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Abstract The Cape Verde hotspot, like many other
Ocean Island Basalt provinces, demonstrates isotopic het-
erogeneity on a 100-200 km scale. The heterogeneity is
represented by the appearance of an EM1-like component
at several of the southern islands and with a HIMU-like
component present throughout the archipelago. Where the
EM1-like component is absent, a local DMM-like compo-
nent replaces the EM1-like component. Various source lith-
ologies, including peridotite, pyroxenite and eclogite have
been suggested to contribute to generation of these hetero-
geneities; however, attempts to quantify such contributions
have been limited. We apply the minor elements in olivine
approach (Sobolev et al. in Nature 434:590-597, 2005; Sci-
ence, doi:10.1126/science.1138113, 2007), to determine
and quantify the contributions of peridotite, pyroxenite and
eclogite melts to the mantle heterogeneity observed at Cape
Verde. Cores of olivine phenocrysts of the Cape Verde vol-
canics have low Mn/FeO and low Ni*FeO/MgO that devi-
ate from the negative trend of the global array. The global
array is defined by mixing between peridotite and pyroxen-
ite, whereas the Cape Verde volcanics indicate contribution
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of an additional eclogite source. Eclogite melts escape reac-
tion with peridotite either by efficient extraction in an area
of poor mantle flow or by reaction of eclogite melts with
peridotite, whereby an abundance of eclogite can seal off
the melt from further reaction. Temporal trends of decreas-
ing Mn/FeO indicate that the supply of eclogite melts is
increasing. Modelling suggests the local DMM-like end-
member is formed from a relatively peridotite-rich melt,
while the EM1-like end-member has a closer affinity to a
mixed peridotite—pyroxenite—eclogite melt. Notably the
HIMU-like component ranges from pyroxenite—peridotite-
rich melt to one with up to 77 % eclogite melt as a function
of time, implying that sealing of melt pathways is becom-
ing more effective.

Keywords Ocean Island Basalt - Olivine - Peridotite -
Pyroxenite - Eclogite - Cape Verde

Introduction

Ocean Island Basalts (OIB) are commonly used as proxies
for mantle geochemistry. OIBs tend to be more heteroge-
neous than mid-ocean ridge basalts (MORB), with indi-
vidual Ocean Island groups displaying significant isotopic
heterogeneity (e.g. Geist et al. 1988; Gerlach et al. 1988;
Hoernle et al. 2000; Eisele et al. 2003; Regelous et al.
2003; Thirlwall et al. 2004; Abouchami et al. 2005). Iso-
topic heterogeneity has been classified according to a host
of end-members and mixtures thereof, the most frequently
referred to are HIMU, DMM, EM1 and EM2 (Hart 1984,
Zindler and Hart 1986; Stracke et al. 2005). These mantle
end-members have a variety of possible origins including
(a) recycled ocean crust and sediments sampled by man-
tle plumes, (b) subcontinental lithospheric mantle or (c)
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lower crust sampled through delamination, rifting and edge
driven convection (e.g. Hoernle et al. 1991; Kokfelt et al.
1998; Doucelance et al. 2003; Escrig et al. 2005; Abratis
et al. 2002; Geldmacher et al. 2008; Martins et al. 2009;
Barker et al. 2010; Gurenko et al. 2010a).

Recycling of ocean crust through subduction zones is
expected not only to introduce heterogeneity into the man-
tle, but will transform the subducted materials into eclog-
ite at high pressures, thus introducing geochemical diver-
sity into the mantle that will influence subsequent melting
dynamics (e.g. Kogiso et al. 2003, 2004a). This concept has
led to an interest in determining the source lithologies that
correspond to the observed isotopic heterogeneities. One
approach has been to compare bulk geochemistry of Ocean
Island Basalts with the compositions of experimentally
derived melts (e.g. Hirose and Kushiro 1993; Hirschmann
et al. 2003; Dasgupta et al. 2006, 2007; Prytulak and Elliott
2007). Another approach is based on minor element com-
positions, such as Mn and Ni in olivine, and aims to distin-
guish between peridotite and pyroxenite source lithologies
(Sobolev et al. 2005, 2007; Gurenko et al. 2009, 2010a).

Here, we adopt the minor elements in olivine approach
to characterise the source lithologies associated with the
isotope heterogeneity at Cape Verde (Gerlach et al. 1988;
Doucelance et al. 2003; Holm et al. 2006; Barker et al.
2010). We use this method to quantify the affinity of mag-
mas associated with the HIMU-like, local DMM-like and
EMI1-like end-members observed. We then consider the
implications for the origin of mantle source heterogeneity
at Cape Verde.

Approach

Eclogite lithologies are more fertile than peridotite, and
thus, they begin to melt deeper in the mantle (e.g. Yaxley
and Green 1998). These early eclogite-derived melts react
with peridotite to form hybrid pyroxenite. The resulting
olivine-free pyroxenite later melts to produce Ni-rich melts
releasing the incompatible Ni inherited by the pyroxen-
ite from the peridotite (Sobolev et al. 2005, 2007; Herz-
berg 2011). Additionally, the pyroxenite melts are low in
Mn due to retention of Mn by garnet. Olivine is the first
phase to crystallise following magma ascent to lower pres-
sure, thus recording the most primitive melt compositions
and thereby inheriting Ni and Mn contents from the melt
as a function of the contribution of peridotite and hybrid
pyroxenite source lithologies. Olivines from Ocean Islands
worldwide show a negative correlation between Ni and Mn
and form a global array between low Ni, high Mn perido-
tite melts and high Ni, low Mn hybrid pyroxenite melts
(Sobolev et al. 2005, 2007). This relationship between
Ni and Mn, and therefore between peridotite and hybrid
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pyroxenite, can be exploited to determine the relative pro-
portions of peridotite versus hybrid pyroxenite melts asso-
ciated with a specific mantle source.

