os and lower
206Pb / 204Pb ratios. Conversely, the oldest lavas dis-

play isotopic compositions closer to the moderate

HIMU end-member and cannot account for the EM1-

like contaminant. Invoking older lavas that may not be

sampled in this study, located deeper in the edifice,

does not provide a more satisfying explanation. While

these lavas could have high 87Sr / 86Sr and
187Os / 188Os ratios produced by post-eruption decay,

the low 206Pb / 204Pb ratio of the EM1-like end-

member, lower than the moderate HIMU end-member

composition, could not be explained. The enriched

signature has to be related to an end-member that has

undergone an evolution with a low U/Pb ratio. Thus,

the variation of the Os, Sr, Nd and Pb isotopic ratios is

related to the assimilation of deeper material.

5.3.2. Assimilation of oceanic crust or sediment

For most of the Os analyses of OIB (Marcanto-

nio et al., 1995; Widom and Shirey, 1996; Widom

et al., 1999), samples with concentrations lower than

30 ppt display a large range of Os isotopic ratios, up

to 0.195, which is interpreted as sediment or crustal

material assimilation during the magma ascent. Con-

cerning Fogo basalts, neither Jurassic MORB identi-

fied by Gerlach et al. (1988) on the Southern Islands
nor actual Atlantic sediments can account for the end-

member which displays 187Os / 188Os~0.1450, 206Pb /
204Pb~18.60, 87Sr / 86Sr~0.7040 and 143Nd / 144Nd~

0.51262 (see Fig. 6). Jurassic MORB have the fol-

lowing isotopic compositions: 87Sr / 86Sr=0.703627�
0.703707, 143Nd / 143Nd= 0.51306�0.51309 and
206Pb /204Pb=19.61�20.30; they are not consistent

with the EM1-like end-member identified in the

Southern Islands. Despite the fact that Atlantic sedi-

ments (White and Dupré, 1986; Hoernle et al., 1991;

Hoernle, 1998) with the lowest 206Pb / 204Pb ratios

possess Pb isotopic compositions that can account for

the EM1-like end-member, they have 87Sr / 86Sr ratios

that are too radiogenic, which precludes them to be the

contaminant.

5.3.3. Contribution of the underlying mantle

The contribution of the depleted MORB mantle has

been already proposed (Gerlach et al., 1988; Davies et

al., 1989; Doucelance et al., 2003) to explain the

isotopic variation of the Northern Island basalts. As

shown in Fig. 6, the field of the 10–208 N Atlantic

MORB (Dosso et al., 1993) plots in the continuity of

the Northern Island trend. This is not the case for the

Southern Islands, which precludes a similar contribu-

tion in the source of Fogo. Moreover, the fact that

assimilation of depleted mantle by oceanic basalts

leads to unradiogenic Os isotopic ratios and an

increase of Os content (Widom et al., 1999) also

argues against such a contribution.

The carbonatites found on the Cape Verde Islands

provide evidence that metasomatic processes occur

in the underlying mantle. The carbonatites analyzed

preserve radiogenic 187Os / 188Os ratios consistent

with the enriched end-member but too elevated in

Pb and too low in Sr isotopic ratios (Fig. 6). In

addition, Fogo basalts do not display high CaO

contents compared to Northern Island basalts, as

would be expected with a carbonatitic contribution.

Generally, the low 143Nd / 144Nd together with

moderate 87Sr / 86Sr measured in oceanic island

basalts are attributed to a mantle metasomatised by

migration of small volume of partial melt (Hawkes-

worth et al., 1984). Since the local Jurassic MORB

have depleted compositions (Gerlach et al., 1988), the

convecting mantle that formed the oceanic lithosphere

consisted of depleted MORB mantle. Subsequent

metasomatism of the oceanic lithospheric mantle
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cannot explain the low 143Nd / 144Nd ratios of South-

ern Island basalts which require a long evolution with

a low Sm/Nd ratio. The end-member responsible for

the enriched signature of Southern Island lavas must

thus be related to an ancient material located in the

oceanic lithosphere.

5.3.4. Fragments of continental lithosphere within the

oceanic lithosphere

As developed above, the trace element and Pb–Sr

isotopic compositions of the Southern Island basalts

are consistent with sub-continental lithospheric mantle

as the origin of the enriched signature (Gerlach et al.,

1988; Davies et al., 1989; Kokfelt et al., 1998;

Doucelance et al., 2003) but the radiogenic
187Os / 188Os ratios measured in Fogo lavas require a

high Re /Os component that cannot be the sub-

continental lithospheric mantle. In earlier works,

lower continental crust has been proposed to explain

the enriched compositions of the Cape Verde and

Canary volcanic rocks (Hoernle et al., 1991; Hoernle,

1998; Hoernle et al., 2002). From an Os isotopic point

of view, xenoliths sampling the lower continental

crust have radiogenic isotopic ratios ranging from

0.179 to 1.814 (Esperança et al., 1997; Saal et al.,

1998) and highly variable Sr–Nd–Pb isotopic compo-

sitions related to the age of their formation and of the

following events of metamorphism (Rudnick, 1992).

