
Journal of South American Earth Sciences 26 (2008) 355–368
Contents lists available at ScienceDirect

Journal of South American Earth Sciences

journal homepage: www.elsevier .com/locate / jsames
The contribution of the young Cretaceous Caribbean Oceanic Plateau to the
genesis of late Cretaceous arc magmatism in the Cordillera Occidental of Ecuador

J. Allibon a,b,*, P. Monjoie b, H. Lapierre 1, E. Jaillard b,c, F. Bussy a, D. Bosch d, F. Senebier b

a Institut de Minéralogie et de Géochimie, Anthropole, University of Lausanne, CH1015, Lausanne, Switzerland
b Laboratoire de Géodynamique des Chaı̂nes Alpines, UMR 5025, Maison des Géosciences, 1381 rue de la piscine, 38400 Saint Martin d’Hères, France
c IRD-LMTG, Observatoire Midi-Pyrénées, 14 av. Edouard Belin, F31400, Toulouse, France
d Lab. Tectonophysique, UMR-CNRS 5568, cc049 Université Montpellier II, Pl. E. Bataillon, 34095 Montpellier Cedex 5, France
a r t i c l e i n f o

Article history:
Received 20 June 2007
Accepted 5 June 2008

Keywords:
Ecuador
Cretaceous island arcs
Oceanic plateau
Geochemistry
Isotopes
Modelling
0895-9811/$ - see front matter � 2008 Elsevier Ltd. A
doi:10.1016/j.jsames.2008.06.003

* Corresponding author. Address: Institut de Mi
Anthropole, University of Lausanne, CH1015, Lausan
692 43 05.

E-mail address: james.allibon@unil.ch (J. Allibon).
1 Deceased January 14 2006.
a b s t r a c t

The eastern part of the Cordillera Occidental of Ecuador comprises thick buoyant oceanic plateaus
associated with island-arc tholeiites and subduction-related calc-alkaline series, accreted to the Ecuado-
rian Continental Margin from Late Cretaceous to Eocene times. One of these plateau sequences, the
Guaranda Oceanic Plateau is considered as remnant of the Caribbean–Colombian Oceanic Province
(CCOP) accreted to the Ecuadorian Margin in the Maastrichtien.

Samples studied in this paper were taken from four cross-sections through two arc-sequences in the
northern part of the Cordillera Occidental of Ecuador, dated as (Río Cala) or ascribed to (Macuchi) the Late
Cretaceous and one arc-like sequence in the Chogòn-Colonche Cordillera (Las Orquídeas). These three
island-arcs can clearly be identified and rest conformably on the CCOP.

In all four localities, basalts with abundant large clinopyroxene phenocrysts can be found, mimicking a
picritic or ankaramitic facies. This mineralogical particularity, although not uncommon in island arc
lavas, hints at a contribution of the CCOP in the genesis of these island arc rocks.

The complete petrological and geochemical study of these rocks reveals that some have a primitive
island-arc nature (MgO values range from 6 to 11 wt.%). Studied samples display marked Nb, Ta and Ti
negative anomalies relative to the adjacent elements in the spidergrams characteristic of subduction-
related magmatism. These rocks are LREE-enriched and their clinopyroxenes show a tholeiitic affinity
(FeOT–TiO2 enrichment and CaO depletion from core to rim within a single crystal).

The four sampled cross-sections through the island-arc sequences display homogeneous initial Nd, and
Pb isotope ratios that suggest a unique mantellic source for these rocks resulting from the mixing of three
components: an East-Pacific MORB end-member, an enriched pelagic sediment component, and a HIMU
component carried by the CCOP. Indeed, the ankaramite and Mg-basalt sequences that form part of the
Caribbean-Colombian Oceanic Plateau are radiogenically enriched in 206Pb/204Pb and 207Pb/204Pb and
contain a HIMU component similar to that observed in the Gorgona basalts and Galápagos lavas. The sub-
duction zone that generated the Late Cretaceous arcs occurred far from the continental margin, in an oce-
anic environment. This implies that no terrigenous detrital sediments interacted with the source at this
period. Thus, the enriched component can only result from the melting of subducted pelagic sediments.

We have thus defined the East-Pacific MORB, enriched (cherts, pelagic sediments) and HIMU compo-
nents in an attempt to constrain and model the genesis of the studied island-arc magmatism, using a
compilation of carefully selected isotopic data from literature according to rock age and paleogeographic
location at the time of arc edification.

Tripolar mixing models reveal that proportions of 12–15 wt.% of the HIMU component, 7–15 wt.% of
the pelagic sediment end-member and 70–75 wt.% of an East-pacific MORB end-member are needed to
explain the measured isotope ratios. These surprisingly high proportions of the HIMU/CCOP component
could be explained by the young age of the oceanic plateau (5–15 Ma) during the Late Cretaceous arc
emplacement. The CCOP, basement of these arc sequences, was probably still hot and easily assimilated
at the island-arc lava source.

� 2008 Elsevier Ltd. All rights reserved.
ll rights reserved.
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1. Introduction

Examples of magmatism related to the subduction of oceanic
lithosphere below an oceanic plateau are rare. Such a geodynamic
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rarity can be illustrated by the Plio-Quaternary arc of the Solomon
Islands caused by the subduction of the young and hot Woodlark
Basin below the Cretaceous Ontong Java Oceanic Plateau and ac-
creted to the Vityaz Arc 10 Ma ago (Ramsay et al., 1984; Petterson
et al., 1997, 1999; Yoneshima et al., 2005; Gardien et al., 2008). An-
other example is the Late Cretaceous to Paleogene arcs established
on the Caribbean–Colombian Oceanic Plateau (CCOP, 92–88 Ma,
Sinton et al., 1998) accreted to the Ecuadorian margin from Camp-
anian to Paleogene times (�75–58 Ma).

In both cases, the generated basalts have very peculiar geo-
chemical and petrological attributes marked by the existence of fa-
cies bearing large clinopyroxene phenocrysts as described by
Ramsay et al. (1984) in the Solomon arc picrites. In the case of
Ecuador, no arc-picrites were described, yet differentiated facies
without olivine are found in association to olivine-bearing basalts
that contain large centimetric diopside phenocrysts.