The geology and geochemistry of the Cape Verde
archipelago

The Cape Verde archipelago is located approximately
500 km west of Senegal, Africa and consists of a 2 km high
oceanic plateau, from which nine islands and a host of sea-
mounts have developed (Fig. 1). The Cape Verde oceanic
plateau is underlain by Cretaceous ocean crust (Ogg 1995;
Ali and Watts 2003) and the islands form a westward open-
ing horse-shoe shape arrangement.

The Cape Verde plateau is fed by a mantle upwelling
that produces a thermal and topographic anomaly, a geoid
anomaly and a seismic tomography anomaly that extends
into the deep mantle, consistent with what is expected of
a deep mantle plume (Courtney and White 1986; Ali and
Watts 2003; Montelli et al. 2004, 2006; Pim et al. 2008).

The lavas from Cape Verde are highly alkaline, with
the majority having compositions of basanites to mela-
nephelinites (Davies et al. 1989; Le Bas 1989; Holm et al.
2006; Barker et al. 2009). The lavas range from aphyric,
through olivine—clinopyroxene porphyritic to ankaramitic
(Barker et al. 2009). Major and trace element compositions
of the lavas suggest the involvement of pyroxenite to eclogite
source lithologies in their genesis (Barker et al. 2009, 2010).

Not only do the islands form geographical groupings
(i.e. northern, southern and eastern islands), but a geograph-
ical isotope heterogeneity is also apparent (Gerlach et al.
1988; Doucelance et al. 2003). The northern islands show
high 2°Pb/?**Pb with negative A8/4, whereas the southern
islands show lower 2°°Pb/”**Pb and positive A8/4 (Ger-
lach et al. 1988). For that reason, the northern islands have
been proposed to result from mixing between a HIMU-like
source and a local DMM-like component (Gerlach et al.
1988; Holm et al. 2006). In contrast, the southern islands
are considered to reflect the presence of an EM1-like com-
ponent (Gerlach et al. 1988; Doucelance et al. 2003; Barker
et al. 2009, 2010; Martins et al. 2009). The presence of the
EM1-like component seems to be restricted to three of the
southern islands (Maio, Santiago and Fogo), being absent
at Brava until 0.5 Ma and from the Cadamosto Seamount
furthest southwest (Barker et al. 2012; Mourao et al. 2012).
Detailed studies of Santo Antdo from the northern island
group and Santiago from the southern island group have
shown that the isotopic heterogeneity has persisted over
at least 7.5 and 4.5 Myrs, respectively (Holm et al. 2006,
2008; Barker et al. 2009, 2010). The temporal geochemical
record of samples for Santo Antdo and Santiago shows uni-
form compositions for the local DMM-like and EM1-like
components, whereas the HIMU-like component shows
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Fig. 1 a Location map of the Cape Verde oceanic plateau, approxi-
mately 500 km west of Africa. b Map of the Cape Verde archipelago
showing the northern, southern and eastern island groups. The islands
of Santo Antdo, from the northern islands, and Santiago, from the
southern islands, are the focus of this study. HIMU-like and local
DMM-like mantle sources are dominant in the northern islands, east-
ern islands and the island of Brava and the Cadamosto Seamount, in

a temporal change in 2%Pb/***Pb across the Cape Verde
archipelago (Barker et al. 2010).

A range of theories for the origin of the EM1-like com-
ponent have been proposed including a subcontinental
lithospheric mantle source derived from the African conti-
nental margin that was trapped in the oceanic lithosphere
during formation of the ocean crust or resides in the upper
mantle (Kokfelt et al. 1998; Abratis et al. 2002; Doucelance
et al. 2003; Escrig et al. 2005; Geldmacher et al. 2008;
Martins et al. 2009). Alternatively, the origin of the EM1-
like component may be recycled inhomogeneous ocean
crust sampled at depth by the mantle plume (Barker et al.
2010, 2012). If the oceanic lithospheric mantle hosts the
EMI-like end-member, we would expect the magmas to

the southwest of the archipelago (Gerlach et al. 1988; Doucelance
et al. 2003; Holm et al. 2006; Millet et al. 2008; Hildner et al. 2011;
Barker et al. 2012). The EM1-like component is restricted to the three
of the southern islands; Maio, Santiago and Fogo plus in volcanics
<0.5 Ma from Brava (Gerlach et al. 1988; Doucelance et al. 2003;
Martins et al. 2009; Barker et al. 2009, 2010, 2012; Mourdo et al.
2012)

be influenced by the EMI-like component as they travel
through the lithosphere. However, extensive crystallisation
has been shown to occur in the oceanic lithospheric mantle
(Barker et al. 2009, 2012; Hildner et al. 2011), independ-
ent of the presence or absence of the EM1-like end-mem-
ber. Furthermore, geochemical evidence for mixing of the
EM1-like and HIMU-like sources during melting suggests
the presence of both components in the melting column
deep beneath the oceanic lithosphere (Barker et al. 2009).