In a recent study, Jull and Kelemen (2001) have

shown that lower crust delamination may occur in

several geological settings such as arcs, volcanic rifted

margins and continental areas that are undergoing

extension or removal of the underlying upper mantle.

The extension associated with the opening of the

Atlantic Ocean represents a favourable setting for

lower crustal delamination and the location of the

Cape Verde plateau, close to the African continent,

suggests that some lower continental fragments could

have been stored into the oceanic lithosphere. The

presence of continental crust fragments found by

drilling in the Iberian abyssal plain (Whitmarsh et al.,

1998) supports such an assumption.

The fact that our estimate of the enriched end-

member Os isotopic composition (187Os / 188Os~

0.1450) does not fall within the lower continental

crust range of compositions suggests that it has a

more extreme location in the isotopic diagrams, with

higher 187Os / 188Os, 87Sr / 86Sr ratios and lower
206Pb / 204Pb and 143Nd / 144Nd ratios. It should also

be noted that, due to their low buoyancy, the upper

lithospheric mantle and the lower part of the

continental crust appears to be the most likely parts

of the continental lithosphere to be delaminated (Kay

and Mahlburg Kay, 1993). Because of the high

contrast in Os content and Os isotopic ratios between

the lower continental crust and the SCLM, a small

amount of SCLM will significantly decrease the Os

isotopic composition of the contaminant as well as

increase its Os content. Thus, even a 187Os / 188Os

ratio close to 0.145 for the enriched contaminant

would still be consistent with the lower continental

crust if mixed with sub-continental lithospheric

mantle.

The isotopic data available on the African gran-

ulites (Rogers and Hawkesworth, 1982; Cohen et al.,

1984; Huang et al., 1995) show low 206Pb / 204Pb

ratios and unradiogenic 143Nd / 144Nd associated with

moderate 87Sr / 86Sr. In particular, the Markt group of

granulite xenoliths from the margin of the Kaapvaal

Craton have Sr–Nd–Pb isotopic compositions in good

agreement with the correlations defined by our dataset

(Fig. 6).

Incompatible trace element ratios also provide

arguments in favour of the involvement of lower

continental crust in the source of the Southern

Islands. In a La /Ba vs. Nb /Ba plot (Fig. 7) the

Southern and Northern Islands define two contig-

uous but distinct fields. Basalts from the Northern

Islands define a trend toward high Nb /Ba and La /

Ba values, consistent with a Depleted Mantle

contribution. In contrast, the Southern Islands have

lower La /Ba and Nb/Ba ratios and plot below the

trend toward bulk continental crust values (Rudnick

and Fountain, 1995) defined by the EM1-like

basalts from the Atlantic Ocean (Humphris and

Thompson, 1983; Le Roex, 1985; Weaver et al.,

1987; Le Roex et al., 1990; Cliff et al., 1991) and

from Pitcairn (Woodhead and Devey, 1993). The

lack of correlation between trace element and

isotopic ratios is related to the fact that our

samples are derived from different parental magmas

which have different fractionation and contamina-

tion histories. However, the Southern Islands trace

element ratios support the involvement of a Ba-rich

source in the Southern Islands, closer in composi-

tion to the granulites than to the bulk continental
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crust composition, more representative of sediment

compositions.

The temporal isotopic evolution of Fogo and

Santiago basalts shows that the enriched end-member

contribution increases through time (this study and

Gerlach et al. (1988)). This temporal evolution

supports that the lower crust fragments are located

at shallow depth in the oceanic lithosphere. The mafic

compositions of Fogo lavas imply that the lower

crustal material is totally assimilated by the magma or

at least melts to a high degree. Combining all these

features suggests that the enriched signature of the

Cape Verde Southern Island basalts is produced by

interaction of the magma with lower continental crust

fragments present at shallow depth in the oceanic

lithosphere, possibly within the crust. The location of

the enriched end-member is consistent with the

conclusions of previous studies of Canary and Cape

Verde Islands, for which the presence of fragments of

continental lithosphere within the oceanic lithosphere

was proposed (Gerlach et al., 1988; Davies et al.,

1989; Hoernle et al., 1991; Hoernle, 1998; Widom et

al., 1999).
5.4. Nature of the moderate HIMU end-member

Previous studies have proposed various origins for

the moderate HIMU-like signature (Gerlach et al.,

1988; Davies et al., 1989; Kokfelt et al., 1998;

Christensen et al., 2001; Doucelance et al., 2003).