Geochemical studies of four cross-sections through three island
arc sequences in Ecuador have been undertaken by Lebras et al.
(1987), Reynaud et al. (1999), Hauff et al. (2000), Lapierre et al.
(2000), Kerr et al. (2002), Mamberti et al. (2003, 2004), Chiaradia
and Fontboté (2001, 2002), Chiaradia et al. (2004a,b), Luzieux
et al. (2006) and Vallejo et al. (2006) and constrain the different
volcanic phases between Cretaceous and Eocene times.

This subduction-related arc magmatism (as shown by the neg-
ative Nb, Ta, Zr and Ti anomalies relative to the adjacent elements
in spidergrams) has very distinct attributes: The high proportions
of olivine and clinopyroxene and the high MgO contents of these
rocks suggest a high percentage of partial melting at the magmatic
source. However the LREE enrichment implies either low percent-
ages of partial melting- which is unlikely considering the high MgO
values or an enriched source.

The origin of LREE enrichment of the Mg-rich basalts can be
found in the involvement of subducted pelagic sediments as sug-
gested by Ramsay et al. (1984) in their study of the Solomon Is-
lands and by Mamberti et al. (2003) in their study of Ecuador.

If we consider that picrite or Mg-basalt genesis implies an
anomalous heat source, then in the case of Ecuador such heat could
be inherited from the young and residually hot CCOP. Indeed, these
arc sequences established themselves in Campanian-Maastrichtian
times (75–80 Ma) on a young (Vallejo et al., 2006) and therefore
probably still hot oceanic plateau emplaced at 92–88 Ma (Sinton
et al., 1998; Mamberti et al., 2003).

Chiaradia and Fontboté (2001, 2002) and Vallejo et al. (2006),
suggest that a possible HIMU (plateau) component could be
needed to explain whole-rock chemistry of the Macuchi island
arc and of recent Quaternary volcanics. Similarly Mamberti et al.
(2003) suggest possible contamination of the Río Cala island-arc
magmatic rocks by the underlying oceanic plateau.

This paper focuses on the interactions between the CCOP and
the overlying island-arc magmatism and attempts to model the ex-
tent of Oceanic Plateau contribution in the genesis of the island arc
magmatism.
2. Geological setting

The Andes result from the eastward subduction of the paleopa-
cific (Farallón) oceanic plate beneath the continental margin of
western South America. The geological history of the Ecuadorian
margin, however, differs from the rest of the central Andes. Due
to a change in the Farallón plate convergence direction from SE
to NE, the NNE-trending Ecuadorian margin evolved from an active
margin in to a mainly transform margin around the Jurassic–Creta-
ceous boundary. This trend continued through Cretaceous times
and allowed an Oceanic Plateau to develop offshore of Ecuador
without interacting immediately with the margin. Plateau se-
quences support Cretaceous arc volcanism (Fig. 1) and accreted
to the South American margin between Late Cretaceous and Paleo-
gene times (Feininger and Bristow, 1980; Lebras et al., 1987; Rey-
naud et al., 1999; Mamberti et al., 2003; Jaillard et al., 2004, in
press; Chiaradia et al., 2004a,b; Vallejo et al., 2006; Luzieux et al.,
2006; Kerr and Tarney, 2005; Kerr and Mahoney, 2007).

Existing geochemical data concerning terranes of oceanic affin-
ity reveal the existence of three possible distinct oceanic plateau
sequences (Lebras et al., 1987; Reynaud et al., 1999; Lapierre
et al., 2000; Mamberti et al., 2003, 2004; Kerr et al., 2002; Kerr
and Tarney, 2005). The oldest, the San Juan oceanic plateau, is
thought to be 123 Ma-old and accreted to the margin 75 Ma ago
(Late Campanian, Lapierre et al., 2000; Jaillard et al., 2008), its exis-
tence is debated by many authors who suggest an age of
88.1 ± 1.6 Ma (Kerr and Tarney, 2005; Luzieux et al., 2006). The
second oceanic plateau, the Guaranda plateau, is interpreted as
part of the Caribbean–Colombian Oceanic Plateau (CCOP, Kerr
et al., 1997a,b; Reynaud et al., 1999), dated to 92–88 Ma (Turo-
nian–Coniacian, Sinton et al., 1998), and its age of accretion is said
to be 68 Ma (Mid Maastrichtian, Jaillard et al., 2004). The Guaranda
Plateau includes the Piñon Formation and probably the basement
of northwestern coastal Ecuador (Fig. 1). Finally, a third oceanic
plateau sequence, the Gorgona plateau (Kerr and Tarney, 2005) is
said to be contemporaneous to the CCOP and accreted to the South
American margin in Eocene times. The CCOP outcrops can be found
in the Cordillera Occidental of Ecuador (Guaranda sequence, Mam-
berti et al., 2003) as well as in the coastal area between Guayaquil
and Pedernales (Piñon fm., Reynaud et al., 1999; Luzieux et al.,
2006). The Caribbean plateau is identified as picrite, ankaramite
and basalt sequences crosscut by dolerite dykes (Mamberti et al.,
2003) and overlain by radiolaritic limestones and cherts of Santo-
nian age (Jaillard et al., 2004; Vanmelle et al., in press).

Three main Cretaceous arc sequences rest upon the CCOP (Rey-
naud et al., 1999; Kerr et al., 2002; Mamberti et al., 2003). In the
coastal area it can be seen based on stratigraphic arguments that
the Las Orquídeas and Cayo volcanic sequences of Coniacian–
Campanian age conformably overlie the Piñon Formation that is
part of the CCOP (Reynaud et al., 1999; Vanmelle et al., in press).
In the northern part of the Cordillera Occidental, Boland et al.
(2000) and Vallejo et al. (2006) identified the Río Cala island arc
basement as being established on the CCOP.

The Macuchi island arc (Cosma et al., 1998; Chiaradia and Font-
boté, 2001) is said to be mainly Eocene (Bourgeois et al., 1990),
However, the FT age of 68 ± 11 Ma reported by Spikings et al.
(2005) and the presence in some areas of radiolaritic red cherts
as xenotliths in these rocks, similar to those found in the Late Cre-
taceous Cayo arc of the coastal area, suggests that the Macuchi ter-
rane is also Late Cretaceous in age and was therefore initiated close
to the Ecuadorian margin in a similar setting to the Río Cala or Cayo
island arcs (Jaillard et al., in press). The Macuchi island arc would
therefore also rest directly on the CCOP.