Sample selection

The samples were selected based on their olivine content
and represent the range of whole rock isotopic variations
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Fig. 2 Minor elements in olivine for the presented Cape Verde sam-
ples. The Ni, Mn and Ca concentrations in olivine versus forsterite
(Fo) are shown for samples from Santiago and Santo Antdo. Frac-
tionation vectors are calculated for olivine and clinopyroxene using

observed in lavas from Santo Antdo and Santiago. The
islands of Santo Antdo and Santiago were chosen to rep-
resent the northern and southern islands of Cape Verde,
respectively, due to their well characterised and temporally
constrained sample suites (Holm et al. 2006; Barker et al.
2009, 2010). Furthermore, samples with the highest Mg#’s
[Mg/(Mg+Fe?*+Fe*") mol%] and olivine with magmatic
Ca contents were selected. Samples known to have sig-
nificant influence of crystal accumulation were avoided.
However, several of the samples were not previously ana-
lysed for mineral chemistry, and therefore, analyses were
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partition coefficients from Bougault and Hekinian (1974), Herzberg
and O’Hara (2002), Adam and Green (2006). Grey fields outline the
data filtered to eliminate the effects of clinopyroxene crystallisation

checked for anomalously low Ca contents, similar to oli-
vine from Cape Verde mantle xenoliths (0.04-0.29 wt%,
mean 0.17 £ 0.1 wt% 2 SD Ryabchikov et al. 1995; Bon-
adiman et al. 2005). Several individual olivine cores in var-
ious samples showed low CaO contents (0.03-0.07 wt%),
with others identified as falling below the CaO—Fo trend for
a given Fo content (n = 9/210). These were considered to
be xenocrystic olivine and therefore filtered from the data-
set. Additionally, five more analyses were excluded based
on very high or very low Fo contents with scattered CaO
contents. The filtered dataset has olivine with a range of
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CaO contents between 0.14 and 0.45 wt%, and a mean of
0.28 £ 0.14 wt% (2 SD; Fig. 2), which compares favour-
ably to previously reported data for magmatic olivine from
Cape Verde, that range from ca. 0.18 to 0.51 wt% (Barker
et al. 2009).

Analytical method

Olivine phenocrysts were analysed using a JEOL Super-
probe JXA-8200 electron microprobe at the University of
Copenhagen. Analyses were performed with an accelerat-
ing voltage of 15 keV and beam current of 200 nA. The
analytical protocol was similar to that of Sobolev et al.
(2007), with the following modifications: High precision
Ni and Mn data were acquired by peak counting times
of 60 s, which were run in triplicate to provide an accu-
mulated analysis time of 180 s which we calculate to a
weighted mean. Detection limits are lower than 75 ppm for
Ni, Mn and Ca and 2 sigma uncertainties are better than
5 %. Several samples were duplicated by analysis on the
JEOL JXA-8530F Hyperprobe FEG-EPMA at CEMPEG,
Uppsala University to confirm accuracy of analyses. The
analytical uncertainties for the minor elements Ni, Mn, Ca
were <4 % (1 SD), which equates to ca. 40 ppm.

The cores of the olivine phenocrysts were analysed to
record crystallisation from the earliest possible melts. The
analyses of olivine in each sample were averaged and are
presented with the mean data per sample in Table 1, and
the full dataset is given in the supplementary materials. The
difference between the mean Mn/FeO and Ni*FeO/MgO
for samples analysed at the University of Copenhagen
and duplicated at Uppsala University is <12 %, whereas
the distribution of the data around the mean Mn/FeO and
Ni*FeO/MgO for individual samples are Mn/FeO of +4
to £28, (2 SD) and Ni*FeO/MgO of £16 to £256 (2 SD).
Therefore, the duplicates are within error of the sample
means, confirming the quality of the analytical data but also
highlighting the inherent uncertainties in using mean oli-
vine data for single samples.

The whole rock major element, trace element and radio-
genic isotope data for the samples presented herein are
described in Holm et al. (2006) and Barker et al. (2009,
2010).

Results

Olivine porphyritic samples used in this study range in
whole rock MgO content from 8.3 to 13.6 wt% with one
sample at 6.1 wt% for samples from Santiago and 7.3 to
18.5 wt% for samples from Santo Antdo. The correspond-
ing cores of olivine phenocrysts have Fo content of 79-88
and 81-89 % for samples from Santiago and Santo Antio,

respectively (Fig. 2), with individual samples displaying
ranges of 2.5-6.2 mol% Fo. Olivines from Santiago have
Ni contents of 890-2,720 ppm, Mn contents of 1,110—
2,330 ppm and Ca contents of 1,015-2,590 ppm (Fig. 2).
Olivine phenocryst cores from Santo Antdo have Ni con-
tents of 810-2,700 ppm, Mn contents of 1,080-2,080 ppm
and Ca contents of 1,050-3,220 ppm. Nickel concentra-
tions form a positive trend, whereas Mn and Ca exhibit a
negative trend with Fo contents. These relationships reflect
fractional crystallisation of olivine which causes decreasing
Ni and increasing Ca with decreasing Fo content, and the
minor change in Mn contributes to the spread of the data
away from the negative Mn—-Fo trend. Additionally, clino-
pyroxene crystallisation leads to slightly increasing Mn
and decreasing Ca content with decreasing Fo and minimal
change in Ni, which causes scattering of the Ni—Fo trend
(Fig. 2).

The dataset was tested for the effects of clinopyroxene
crystallisation by filtering the samples that fall away from
the trend of increasing Ca with decreasing Fo content, i.e.
those outside the grey fields shown in Fig. 2.

Ratios of Ni*FeO/MgO, Mn/FeO and Ca/FeO show no
correlation with Fo content, displaying a scattered appear-
ance (Fig. 3). The variations in Ni*FeO/MgO and Mn/FeO
are very similar between the entire dataset and those in the
grey fields that eliminate clinopyroxene crystallisation.
This similarity likely represents compositional diversity
in the melts inherited from the source. Fractional crystal-
lisation vectors show that olivine crystallisation can still
decrease the Ni*FeO/MgO ratios and increase the Ca/FeO
ratios, while clinopyroxene crystallisation will result in
lower Ca/FeO ratios (Fig. 3).