Gerlach et al. (1988) and Davies et al. (1989) have

proposed two different models involving, for the

Southern Islands, a mixture between a DMM-HIMU

hybrid end-member and an EM1-like end-member.

Both their models are based on an ancient recycled

oceanic crust (ROC) present either as a major

component in the ascending plume or as an

ubiquitous small-scale heterogeneity in the depleted

mantle. Kokfelt et al. (1998) and Christensen et al.

(2001) have suggested alternative models based on a

so-called byoung HIMUQ, having a HIMU-like trace

element pattern but moderate Pb isotopic ratios.

Kokfelt et al. (1998) proposed this end-member to be

associated with carbonatitic fluids produced during

metasomatic processes while Christensen et al.

(2001) argued in favour of byoungQ recycled oceanic

crust (age not given). Recently, Doucelance et al.
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(2003) have shown that a byoung HIMUQ cannot

explain the most radiogenic Pb compositions of the

Northern Islands. Using the helium evidence for

lower mantle involvement (Christensen et al., 2001;

Doucelance et al., 2003), they model the Sr and Pb

isotopic composition of the moderate HIMU end-

member as a mixture of lower mantle material and

1.6 Ga recycled oceanic crust.

The Os isotopic composition of the moderate

HIMU end-member is the less radiogenic of the two

Fogo end-members, significantly lower than the

extreme HIMU-like signature (187Os / 188Os~0.155)

defined by samples from the Austral-Cook Islands

(Hauri and Hart, 1993; Reisberg et al., 1993; Schiano

et al., 2001) or than the St. Helena values (~0.145)

(Reisberg et al., 1993).We will show that such an

unradiogenic value is fully consistent with a mixture

of lower mantle material and a 1.6 Ga recycled

oceanic crust as it has been proposed on the basis of

Pb–Sr–He isotopes. Using the correlations that are

observed in the isotopic diagrams, we will also
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confirm that the HIMU-like end-member is not related

to carbonatitic fluids.

5.4.1. Rejecting carbonatites as the HIMU-like end-

member

If carbonatites are a common feature on continents,

they are rare on oceanic islands (Allègre et al., 1971).

Their origin is still discussed and we want to focus on

their possible influence in the source of basalts.

Recently, assimilation of carbonatites by the lavas

has been proposed to explain trace element enrich-

ment in some basaltic rocks erupted on São Vicente

(Northern Islands, cf. Jorgensen and Holm (2002)).

The Sr, Nd, Pb isotopic compositions of the two

carbonatites reported in this work are similar to those

previously analyzed (Gerlach et al., 1988; Hoernle et

al., 2002). The locations in the different isotopic

diagrams (Figs. 5, 6 and 8), with radiogenic
187Os / 188Os and 208Pb / 204Pb ratios that are too low

relative to 206Pb / 204Pb ratios preclude carbonatites

from being the moderate HIMU end-member of Fogo
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volcanism. The recent study of Cape Verde carbo-

natites by Hoernle et al. (2002) has shown that major

and trace element as well as isotopic compositions of

calcio-carbonatites located on Fogo, Brava, São

Vicente and Santiago islands are consistent with

metasomatic processes involving a low degree of

melting of a recycled carbonated oceanic crust (1.6

Ga). However, the comparison of carbonatites and

basalts from São Vicente has shown evidence of two

separate HIMU sources located within the Cape Verde

plume (Jorgensen and Holm, 2002). The high
187Os / 188Os (up to 0.171) measured in carbonatites

together with their Pb isotopic compositions are

consistent with a HIMU source with high Re /Os for

carbonatitic fluids distinct from the HIMU basaltic

source and derived from 1.6 Ga ROC.

5.4.2. Recycled oceanic crust and lower mantle

material

The presence of lower mantle material in the Cape

Verde is supported by the high 3He / 4He ratios

measured in the Northern Island basalts by Christensen

et al. (2001) and Doucelance et al. (2003). Despite the

fact that Southern Island basalts tend toward the Cape

Verde mantle plume composition in the Os–Pb–Sr–Nd

isotopic diagrams, they do not display high 3He / 4He

ratios. This feature can be explained by the contribution

of lower crustal material, which has low 3He / 4He,

compensating for the primitive He signature.