The location of the CCOPs eruption is largely debated, a com-
mon idea associates it to a hot-spot located close to the Galapagos
hotspot’s current location (Kerr and Tarney, 2005; Thompson et al.,
2003). The CCOP would therefore have originated following the
plume model described by Révillon et al. (1999, 2000) and Mam-
berti et al. (2003). This model explains the geochemical heteroge-
neities throughout the plateau marked by the existence of depleted
picrites overlain by radiogenically (HIMU) and REE enriched anka-
ramites and Mg-basalts. The CCOP therefore carries a HIMU signa-
ture (Mamberti et al., 2003). However, other authors argue that the
Galápagos hotspot was located too far from the Ecuadorian margin
in Late Cretaceous times, to be responsible for the formation of the
CCOP (Pindell et al., 2005; Jaillard et al., in press).

Four transverse sections through the Late Cretaceous island arcs
are presented here (Fig. 1); all are purely intra-oceanic and show



Fig. 1. Revised map of Ecuador showing main lithological units from cretaceous accretion episodes. Modified from Jaillard et al. (2004) and Jaillard et al. (in press). Numbers
1–4 are, respectively, Otavalo, Santo Domingo, Latacunga and La Derecha y Guaragua cross sections on which sampling was undertaken.
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no evidence of continent-derived detritic sediments linked to their
emplacement. The La Derecha and Guaragua sections exhibit the
Las Orquídeas arc-like sequence and rest on the Piñon Formation
close to Guayaquil (04.LD. and 04.GW. samples). The Latacunga
(04.L. samples) and Santo Domingo sections (04.SD. samples) cuts
through the Late Cretaceous to Paleogene Macuchi island-arc se-
quence in the Cordillera Occidental of Ecuador, close to Latacunga
and Santo Domingo, respectively. Finally, the Otavalo section north
of Quito crosscuts the Río Cala arc of Mid Campanian–Early Maas-
trichtian age (�80–68 Ma, Boland et al., 2000).

In all four cases, the time lag between the formation of the CCOP
and the island-arc emplacement is short (0–15 Ma, �2 Ma mini-
mum according to Vallejo et al., 2006).

3. Analytical procedures

Wavelength-dispersive analyses for clinopyroxene major ele-
ment compositions were made on a Cameca SX-50 electron micro-
probe fitted with five spectrometers at the Institute of Mineralogy
and Geochemistry of the University of Lausanne. The standard pro-
cedures are 15 kV and 20 nA with an electron beam of 1 lm width
and integrated counting times of 15 s on the background and 30 s
on the peak. Synthetic and natural minerals were used as stan-
dards. A computer correction program (PAP) was used to calculate
the effects of the crystal matrix on the element concentrations. The
accuracy of major element determinations is better than ±1% of the
total values.

Trace-element measurements on minerals were made by laser-
ablation ICP-MS mass spectrometry using an Ar–F 193 nm Lamb-
da Physics� Excimer laser coupled with a Perkin–Elmer 6100DRC
ICP-MS at the Institute of Mineralogy and Geochemistry of the
University of Lausanne. NIST610 and 612 glasses were used as
external standards, Ca as internal standards after microprobe
measurements on the pit sites. Ablation pit size varied from 40
to 80 lm depending on mineral size. BCR2 basaltic glass was reg-
ularly used as a monitor to check for reproducibility and accuracy
of the system. Results were always within ±10% of the certified
values.
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Whole rock major- and trace-element concentrations were
measured by a Philips PW 2400 XRF at the Centre d’Analyse Miné-
rale, University of Lausanne. Complementary trace element con-
centrations were measured by ICP-MS VG-PQ2+ at the University
Joseph Fourier of Grenoble following Barrat et al. (1996) proce-
dures. Results for BHVO2 and BR2251 standards were always with-
in ±4% of the certified values.

Isotope data were acquired on both whole-rocks and clinopy-
roxene separates. Samples were leached twice in a 2 N HCl 0.1
HF mixture and Nd separated according to analytical procedures
described by Lapierre et al. (1997). Nd (dynamic acquisition) iso-
tope ratios were measured at the Laboratoire de Géochimie iso-
topique, University Paul Sabatier (Toulouse) on a Finnigan
MAT261 multicollector mass spectrometer. Results on standards
yielded 143Nd/144Nd = 0.511850 ± 0.000035 (2r external repro-
ducibility) on 12 standard determinations. 143Nd/144Nd were nor-
malized for mass fractionation relative to 146Nd/144Nd = 0.7219,
respectively. eNdi was calculated with actual (143Nd/144Nd)CHUR =
0.512638 and (147S/144Nd)CHUR = 0.1967 (McCulloch and Wasser-
burg, 1978).

For lead separation, powdered samples were weighed to obtain
approximately 200 ng of lead. Samples were leached with 6 N HCl
during 30 min at 65 �C before acid digestion. They were dissolved
for 48 h on a hotplate in a tri-distilled HF/HNO3 mixture. After
evaporation, 1 ml of HNO3 was added to the residue and kept at
about 90 �C for 12–24 h. After complete evaporation, 0.5 ml of
8 N HBr was added to the sample which was kept at 70 �C for 2–
3 h before complete evaporation. The chemical separation of lead
was done using 50 ll of anion exchange resin (AG1X8, 200–400
mesh) and samples were loaded and washed in 0.5 N HBr. Lead
was then eluted in 6 N HCl. Pb blanks were less than 40 pg and
are negligible for the present analyses.

Lead isotopes were analysed on a VG Plasma 54 multi-collector
inductively coupled plasma-mass spectrometer (MC-ICP-MS) at
the Ecole Normale Supérieure of Lyon. Lead isotope compositions
were measured using the Tl normalization method described by
White et al. (2000). For Pb isotope analysis, samples were brack-
eted between NIST 981 standards and calculated with respect to
the standard value reported for this standard by Todt et al.
(1996). This technique yields internal precision of ca. 50 ppm
(2r) and an external reproducibility of ca. 150 ppm (2r) for
206Pb/204Pb ratios determined on 20 NIST standards.