The mean Ni*FeO/MgO and Mn/FeO ratios were calcu-
lated for individual samples and are plotted for the clino-
pyroxene crystallisation filtered data (Fig. 4a) and for the
entire dataset (Fig. 4b). The range of the two datasets is
very similar, showing Ni*FeO/MgO ratios of 382-637
and 384-636 and Mn/FeO ratios of 89—-122 and 86-122
for unfiltered and filtered data, respectively. Furthermore,
the filtered and unfiltered data are highly correlated, 0.993
for Mn/FeO (* = 0.91) and 1.011 for Ni*FeO/MgO
(* = 0.91). The uncertainties of the mean Mn/FeO and
Ni*FeO/MgO ratios are comparable, ranging between 4
and 26 (2 SD) for Mn/FeO for both datasets and 16-256
versus 14-266 (2 SD) for Ni*FeO/MgO for the full data-
set and filtered dataset, respectively. Therefore, we favour
the better statistical basis of the larger dataset upon which
the following discussion will focus. Additionally, the
simultaneous influence of fractional crystallisation on
Ni*FeO/MgO and Mn/FeO is for olivine crystallisation to
decrease the Ni*FeO/MgO ratio and slightly increase the
Mn/FeO ratio (Fig. 4); meanwhile, clinopyroxene crystalli-
sation would increase the Mn/FeO and Ni*FeO/MgO ratios
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Fig. 3 Ratios of minor elements in olivine for the Cape Verde sam-
ples. The Ni*FeO/MgO, Mn/FeO and Ca/FeO ratios in olivine are
shown versus forsterite (Fo) for samples from Santiago and Santo
Antdo. Fractionation vectors are calculated for olivine and clino-

simultaneously. Therefore, the spread of the data from high
to low Mn/FeO at low to intermediate Ni*FeO/MgO away
from the global array contrasts with the sense of fractional
crystallisation and cannot be considered a product of frac-
tional crystallisation.

The olivine phenocrysts from the Santiago and Santo
Antio volcanics range in mean Mn/FeO from high to low,
where the corresponding mean Ni*FeO/MgO ratios are
intermediate to low compared to the global array. Olivine
from the old volcanics (OV) from Santiago and Santo
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pyroxene using partition coefficients from Bougault and Hekinian
(1974), Herzberg and O’Hara (2002), Adam and Green (2006). Grey
fields show the filtered data to eliminate the effects of clinopyroxene
crystallisation

Antdo has Ni*FeO/MgO ratios of 545-590 and Mn/FeO
ratios of 110-122, whereas olivine phenocrysts from the
intermediate volcanics (IV) and young volcanics (YV)
extend to much lower Mn/FeO ratios (Fig. 4). The interme-
diate volcanics from Santo Antdo extend from intermediate
Mn/Fe to high Mn/FeO at the lowest Ni*FeO/MgO ratios.
Whole rock TiO, concentrations range from 2.7 to
4.6 wt% for samples from Santiago and from 3.4 to
5.5 wt% for samples from Santo Antdo. The whole rock
TiO, generally increases with decreasing mean Mn/FeO

@ Springer



1052 Page 8 of 15

Contrib Mineral Petrol (2014) 168:1052

(a)
1000 F Pyroxenite Cape Verde Canary Islands
melt Santiago o Tenerit
A ov enerife
900 | o‘ooQ* o |V A |aGomes

A O vYv ® LaPalma

Santo Antdo O El Hierro
% A OV
< + ; Yl\\// Global array

700 + ]Z 5
600 <& A% \ A
[} A *4
500 () ) -
) *,
400 | o @ e

fractional
800 crystallisation

A Gran Canaria

10% ol
s

Ni*FeO/MgO

Eclogite '~ o -
melt T peridotite
300, . L L n melt
75 85 95 105 115 125 135
Mn/FeO
(b) 2s.d Pyroxenite '%® A eclogite
1000, — 900 ® pyroxenite
melt 800 4 peridotite
700 o) o
900 A 600 C 0
fracti_ona_l 500 @D O
o 800 | crystallisation v A :zg AA % A %}0
(= k200
E ‘+., 50 70 90 110 130 150
5 700 \.\.
e 2O s
x -
= OAA A
z @ A 2 r’ A A AA
500 f S
4
400 o @ou - g
Eclogite @ £
melt —+——————— = pglidotite
300 . L L . . _melt
75 85 95 105 115 125 135

Fig. 4 a Mean Ni*FeO/MgO versus Mn/FeO for olivine phenocrysts
filtered by Ca—Fo content for clinopyroxene crystallisation from lavas
from Santiago and Santo Antdo, Cape Verde. b Mean Ni*FeO/MgO
versus Mn/FeO for lavas from Santiago and Santo Antdo. The global
array (grey diamonds) and lavas from the Canary Islands are shown
for comparison (Sobolev et al. 2005, 2007; Gurenko et al. 2009,
2010a). Abbreviations: OV old volcanics, /V intermediate volcan-
ics, YV young volcanics. The olivines from Cape Verde show a
trend that deviates from the global array towards low Mn/FeO and
Ni*FeO/MgO. The experimental melts for peridotite, pyroxenite and
eclogite are shown in white or grey in the inset, the selected end-
members are in black (Sobolev et al. 2005, 2007; Pertermann and
Hirschmann 2002; Dasgupta et al. 2006 (grey)). The Ni*FeO/MgO
for the eclogites is calculated based on applying the single Ni analy-
ses to each eclogite sample. Peridotite and pyroxenite end-member
melts are the best-fit values for the global array from data presented
in Sobolev et al. (2005, 2007) and eclogite from Pertermann and
Hirschmann (2002). Partition coefficients are MgO = 3.23 (Beattie
1994), FeO = 0.9 (Kloeck and Palme 1988), MnO = 0.809 (Herzberg
and O’Hara 2002) and NiO = 5.14 (Sobolev et al. 2005). The model
is built up from binary mixing of the melts recalculated into olivine
compositions. Ternary mixing grid is constructed to show 5 % inter-
vals and the grey lines delineating X, are shown for 10 % intervals