The presence of lower mantle associated with

recycled oceanic crust in the mantle plume is respon-

sible for the unradiogenic Os isotopic composition of

the moderate HIMU end-member, closer to the

peridotitic mantle value (Roy-Barman and Allègre,

1994; Snow and Reisberg, 1995) than the extreme

HIMU value (Hauri and Hart, 1993; Reisberg et al.,

1993; Schiano et al., 2001). The lower mantle

composition is thought to reflect the mixing of Bulk

Silicate Earth material and depleted mantle in the

proportion of 83:17 (Allègre and Lewin, 1989;

Doucelance et al., 2003). The 187Os / 188Os ratio of

BSE (i.e. primitive mantle) has been estimated to
187Os / 188Os~0.1296F0.0008 (Meisel et al., 2001), in

good agreement with the chondrite compositions (Luck

et al., 1980). Combined with the estimate of depleted

mantle composition (187Os / 188Os~0.125) based on

abyssal peridotites (Roy-Barman and Allègre, 1994;

Snow and Reisberg, 1995), this yields a 187Os / 188Os
ratio close to 0.129 for the lower mantle, similar within

the uncertainty to the BSE composition.

Estimating the Os isotopic evolution of recycled

oceanic lithosphere remains a difficult task since it is

composed of different layers (basalt, gabbro and

depleted peridotite) with different Re /Os ratios and

Os isotopic evolutions through time. Moreover the

effects of melting and dehydration during subduction

processes on the Re /Os ratios are not well enough

constrained to enable precise and relevant calculations

(Becker, 2000). Using an Os-evolution model of basalt

with a low 187Re / 188Os value of 50 (Widom et al.,

1999) yields very radiogenic 187Os / 188Os ratio of ~1.4

for 1.6 Ga recycled oceanic crust much more radio-

genic than the extreme HIMU end-member. Hauri and

Hart (1993) proposed the HIMU end-member corre-

sponds to a mixture of recycled oceanic crust and

mantle peridotite. The oceanic lithospheric mantle,

which has a low 187Re / 188Os ratio and a high Os

content, would then lower the bulk 187Os / 188Os of the

recycled material. Due to the difference of Pb, Sr and

Nd concentrations between oceanic crust and oceanic

lithosphere peridotite, the latter would have a negli-

gible effect on the Pb, Sr and Nd isotopic compositions.

In the case of the Cape Verde Islands, a 1.6 Ga

recycled oceanic crust is associated with lower mantle

material in the plume. Since the moderate HIMU end-

member composition appears to be mainly dominated

by the lower mantle material with high Os content and

unradiogenic 187Os / 188Os ratio, the Cape Verde lavas

do not provide constraints on the composition of the 1.6

Ga recycled oceanic crust. However, by analogy with

basalts from St. Helena (Reisberg et al., 1993) and

Mangaia (Hauri and Hart, 1993; Schiano et al., 2001)

with Pb isotopic compositions close to those calculated

for a 1.6 Ga recycled oceanic crust, we estimate a
187Os / 188Os ratio of 0.145 for the 1.6 Ga ROC melt-

derived (Fig. 8). The mixture of such a component (1.6

Ga recycled oceanic crust and its residual mantle) with

lower mantle material, illustrated in Fig. 8, reproduces

the Os isotopic composition of the moderate HIMU

end-member as proposed by Doucelance et al. (2003).
6. Conclusions

Our Os–Nd isotope dataset of Fogo lavas comple-

ments the work of Doucelance et al. (2003). The Sr–
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Nd–Pb isotopic data show correlations similar to those

previously observed between a moderate HIMU end-

member and an EM1-like end-member. The correla-

tions in the isotopic diagrams involving the Os and Nd

isotopic ratios reflect the same mixing between the two

end-members identified for the Southern Islands. The

isotopic composition of the moderate HIMU end-

member identified as the plume signature can be

produced by the mixing of melts derived from 1.6 Ga

recycled oceanic lithosphere and lower mantle mate-

rial. The EM1-like end-member, previously identified

as sub-continental lithospheric material on the basis of

trace elements and Sr, Nd, Pb isotopic ratios, displays a

radiogenic Os isotopic signature which requires the

presence of a high Re /Os material. The temporal

isotopic variation shows an increasing effect of the

EM1-like end-member in the most recent lavas that

supports the presence of the enriched end-member

located at shallow depth in the oceanic lithosphere. The

Os–Pb–Sr–Nd isotopic and trace element compositions

of Fogo lavas lead to the identification of the

contaminant as continental lithospheric fragments

including lower continental crust, presently located

under the Southern Islands and incorporated in the

oceanic lithosphere during the Atlantic Ocean opening.
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