All the isotopic data have been corrected for in situ decay using
an age of 80 Ma.
4. Outcrop and sample description

The only complete cross-section that we present in this paper is
the Otavalo cross-section, part of the Río Cala island-arc (Boland
et al., 2000). The Otavalo cross-section crops out along the Otaval-
o-Selva Alegre road over 4.5–5 km and consists of a massive basal-
tic sequence formed by a pile-up of metric lava flows. The contact
between each metric sequence is almost vertical, dipping steeply
to the east. In each separate flow, a polarity is marked by an accu-
mulation of pyroxene phenocrysts at the base and of plagioclase
laths and vacuoles at the top of each flow. To the east, the flows
are in fault-contact with Tertiary andesitic breccias, whilst to the
west they are in fault-contact with Campanian–Maastrichtian
greywackes which also dip steeply to the east (Mamberti, 2001).

For all the samples, from the four cross-sections the rock types
have been distinguished on the basis of petrologic or textural
attributes.

The basalts have very peculiar petrological attributes marked by
the existence of centrimetric clinopyroxene phenocrysts that can,
in Otavalo samples constitute up to 60–65% of the rock and mea-
sure up to 2 cm in length. Samples contain olivine with Cr-spinel
inclusions, Cr-rich diopside and plagioclase in the matrix.

The most primitive basalt sample, 04 OT 01 contains olivine, al-
tered to serpentine. This microlithic porphyric facies contains up to
60% pluri-centimetric clinopyroxene phenocrysts drowned in a
microlithic matrix formed by plagioclase microliths. The crystalli-
sation sequence in this rock type is olivine followed by clinopyrox-
ene and oxide formation, whereas the crystallisation sequence in
all other more differentiated samples is plagioclase followed by
clinopyroxene, orthopyroxene and oxides.

Differentiated samples range from basalts – that contain both
clinopyroxene and orthopyroxene, but no olivine, with rare plagio-
clase phenocrysts and a microlithic plagioclase matrix – to inter-
sertal basalts characterised by the presence of 60% plagioclase
laths that mark a form of fluidality around rare clinopyroxene
phenocysts.

Finally, the most differentiated facies are andesites character-
ised by abundant plagioclase crystals surrounded by an aphyric
vacuole-rich glass.

In all samples low degree burial-hydrothermal metamorphism
is marked by the presence of smectite and pumpellyite and rare
chlorite phases, igneous textures are always preserved.
5. Geochemical data

5.1. Whole rock geochemistry

5.1.1. Major element chemistry
The basalts, andesites have restricted SiO2, TiO2 (less than

1.1 wt.%, Table 1) and Al2O3 ranges (9–16 wt.%. Table 1). MgO val-
ues are typical of basaltic rocks (>5 wt.%) with the exception of
sample 04 GW 01 (3.83 wt.%). Olivine bearing samples in the Ota-
valo and Latacunga cross sections show the highest MgO values (6–
8 wt.%), whereas Santo Domingo, La Derecha and Guaragua sam-
ples have the low MgO values (3.83 wt.% minimum).

Classification of these lavas in the total alkali vs. silica diagram
(Fig. 2a, TAS, Le Maıtre et al., 1989) reveals that the SiO2 values for
all the studied samples are within the basalt and basaltic-andesite
fields. However, a large scatter of the total alkali values (Na2O + -
K2O from 1.53 to 6.14 wt.%) reflects major element mobility caused
by low degree burial-hydrothermal metamorphism and impedes
on the classification.

The chemical classification based on Winchester and Floyd
(1976) uses trace and major elements known as chemically stable
during alteration and metamorphism. Fig. 2b is a binary diagram
plotting TiO2 against Y/Nb and shows that the studied samples
have a tholeiitic affinity and plot in the Oceanic Tholeiitic Basalt
(OTB) field. The high Y/Nb ratio reflects the LREE enrichment of
the studied samples; this feature will be discussed in the following
section.

5.1.2. Trace element chemistry
LILEs concentration variations reflect the high mobility of these

elements during surface alteration and low degree burial meta-
morphism (Gibson et al., 1982). Sr, Pb, Th and U show very good
linear correlations with Zr, indicating that these elements were lit-
tle affected by such processes. Similarly, HFSE show no signs of
mobility due to surface processes (Table 1).

The Otavalo lavas show the clearest correlations between trace
elements and Zr, along with the highest compatible element
concentrations. All but two mantle normalised multi-element
spidergrams (Hofmann, 1988) show negative Nb, Ta anomalies
(Fig. 3b). Such anomalies are typical of subduction-related magma-
tism. The presence of radiolaritic and doleritic inclusions in the two
samples that do not show these anomalies mean that we cannot



Table 1
Major- (wt.%) and trace-element (ppm) analyses for Otavalo, Santo Domingo, Latacunga, La Derecha and Guaragua whole-rock samples (Eu/Eu* = Eu/((Sm + Gd)/2))

Sample 04OT1 04OT2 040T4a 040T4b 040T5 040T7 04SD01 04SD04 04SD05 04L04 04L05 04L10 04LD01 04GW-01
Name Olivine basalt Basalt Basalt Basalt Basalt Basalt Andesite Basalt Basalt Tuff Basalt Basalt Dolerite Dolerite
Locality Otavalo Otavalo Otavalo Otavalo Otavalo Otavalo Santo Doming Santo Doming Santo Doming Latacunga Latacunga Latacunga La Derecha Guaragua