ratios in olivines, with a large range in Mn/FeO ratios
towards high TiO, contents (Fig. 5). Whole rock TiO, con-
tents form two distinct trends with Ni*FeO/MgO, one with
high Ni*FeO/MgO of 505-640 at TiO, of 2.7-4.5 wt%
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and another at low Ni*FeO/MgO of 350-490 with TiO,
of 3.3-5.5 wt%. Ratios of La/Nb range from 0.44 to 0.73
in samples from Santiago and form positive trends with
mean Ni*FeO/MgO and Mn/FeO of corresponding oli-
vine. The La/Nb ratios for samples from Santo Antdo fall
uniformly between 0.74 and 0.84 over the range of mean
Ni*FeO/MgO and Mn/FeO for corresponding olivines. One
sample, however, plots at La/Nb of 0.61, low Ni*FeO/MgO
of 450, and displays an intermediate Mn/FeO ratio of 108.

The Pb isotopes for Santiago and Santo Antdo range
from °Pb/***Pb 18.8 to 19.9, with Santiago having positive
A8/4 at lower *°Pb/***Pb of 18.8-19.5 than Santo Antio,
which shows higher 2°Pb/**Pb of 19.2-19.9 at negative
A8/4 (Gerlach et al. 1988; Doucelance et al. 2003; Holm
et al. 2006; Barker et al. 2009, 2010). The low 2*°Pb/***Pb
end-members of the Santiago (*%pPb/?%Pb = 18.8) and
Santo Antdo (*°°Pb/**Pb = 19.2) have olivine with mean
Ni*FeO/MgO of 572 and 450, and mean Mn/FeO of 97 and
108, respectively (Fig. 6). The high 2°Pb/***Pb end-mem-
bers of the Santiago (*%Pb/?%*Pb = 19.5) and Santo Antdo
(*%Pb/2*Pb = 19.7-19.9) samples have a wide range in
olivine compositions, with mean Ni*FeO/MgO of 507-636
and 429-606 and mean Mn/FeO of 96-122 and 94-120,
respectively. The intermediate 2*°Pb/?**Pb lavas generally
have intermediate Mn/FeO and Ni*FeO/MgO with two
samples from Santiago plotting at low Ni*FeO/MgO ratios
of 425460 (Fig. 6; 2%°Pb/***Pb of 19.1-19.3).

Discussion

Relationships amongst peridotite, pyroxenite and eclogite
melts at Cape Verde

The global array of Mn/FeO versus Ni*FeO/MgO for oli-
vine shows a strong negative correlation. This relation-
ship represents mixing between melts from a peridotite
source with high Mn/FeO and low Ni*FeO/MgO and an
olivine-free hybrid pyroxenite source produced by reaction
between an eclogite melt and peridotite, which is charac-
terised by high Ni*FeO/MgO and low Mn/FeO (Fig. 4;
Sobolev et al. 2005, 2007). The olivine phenocrysts from
Cape Verde plot partly along the global array at interme-
diate Mn/FeO and Ni*FeO/MgO, but the majority of the
samples fall to low Mn/FeO and Ni*FeO/MgO, away from
the peridotite—hybrid pyroxenite mixing line (Fig. 4). This
trend to low Mn/FeO and Ni*FeO/MgO suggests involve-
ment of another source lithology, one that produces low
Mn/FeO melts and has not inherited high Ni*FeO/MgO.
One option would be partial melts from an eclogite source
that are expected to have correspondingly low Mn/FeO, as
found in a range of eclogites including carbonated eclogite,
which also provides a suitable whole rock composition for
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the Cape Verde lavas (61-103 with a mean of 83 Mn/FeO;
Pertermann and Hirschmann 2002; Dasgupta et al. 2006;
Barker et al. 2009). This observation is consistent with
the theoretical basis to expect low Mn/FeO from an eclog-
ite melt due to retention of Mn by garnet during melting
and also low Ni*FeO/MgO due to the lack of a Ni-bearing
phase. The limited evidence of Ni concentration of eclogite
melts also suggests that they would have low Ni*FeO/MgO
(360; Pertermann and Hirschmann 2002) and would thus
provide a suitable source. The influence of eclogite is also
apparent in the variations of minor elements in olivine
with the whole rock compositions, where low Mn/FeO
and Ni*FeO/MgO are associated with relatively high TiO,
and low La/Nb. The La/Nb ratio highlights the partitioning
due to source composition as opposed to melting processes
with low values being distinctive of pyroxenite/eclogite
sources and therefore, combined with high TiO, composi-
tions, likely reflects less influence of peridotite (Fig. 5; Pry-
tulak and Elliott 2007; Stracke and Bourdon 2009).

The observed deviation from the global array to low
Mn/FeO melts at low Ni*FeO/MgO towards an eclogitic
source is likely a reflection of the dynamics of the mantle
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Fig.5 Minor elements in olivine versus TiO, and La/Nb of the
respective whole rocks for the Santiago and Santo Antdo lavas. Mean
Ni*FeO/MgO and Mn/FeO ratios of each sample are shown and have

plume and melting column below Cape Verde. If there was
large-scale flow, then the mantle would be well mixed and
the eclogite melt would react with the peridotite, typical for
Ocean Island Basalt. However, if the eclogite heterogeneities
were large enough (>0.1-1 m), the melts could potentially
escape without undergoing melt-peridotite reaction (Kogiso
et al. 2004b; Sobolev et al. 2005). Furthermore, if the melt-
peridotite reaction forms a reaction aureole, the melt path-
ways may be sealed off from the surrounding peridotite
precluding further melt-peridotite reaction (Kogiso et al.
2004b), and a combination of these processes may cause the
efficient extraction of eclogite melts beneath Cape Verde.