SiO2 56.08 50.94 49.61 49.81 48.07 51.24 54.76 48.51 51.70 50.65 50.07 50.45 50.69 53.70
TiO2 0.61 0.81 1.05 0.81 0.78 0.76 0.99 0.73 0.76 0.62 0.44 0.71 0.54 1.14
Al2O3 14.86 16.52 14.29 14.64 16.49 15.00 15.64 15.55 16.69 17.83 9.70 14.45 15.95 15.23
Fe2O3 7.60 8.75 11.11 10.23 10.87 9.08 10.27 8.23 8.19 8.36 9.54 9.33 7.41 11.24
MnO 0.06 0.16 0.19 0.17 0.20 0.18 0.30 0.15 0.14 0.18 0.18 0.16 0.17 0.14
MgO 8.05 5.40 7.36 8.63 6.01 6.65 4.18 5.23 4.99 6.79 11.71 8.27 5.60 3.83
CaO 4.44 8.17 12.67 13.74 6.37 9.08 7.73 8.61 8.24 9.76 14.21 11.55 11.85 4.73
Na2O 1.96 3.79 1.81 1.49 2.32 2.22 2.74 2.23 2.55 2.76 1.28 1.79 2.65 5.21
K2O 1.73 2.26 0.10 0.04 3.53 2.45 1.01 2.91 2.77 0.46 0.47 1.96 0.37 0.93
P2O5 0.13 0.28 0.08 0.09 0.12 0.27 0.14 0.24 0.24 0.06 0.13 0.23 0.10 0.17
Loi 4.48 2.92 1.73 0.35 5.24 3.08 2.24 7.63 3.75 2.53 2.27 1.09 4.68 3.68
Sum 100 100 100 100 100 100 100 100 100 100 100 100 100 100

Cs 0.18 0.42 0.87 0.85 0.91 0.43 1.30 0.05 0.05 0.36 0.28 0.44 0.16 0.15
Rb 8.93 54.60 78.60 75.80 72.20 60.90 34.08 0.91 0.79 45.66 18.96 9.62 10.36 9.04
Ba 212 553 775 702 605 677 709.92 477.44 176.80 951.17 255.35 542.19 43.49 35.13
Th 0.63 2.31 3.13 3.29 2.97 3.14 0.75 0.23 0.16 1.32 2.21 1.37 0.64 0.61
U 0.23 0.79 1.04 1.10 0.97 1.03 0.19 0.08 0.05 0.43 0.73 0.84 0.19 0.20
Nb 0.84 3.12 3.49 3.69 3.91 3.89 0.97 4.09 2.73 1.05 3.42 1.91 1.16 1.05
Ta 0.05 0.13 0.15 0.16 0.18 0.17 0.06 0.34 0.17 0.07 0.19 0.11 0.07 0.06
Pb 1.02 1.37 3.30 3.33 3.07 3.32 2.22 0.73 0.36 3.46 7.65 3.71 1.42 1.40
Sr 305 756 1042 1123 777 808 148.67 105.07 97.77 237 403.71 388.65 293.41 315.17
Zr 26.10 78.80 99.90 105 108 104 42.74 43.20 29.95 47.88 110.43 118.80 42.23 38.08
Hf 0.72 1.92 2.44 2.55 2.59 2.50 1.08 1.32 0.85 1.46 2.79 3.13 1.20 1.05
Y 12.00 17.30 19.40 19.70 20.10 19.20 21.64 24.73 20.27 20.23 33.75 37.56 20.78 20.12
La 4.25 18.40 22.10 23.10 21.10 21.80 5.88 3.39 2.64 6.18 10.37 8.11 4.21 4.69
Ce 9.76 39.80 48.20 50.50 46.40 47.00 13.62 8.27 6.26 13.64 24.16 19.61 9.91 9.12
Pr 1.40 5.10 6.38 6.62 6.04 6.08 2.20 1.39 1.01 2.14 3.52 3.02 1.56 1.55
Nd 6.46 22.10 26.80 27.90 25.40 25.40 10.92 7.23 5.18 10.12 16.96 15.04 7.57 7.39
Sm 1.69 4.58 5.53 5.63 5.08 5.09 3.15 2.37 1.79 2.82 4.41 4.22 2.29 2.12
Eu 0.54 1.32 1.56 1.59 1.47 1.44 0.88 0.90 0.66 0.74 1.41 1.23 0.79 0.79
Gd 1.82 3.90 4.29 4.41 4.26 4.11 3.69 3.70 2.82 3.08 5.24 5.16 3.08 2.99
Tb 0.30 0.53 0.59 0.62 0.61 0.57 0.61 0.62 0.49 0.53 0.85 0.87 0.51 0.49
Dy 1.89 2.89 3.19 3.28 3.27 3.08 3.65 3.75 3.09 3.40 4.99 5.37 3.08 2.94
Ho 0.41 0.56 0.61 0.65 0.65 0.60 0.74 0.86 0.66 0.72 1.06 1.21 0.68 0.67
Er 1.21 1.49 1.68 1.77 1.83 1.67 2.06 2.47 1.88 2.20 3.12 3.51 2.04 1.90
Tm – – – – – – – – – – – – – –
Yb 1.12 1.36 1.53 1.59 1.66 1.55 1.96 2.99 2.21 2.50 3.81 4.26 2.42 2.44

Lu 0.17 0.21 0.24 0.25 0.26 0.24 0.29 0.41 0.32 0.36 0.53 0.64 0.35 0.35
(La/Yb)n 2.56 9.13 9.75 9.81 8.58 9.49 2.02 0.77 0.81 1.67 1.84 1.29 1.18 1.30
La/Nb 5.05 5.90 6.33 6.26 5.40 5.60 6.07 0.83 0.97 5.89 3.03 4.24 3.63 4.49
Eu/Eu* 0.94 0.95 0.98 0.98 0.97 0.96 0.79 0.93 0.89 0.76 0.90 0.81 0.91 0.96
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Fig. 2a. The Chemical classification and nomenclature of the Otavlo, Latacunga,
Santo Domingo, La Derecha and Guaragua basalts and andesites using a total alkali
(TAS) diagram (Le Maıtre et al., 1989). B: Trachy-basalt, TB: Basaltic Trachyandesite.
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consider their muti-element concentrations as representative of a
magmatic process.

Otavalo rocks are geochemically very homogeneous and all
have a positive Sr anomaly, this could reflect plagioclase accumu-
Fig. 2b. Distribution of TiO2 and Y/Nb of the Otavlo, Latacunga, Santo Domingo, La Derec
alkaline basalt), ocean island tholeiites, alkaline and tholeiitic fields are from Wincheste

Fig. 3a. Chondrite-normalised REE patterns of all four sampled cross sections (Hofmann
plot is from Saunders and Tarney (1984).
lation in these samples. The olivine bearing 04 OT 01 basalt, has
high MgO concentrations (8.05 wt.%) and also the lowest incom-
patible element concentrations (Fig. 3a). These characteristics
could reflect its primitive nature. Chondrite normalised rare earth
element plots (Hofmann, 1988) of Otavalo samples show LREE en-
riched trends ((La/Yb)n = 3.91–9.8). The Santo Domingo, Lata-
cunga, La Derecha and Guaragua cross-sections contain more
differentiated rocks (andesites) which explain their higher LREE
contents.

Latacunga, Santo Domingo and La Derecha and Guaragua man-
tle-normalised multi-element spidergrams (Hofmann, 1988) are
much less homogeneous in trace-element concentrations
(Fig. 3b) than the Otavalo samples. Indeed, Santo Domingo lavas
show a negative Pb anomaly and no Sr anomaly, whereas Lata-
cunga lavas show positive Pb and Sr anomalies. The chondrite-nor-
malised rare-earth element plots (Hofmann, 1988) for samples
from these sections (Fig. 3a) show a slight LREE enrichment ((La/
Yb)n = 1.3–1.8) and negative Eu anomalies (Eu/Eu* = 0.79–0.9).
Samples with the highest MgO concentrations systematically have
the lowest LREE enrichment (04 OT 01, 04 OT 4a and 4b, 04 L 05).
Once again, the two samples from the Santo Domingo section that
have completely different REE and multi-element plots owe their
chemical differences to the radiolaritic and doleritic inclusions
they contain.
ha and Guaragua basalts and andesites. OTB (oceanic tholeiitic basalt), OAB (oceanic
r and Floyd (1976).

, 1988). Otavalo samples comprise Mamberti et al. (2003) Otavalo data. The MORB



Fig. 3b. Primitive-mantle-normalised multi-element spidergrams of all four sample cross sections (Hofmann, 1988). Otavalo samples comprise Mamberti et al. (2003)
Otavalo data.
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6. Mineral chemistry

6.1. Major element chemistry

In this section, we choose to discuss clinopyroxene data from
the Otavalo cross-section since Otavalo samples contain the largest
and more abundant clinopyroxene phenocrysts. However, the
chemical characteristics of clinopyroxenes from Latacunga, Santo
Domingo, La Derecha and Guaragua are identical to those of Ota-
valo clinopyroxene phenocrysts.

Clinopyroxene phenocrysts are up to two centimetres in length
but can also occur as 0.2 mm microphenocrysts in the matrix. Clin-
opyroxenes have a tholeiitic affinity, and belong to an island-arc
context (Leterrier et al., 1982, Fig. 4a). The tholeiitic affinity of
the clinopyroxene crystals is confirmed by chemical zoning within
single clinopyroxene crystals.

Pyroxene cores have a diopsidic composition (Wo45.2, Fs5.8,
Table 2) whereas the rims are augitic (Wo36.8�41.1, Fs12.4�21, Table
2) in the Morimoto et al. (1988), Fig. 4b classification diagram. This
chemical variation within clinopyroxene phenocrysts can also be
seen when opposing FeO, CaO, TiO2 and Cr2O3 concentrations
(Fig. 4c–f) to the XMg (=Mg/(Mg + Fet)). Crystal cores are FeO-
and TiO2-enriched in comparison to the CaO- and Cr2O3-enriched
rims. This suggests that the growth of the clinopyroxene pheno-
crysts did not occur in melts of homogeneous composition, the
cores were formed in Mg-rich melts whereas the rims crystallised
from more differentiated magmas. Chemical variations within
crystals are the same in large and small phenocrysts. This indicates
that all clinopyroxene crystals belong to a single generation.

6.2. Trace element chemistry

Clinopyroxene trace-element compositions presented here be-
long only to the Otavalo 04 OT 01 sample, which has very large
and fresh clinopyroxene phenocrysts. Clinopyroxene trace-element
compositions in different samples show similar trends and concen-
trations as clinopyroxenes in Otavalo 04 OT 01 sample (Table 2)
discussed below.

Mantle normalised multi-element spidergrams (Hofmann,
1988) show negative Nb, Ta, Pb and Zr anomalies (Fig. 5b). Crystal
rims show higher trace-element compositions than the crystal
cores. Additionally, crystal rims show a negative Eu anomaly that
does not exist in crystal cores. This could mean that the end of clino-
pyroxene crystallisation is affected by plagioclase fractionation.

Chondrite-normalised REE plots (Hofmann, 1988) show that
clinopyroxenes are LREE depleted (La/Yb = 0.27–0.8) and have a
flat HREE plot (Fig. 5a). Crystal rims have higher REE concentra-
tions than crystal cores. This could be explained by olivine frac-
tionation that concentrates REE in the residual liquid from which
the clinopyroxene crystals will form.

In order to test whether the clinopyroxene phenocrysts are in
equilibrium with the host rock or whether they were inherited from
an earlier crystallisation process, we attempted an approximate cal-
culation of the clinopyroxene partition coefficients (Fig. 5c). In or-
der to this, we made the assumption that samples are composed
uniquely of 70% clinopyroxene crystals and calculated the partition
coefficients for samples 04 OT 01. These calculated partition coeffi-
cients were then compared to partition coefficients documented by
Fujimaki et al. (1984), Fig. 5c. We chose these particular partition
coefficients in the literature as they were determined on natural
pyroxenes rather than obtained experimentally for a given and nar-
row range of temperature and pressure. Fig. 5c illustrates that the
calculated partition coefficients correlate well with those of Fuji-
maki et al., 1984. This confirms that the clinopyroxene phenocrysts
are in equilibrium with the host-rock and were not inherited from
an earlier crystallisation process.

7. Isotope data

The Sm, Nd and U, Th, Pb isotope systems are stable enough to
be considered as unaffected by alteration processes. A slight Pb
mobility when plotted against Zr can be noticed (not shown); how-
ever, a comparison of Pb isotope ratios to initial Pb isotope ratios
shows that the age-correction has little effect on the presented
lead isotope data (Table 3).