An alternative option could be the interaction of a silica
undersaturated melt with the oceanic lithospheric mantle,
whereby the melt would dissolve orthopyroxene and crys-
tallise olivine (cf. Kelemen et al. 1998). This would be
expected to lead to melt and olivine phenocrysts with low
Ni*FeO/MgO reflecting the low Ni content of orthopyrox-
ene. However, above the garnet stability field the melt and
corresponding olivine would likely not be restricted to low
Mn/FeO ratios. Indeed, lherzolite and harzburgite xeno-
liths from Cape Verde and the Canary Islands have olivine
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Fig. 6 Variations in minor elements in olivine (mean Mn/FeO and
Ni*FeO/MgO) with whole rock 2°Pb/**Pb. A wide variation in
Mn/FeO and Ni*FeO/MgO is observed in olivine from host lavas
with high 2%Pb/?**Pb for both Santiago and Santo Antio. Abbrevia-
tions: OV old volcanics, IV intermediate volcanics, YV young volcan-
ics

compositions with a wide range of Mn/FeO ratios from 86
to 172 and similar orthopyroxene compositions (Neumann
et al. 2000; Bonadiman et al. 2005). Such xenolith compo-
sitions extend well beyond the olivine compositions with
low Mn/FeO of 86-122 observed in the Cape Verde lavas.
Intriguingly, the Ni*FeO/MgO ratios are lower for the Cape
Verde lherzolite and harzburgite xenoliths (278-457) than
for the Canary Islands harzburgite xenoliths (514-674; Neu-
mann et al. 2000; Bonadiman et al. 2005). Therefore, the
oceanic lithospheric mantle provides one plausible option
for generating low Ni*FeO/MgO melts, but the restriction
of our data to low Mn/FeO contents in comparison with the
wide range shown by the mantle xenoliths from Cape Verde
and the Canary Islands causes us to favour an origin from
eclogite melt in the asthenospheric mantle.

Quantification of melt contributions

The involvement of a third, eclogitic melt requires a more
complex approach to quantification of melt contributions.

@ Springer

We have modelled mixing between peridotite, pyroxen-
ite and eclogite melts as a binary-mixing system between
melts of each of the three components. The end-members
representing the peridotite and pyroxenite melts are from
Sobolev et al. (2005, 2007), where the compositions that
lead to the best fit for the global array were chosen (inset
Fig. 4b). Limited experimental studies have measured Ni
on eclogite melts; therefore, the eclogite melt from Perter-
mann and Hirschmann (2002) was chosen. This eclogite
melt has similar Mn/FeO composition to the carbonated
eclogite melts of Dasgupta et al. (2006), which provide a
reasonably good match for the major element compositions
of the Cape Verde lavas (Barker et al. 2009). Partition coef-
ficients were then used to calculate the corresponding oli-
vine compositions for plotting as a ternary mixing grid. Fol-
lowing Sobolev et al. (2005), the same partition coefficients
were used for olivine-melt from peridotite and pyroxenite,
this was then extended to olivine crystallising from eclog-
ite melts due to lack of alternative partition coefficients
(olivine-melt partition coefficients from: Sobolev et al.
2005; Herzberg and O’Hara 2002; Beattie 1994; Kloeck
and Palme 1988). The actual melts will likely have mixed
by the time of olivine crystallisation; hence, they will not
be pure eclogite, pyroxenite or peridotite melts, and there-
fore, it is considered reasonable to assume that the olivine-
melt partition coefficients for peridotite are representative.
Moreover, fixed partition coefficients were used in order to
be consistent with the use of the most recent olivine-melt
partition coefficient for Ni from Sobolev et al. (2005). The
majority of the samples from Cape Verde trend away from
the peridotite—pyroxenite global array and towards melts
from an eclogite source. The Cape Verde olivine data are
modelled to have formed from melts of 5-75 % peridotite,
0-50 % pyroxenite and 0-77 % eclogite (Fig. 4). The com-
position of olivine from Santiago and Santo Antdo shows
similar ranges in source melts, with olivine phenocrysts of
the intermediate volcanics at Santo Antdo extending from
average peridotite melt contributions of 45 % towards peri-
dotite melts of <75 %, consistent with the involvement
of a local DMM-like source (Fig. 4). The recognition that
the Cape Verde lavas have experienced significant contri-
butions of eclogite melt is consistent with comparison to
experimental melts that indicate a potential role for car-
bonated eclogite in the generation of the Cape Verde lavas
(Dasgupta et al. 2006; Barker et al. 2009).

We therefore interpret the trend of the Cape Verde oli-
vine phenocrysts towards low Mn/FeO and Ni*FeO/MgO
and away from the global array to indicate involvement of
an eclogite melt which has escaped reaction with peridotite
to form hybrid pyroxenite (Kogiso et al. 2004b; Stracke and
Bourdon 2009; Herzberg 2011). Once the source lithologies
have melted, the peridotite and eclogite-derived melts are
apparently able to mix congruently, in contrast to eclogite
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melt that encounters solid peridotite which will react to
form hybrid pyroxenite. Congruent mixing of eclogite and
peridotite melts can either be envisioned to occur shal-
lower in the melting column or in the presence of carbon-
ated peridotite which would also melt deeper in the mantle
(Dasgupta et al. 2007; Stracke and Bourdon 2009; Herzberg
2011). Thus, hybrid pyroxenite and eclogite melts have dis-
tinct geochemical signatures. Indications of involvement of
<77 % from eclogite melt suggest that the eclogite melts
become progressively more efficient at escaping from melt-
peridotite reactions, and hence, less hybrid pyroxenite can
form (cf. Kogiso et al. 2004b; Stracke and Bourdon 2009;
Herzberg 2011). Moreover, the melting region is likely not
well mixed, probably allowing eclogite to react with peri-
dotite in small pockets only, i.e. along the contacts of the
melt with the surrounding peridotite, which perhaps become
sealed to further melt-peridotite reaction by formation of a
reaction aureole (Kogiso et al. 2004b; Stracke and Bourdon
2009; Herzberg 2011). Therefore, the formation of hybrid
pyroxenite could be a localised phenomena, where eclogite
melts are able to escape melt-peridotite reaction as a func-
tion of the heterogeneity size and seal off the melt pathways
from the surrounding peridotite.

The connection between the origin of melts and mantle
source components

The Cape Verde volcanics from Santiago and Santo Antdo
are derived from three mantle sources (Gerlach et al.
1988). These can be represented by Pb isotopes, with the
high 2°°Pb/?*Pb representing a HIMU-like source, the low
206pp/2Ph end-member in Santiago (18.8) reflecting an
EM -like source and the low 2*°Pb/?**Pb from Santo Anto
originating from a local DMM-like source (Gerlach et al.
1988; Doucelance et al. 2003; Holm et al. 2006; Martins
et al. 2009; Barker et al. 2009, 2010).

The challenge of connecting melt contributions to source
lithologies is complicated by the processes of melting, melt-
peridotite reaction, sealing of the pathways from reaction
with the peridotite, melt extraction without melt-peridotite
reaction and size of the heterogeneities. Hence, we can only
draw interpretations of the proportions of peridotite, pyrox-
enite and eclogite melt that contributed to the resulting lavas
but not the proportions of the lithologies in the mantle source.

The involvement of melts from three sources with vari-
able Mn/FeO and Ni*FeO/MgO makes it difficult to repre-
sent the variations with Pb isotopes. Thus, we assign each
sample an X_ melt value based on the relationship between
Mn/FeO and Ni*FeO/MgO, in accordance with the ternary
mixing relationship between peridotite, hybrid pyroxenite
and eclogite melts (Figs. 4, 7; Table 1).

The EM1-like end-member with the lowest ***Pb/**'Pb
is associated with a mixed peridotite—pyroxenite—eclogite

2 -
Santiago
80 - A oy
70 © v
o o < o yv
60 & |SantoAntao
3 sl AOV
= © o © @ |ov
< T e~ o oYV
30| 0)
20 | A
10+ S K
0 1 1 1 1 1
187 189 191 193 195 197 199  20.1
206Pb/204Pb

Fig. 7 The proportion of eclogite melt (X)) that contributed to mean
olivine composition is plotted versus whole rock 2°°Pb/>™Pb for the
Cape Verde lavas. The low 2°Pb/***Pb EM-like end-member of the
Santiago samples has X, of ca. 50 %, and the low 2°Pb/2*Pb local
DMM-like end-member of the Santo Antdo samples has X of ca.
40 %. The high 2%°Pb/?**Pb HIMU-like samples from Santiago and
Santo Antdo show a wide range in X_, with values from 0 to 77 %.
Abbreviations: OV old volcanics, IV intermediate volcanics, YV
young volcanics

melt, with the mean olivine compositions showing contribu-
tions from ca. 25 % peridotite, ca. 25 % pyroxenite and ca.
50 % eclogite melts (Figs. 4b, 7). The local DMM-like end-
member, the lowest 2°°Pb/**Pb from Santo Antdo (red cir-
cle), shows a larger proportion of peridotite melt than the
EM1-like source, with contributions of 47 % peridotite, 14 %
pyroxenite and 39 % eclogite melts (Figs. 4b, 7). The HIMU-
like component sampled in both Santo Antdo and Santiago
shows a wide range of contributions from eclogite melts from
virtually none to a large proportion, associated with 5-75 %
peridotite, 0—45 % pyroxenite and 0-77 % eclogite (Figs. 4b,
7). We argue below that the contribution of eclogite melt to
the HIMU-like component varies as a function of time, thus
explaining this large variation in a systematic way.

All three of these mantle sources, including the EM1-
like end-member, show involvement of eclogite melts in
their source. Eclogite begins to melt deeper than peridotite
(Yaxley and Green 1998) and is thus present in the melt-
ing column to react with the peridotite and generate hybrid
pyroxenite. This observation challenges the notion of deriv-
ing the EM1-like end-member from small heterogeneities
trapped in the oceanic lithosphere following break-up of
the African continental margin (e.g. Abratis et al. 2002;
Escrig et al. 2005).

Temporal variations in source melts
The volcanics from Santiago and Santo Antdo exhibit a

synchronous archipelago wide change in 2%*Pb/?%*Pb of
the high 2%Pb/%Pb HIMU-like component with time
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(Barker et al. 2010), with the intermediate and young
volcanics showing lower 2%Pb/>*Pb than the old volcan-
ics. Such temporal variation is also apparent in the minor
elements in olivine data presented here. We find that the
old volcanics (triangles; Fig. 4) have relatively high mean
of Mn/FeO and Ni*FeO/MgO, where as the intermediate
and young volcanics extend towards low mean of Mn/FeO
and Ni*FeO/MgO (circles and diamonds, respectively,
Fig. 4). This equates to a variation in the involvement of
the eclogite melts, determined from mean olivine com-
positions, from <22 % in the old volcanics to <77 % in
the intermediate and young volcanics (Fig. 7). This tem-
poral change represents an increase in eclogite-derived
melt with time, or an increased efficiency of eclogite melt
extraction, perhaps promoted by a tendency for sealing of
the eclogite melt pathways from reaction with peridotite.
The intermediate volcanics on Santo Antdo extend towards
high Mn/FeO, and therefore, mean olivine compositions
reflect 75 % peridotite, 10 % pyroxenite and 15 % eclogite
melt contributions, suggesting a temporally and spatially
restricted behaviour.