When plotting (207Pb/204Pb)i against (206Pb/204Pb)i (Fig. 6a), we
can notice that all analysed samples plot in a restricted field above
the NHRL (Zindler and Hart, 1986) defined by Chiaradia and Font-
boté (2002), Fig. 6a – field 1 as the Ecuador Tertiary and Quater-
nary magmatism field. This field is 207Pb/204Pb enriched
compared to the MORB field (Zindler and Hart, 1986) and spans
out between the MORB and pelagic sediment fields (Sun, 1980;
White et al., 1985; Ben Othman et al., 1994). Chiaradia and Font-
boté (2001) suggested that the MORB field could be brought down
to a more local component and compiled an East-Pacific MORB
field (Sun, 1980; Cohen and O’Nions, 1982; Unruh and Tatsumoto,
1986). Analysed samples in this study span out between the East-
Pacific MORB and enriched pelagic sediment fields.

We can note that whatever the XMg of samples, Pb isotope ra-
tios are homogeneous suggesting that whatever the whole rock
composition, samples reflect a unique source (Fig. 6b and c).
Mamberti et al. (2003), Chiaradia and Fontboté (2001, 2002) and
Chiaradia et al. (2004a,b) suggest the participation of a third high
in U/Pb component (HIMU; Zindler and Hart, 1986).



Fig. 4. (a) Clinopyroxene magmatic affinity (Ti vs. Ca + Na) (Leterrier et al., 1982) for Otavalo samples. (b) Clinopyroxene composition and classification diagram (Morimoto
et al. (1988)) for Otavalo samples. (c)–(f). Clinopyroxene binary correlation diagrams, plotting major elements vs. XMg (XMg = Mg/(Mg + Fe)).
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In order to explain the isotopic variations from one sample to
the next we used a simple bipolar mixing model using an enriched
pelagic sediment component and East-Pacific MORB end-members
(not shown). However, this type of model was inappropriate since
no mixing curve could be obtained to fit these variations.

Measured Nd and Pb isotope ratios can be explained by the mix-
ing of three mantle end-members defined in literature as East-Pa-
cific MORB (Chiaradia and Fontboté, 2001), HIMU (Zindler and
Hart, 1986) and an enriched pelagic sediment component (Sun,
1980; White et al., 1985; Ben Othman et al., 1994; Mamberti
et al., 2003). In order to test this hypothesis a tripolar mixing mod-
el according to the equations of Albarède, 1995 was used.
So as to fit to the regional geodynamic properties of such a nat-
ural system, the three mantle reservoirs have been modified using
local geochemical data. The East-Pacific MORB or DMM reservoir
value is the average of a data compilation according to McCulloch
and Chappell (1982), Allègre et al. (1983), McCulloch and Black
(1984), Peucat et al. (1988) and Goldstein et al. (1988) and East-Pa-
cific MORB values from Chauvel and Blichert-Toft, 2001 and Hauff
et al. (2003). The chert/pelagic sediment reservoir is a compilation
of ratios for pelagic sediments found in latitudes from +2� to �2�
dated as 70–100 Ma (Hauff et al., 2003). Finally, the value used
for the HIMU component is the average value of the reservoir de-
fined by Zindler and Hart (1986). The documented samples are



Table 2
Major- (wt.%) and trace-element (ppm) for Otavalo 04 OT 01, most representative clinopyroxene mineral samples

Name Cpx1 rim Cpx1 core Cpx2 rim Cpx2 core Cpx2 rim Cpx3 rim Cpx3 rim Cpx3 core Cpx4 core Cpx4 rim Cpx5 rim Cpx5 core Cpx6 rim Cpx6 core Cpx7 core Cpx8 core

SiO2 50.12 53.46 51.38 52.99 51.55 50.73 51.55 53.36 51.73 49.89 49.32 53.75 50.63 51.73 51.53 51.00
TiO2 0.59 0.13 0.35 0.15 0.39 0.45 0.33 0.15 0.29 0.52 0.51 0.11 0.43 0.29 0.22 0.24
Al2O3 2.77 1.15 2.56 1.57 2.59 1.33 2.49 1.60 2.68 2.71 1.03 1.18 2.75 2.68 2.51 2.65
Cr2O3 0.05 0.46 0.04 0.20 0.02 0.01 0.08 0.33 0.11 0.03 0.04 0.48 0.03 0.11 0.33 0.18
FeO* 12.49 3.62 8.58 4.39 9.49 15.43 7.45 3.99 7.19 11.32 19.44 3.45 9.70 7.19 5.35 5.74
MnO 0.40 0.12 0.23 0.16 0.32 0.59 0.23 0.12 0.15 0.29 0.77 0.08 0.25 0.15 0.19 0.14
MgO 13.50 17.58 15.32 17.26 14.99 12.80 15.63 17.33 16.41 13.66 10.06 17.72 14.86 16.41 16.60 16.00
CaO 19.30 22.58 20.84 22.60 20.15 17.47 21.03 22.62 20.48 19.69 16.84 22.73 20.35 20.48 21.65 21.35
Na2O 0.27 0.13 0.23 0.16 0.18 0.21 0.18 0.14 0.18 0.27 0.19 0.14 0.22 0.18 0.18 0.17
Sum 99.49 99.24 99.53 99.47 99.69 99.02 98.98 99.65 99.23 98.38 98.21 99.65 99.21 99.23 98.56 97.47

Si 1.90 1.96 1.92 1.95 1.93 1.95 1.93 1.95 1.92 1.91 1.95 1.96 1.91 1.92 1.92 1.92
Al IV 0.10 0.04 0.08 0.05 0.07 0.05 0.07 0.05 0.08 0.09 0.05 0.04 0.09 0.08 0.08 0.08
Al VI 0.03 0.01 0.03 0.02 0.04 0.01 0.04 0.02 0.04 0.03 0.00 0.01 0.03 0.04 0.03 0.04
Cr 0.00 0.01 0.00 0.01 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.01 0.00 0.00 0.01 0.01
Ti 0.02 0.00 0.01 0.00 0.01 0.01 0.01 0.00 0.01 0.02 0.02 0.00 0.01 0.01 0.01 0.01
Fe 0.40 0.11 0.27 0.13 0.30 0.50 0.23 0.12 0.22 0.36 0.64 0.11 0.31 0.22 0.17 0.18
Mn 0.01 0.00 0.01 0.01 0.01 0.02 0.01 0.00 0.00 0.01 0.03 0.00 0.01 0.00 0.01 0.00
Mg 0.76 0.96 0.85 0.95 0.83 0.73 0.87 0.95 0.91 0.78 0.59 0.97 0.83 0.91 0.92 0.90
Ca 0.79 0.89 0.83 0.89 0.81 0.72 0.84 0.89 0.82 0.81 0.72 0.89 0.82 0.82 0.86 0.86
Na 0.02 0.01 0.02 0.01 0.01 0.02 0.01 0.01 0.01 0.02 0.01 0.01 0.02 0.01 0.01 0.01
M1,2 sites 4.03 4.01 4.02 4.02 4.01 4.01 4.01 4.01 4.02 4.02 4.01 4.01 4.03 4.02 4.02 4.01