Comparison to the Canary Islands

The Canary Islands are very well characterised in terms
of whole rock geochemistry, including radiogenic iso-
topes (e.g. Hoernle and Tilton 1991; Hoernle et al. 1991,
1995; Thirlwall 1997; Widom et al. 1999; Simonsen et al.

Fig. 8 Schematic illustration of
the upwelling heterogeneities

2000; Lundstrom et al. 2003; Gurenko et al. 2006; Deegan
et al. 2012). In addition, there have been three recent
studies focusing on the minor element compositions of
olivines and the relationship between the source lithologies
and mantle sources (Gurenko et al. 2009, 2010a, b). The
respective data are plotted in Fig. 4b for comparison with
the Cape Verde olivine phenocrysts. The Canary Island
data generally follow the global trend plotting amongst
the old volcanics from Cape Verde and extending to higher
Ni*FeO/MgO and lower Mn/FeO and are therefore more
enriched in hybrid pyroxenite than the Cape Verde sam-
ples. The samples from Tenerife plot to relatively lower
Ni*FeO/MgO and Mn/FeO (Gurenko et al. 2009), similar
to some of the intermediate and young volcanics from Cape
Verde. This observation for Tenerife may hint at a small
influence of eclogite melt that is efficiently extracted before
peridotite-melt reaction occurs, limited interaction with
the peridotite due to less efficient mantle flow or protec-
tion from peridotite-melt reaction by sealing of melt path-
ways. The samples from Gran Canaria plot to the lowest
Mn/FeO and highest Ni*FeO/MgO for the Canary Islands
(Gurenko et al. 2010a), suggesting a greater involvement of
hybrid pyroxenite derived magmas than at the other Canary
Islands, perhaps reflecting locally intensified mantle flow
and a well-mixed mantle source.

Gurenko et al. (2009, 2010a) draw the conclusion of
four end-member compositions for the Canary Islands, on
coupling of isotopic end-members with source melts. These

(a) well mixed mantle upwelling (b) poorly mixed mantle upwelling

in the asthenosphere; a efficient
mantle flow produces a well-
mixed upwelling where eclogite
melt reacts with peridotite to
generate pyroxenite typical of
Ocean Islands, e.g. the Canary
Islands, b in areas of more
sluggish mantle flow, larger het-
erogeneities are preserved, e.g.
Cape Verde. Eclogite melts react
with the peridotite and seal the
eclogite heterogeneities from
further melt-peridotite reaction,
allowing efficient extraction of
eclogite-derived melts. In the
melting column, above the man-
tle upwelling, melts of different
compositions are juxtaposed
and mix congruently
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are peridotite-rich HIMU-1, pyroxenite-rich HIMU-2, peri-
dotite-rich EM1 and pyroxenite-rich DMM (Gurenko et al.
2009, 2010a). In contrast, the Cape Verde samples show
melt derived from mixed peridotite—pyroxenite—eclogite for
the EM1-like end-member, while the local DMM-like end-
member is represented by a higher proportion of peridotite
derived melt, and the HIMU-like end-member changes
with time from an even mix of peridotite—pyroxenite melts
to an increasing proportion of eclogite-derived melts.

A comparison between the source lithologies and mantle
end-members of Ocean Island Basalts such as the Canary
Islands versus Cape Verde is illustrated in Fig. 8. Typical
Ocean Island Basalts have a peridotite upwelling host-
ing eclogite heterogeneities in an environment with effi-
cient mantle flow, likely allowing the eclogite melts to
react with peridotite to produce hybrid pyroxenite. This
scenario contributes in various proportions to the magmas
produced depending upon the supply of eclogite to form
hybrid pyroxenite (Sobolev et al. 2005, 2007; Gurenko
et al. 2009, 2010a). In contrast, at Cape Verde, the dynam-
ics of the mantle upwelling are different, likely showing
more sluggish mantle flow; therefore, the mixing of the het-
erogeneities will be less efficient preserving larger eclogite
heterogeneities and allowing eclogite melts to escape from
reaction with peridotite. Over time, the melt pathways are
likely progressively sealed off in this relatively static envi-
ronment, thus restricting melt-peridotite reaction further
and hence promoting the extraction of eclogite-derived
melts.

Conclusions

Cores of olivine phenocrysts hosted in primitive lavas from
Cape Verde have minor element compositions that devi-
ate from the global array towards low Mn/FeO and low
Ni*FeO/MgO and are probably associated with an eclogite
source. The occurrence of volcanics that record a contribu-
tion from eclogite melts is likely due to inhibited perido-
tite-melt reaction. Where peridotite-melt reaction is absent,
the eclogite melt is extracted due to heterogeneity size and
sluggish mantle flow or due to sealing of the melt pathways
from the surrounding peridotite. The eclogite-derived melts
then mix with peridotite and pyroxenite melts and contrib-
ute directly to the formation of Cape Verde magmas. The
contribution of the source melts has been determined for
the end-member isotopic heterogeneities of the Cape Verde
volcanics, implying: (1) significant contribution of perido-
titic melts associated with the local DMM-like source, (2)
mixed peridotite—pyroxenite—eclogite melts representing
the EM1-like component and (3) a wide range from an even
mix of peridotite—pyroxenite derived melts towards eclog-
ite dominated melts for the HIMU-like mantle component.

A temporal change towards increasing eclogite-derived
melt contributions throughout the Cape Verde archipelago
appears to exist, implying that the eclogite melts are not
just more efficiently extracted on a local scale but on an
archipelago scale.
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