%En 38.9 49.0 43.4 47.9 42.8 37.4 44.5 48.3 46.5 39.7 30.2 49.2 42.3 46.5 47.1 46.1
%Fs 21.1 5.8 14.1 7.0 15.8 25.9 12.4 6.5 11.8 19.2 33.5 5.5 16.1 11.8 8.8 9.6
%Wo 40.0 45.2 42.4 45.1 41.4 36.7 43.1 45.3 41.7 41.1 36.3 45.3 41.6 41.7 44.1 44.2

Cs 0.00 0.00 0.01 0.01 0.02 0.00 0.02 0.01 0.01 0.02 0.00 0.00 0.00 0.00 0.00 0.02
Rb 0.01 0.00 0.02 0.02 0.29 0.02 0.01 0.01 0.07 0.16 0.07 0.08 0.00 0.00 0.00 0.02
Ba 0.49 0.22 0.00 0.14 3.01 0.01 0.47 0.00 0.51 2.09 1.36 0.46 0.03 0.04 0.04 0.16
Th 0.00 0.01 0.01 0.00 0.01 - 0.01 0.00 0.01 0.06 0.03 0.01 0.00 0.00 0.00 0.00
U 0.01 0.00 0.00 0.00 0.01 - 0.01 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.01
Nb 0.00 0.01 0.01 0.01 0.03 0.00 0.00 0.00 0.01 0.01 0.08 0.01 0.00 0.00 0.00 0.02
Ta 0.00 - 0.00 0.00 0.00 0.00 0.00 0.00 - 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Pb 0.24 0.50 0.28 0.22 0.26 0.02 0.36 0.06 0.09 1.59 0.63 0.42 0.09 0.10 0.10 0.39
Sr 2.38 2.25 2.52 2.19 2.86 2.05 2.58 2.00 2.06 2.49 2.30 2.44 2.21 2.36 2.34 2.67
Zr 0.11 0.02 0.14 0.08 0.11 0.02 0.10 0.01 0.01 0.21 0.05 0.05 0.02 0.02 0.02 0.04
Hf 0.13 0.02 0.24 0.12 0.14 0.02 0.16 0.01 0.02 0.38 0.06 0.07 0.05 0.05 0.05 0.04
Y 2.48 0.65 2.79 1.91 2.09 0.62 2.18 0.34 0.40 3.85 1.24 1.39 0.77 0.82 0.81 1.19
La 14.12 4.00 13.23 8.93 13.85 3.97 17.77 1.36 3.59 28.18 14.77 8.99 4.48 4.78 4.75 7.86
Ce 0.40 0.13 0.41 0.32 0.38 0.11 0.43 0.05 0.07 0.58 0.34 0.21 0.12 0.13 0.13 0.22
Pr 15.58 4.34 16.06 11.73 13.73 3.81 15.82 2.09 2.81 18.79 10.52 7.15 4.82 5.14 5.10 8.47
Nd 0.54 0.14 0.61 0.46 0.51 0.16 0.54 0.09 0.11 0.72 0.36 0.29 0.18 0.19 0.19 0.31
Sm 0.38 0.10 0.40 0.30 0.35 0.09 0.37 0.04 0.07 0.52 0.17 0.19 0.13 0.14 0.14 0.18
Eu 1.26 0.30 1.22 0.89 1.15 0.27 1.15 0.24 0.19 1.54 0.48 0.54 0.37 0.40 0.39 0.63
Gd – – – – – – – – – – – – – – – –
Tb 1.52 0.46 1.71 1.19 1.13 0.48 1.26 0.22 0.23 2.16 0.71 0.81 0.50 0.53 0.52 0.69
Dy 0.38 0.08 0.38 0.27 0.31 0.07 0.29 0.06 0.05 0.51 0.18 0.19 0.10 0.11 0.11 0.19
Ho 1.17 0.23 1.09 0.76 0.82 0.25 0.84 0.13 0.18 1.52 0.44 0.61 0.28 0.29 0.29 0.45
Er 9.86 1.90 10.70 7.35 7.95 1.83 7.63 1.27 1.58 12.80 4.84 4.63 2.67 2.84 2.82 4.43
Tm – – – – – – – – – – – – – – – –
Yb 0.84 0.20 0.78 0.64 0.74 0.10 0.70 0.05 0.11 1.27 0.43 0.45 0.39 0.42 0.41 0.06
Lu 0.12 0.04 0.15 0.11 0.11 0.02 0.10 0.01 0.02 0.20 0.07 0.07 0.06 0.06 0.06 0.43
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Fig. 5. (a) Chondrite-normalised REE patterns, and (b) Primitive-mantle-normalised multi-element spidergrams (Hofmann, 1988), for 04 OT 01 clinopyroxenes. (c) Binary
correlation diagram of calculated clinopyroxene REE partition coefficients and clinopyroxene REE partition coefficients from Fujimaki et al. (1984).
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not precisely of the same age and latitude as CCOP at the time of
the Cretaceous arc emplacement, we therefore chose to compile
a large amount of data and use the average values of this
compilation.

The Figs. 7a and b respectively show plots of (143Nd/144Nd)i vs.
(206Pb/204Pb)i and (207Pb/204Pb)i. We can notice that in both cases
samples plot in a very narrow field that can be explained by the
mixing of variable proportions of the three end-members.

Indeed, 12–15% of the HIMU component has to be mixed to the
DMM end member so as to explain sample chemistry. Additionally,
variable proportions (7–15%) of the chert/pelagic sediment end-
member are also needed to explain whole rock isotope ratios. Such
high HIMU components are rarely obtained in tripolar mixing
models and could partly be linked to the lack of constraint on man-
tle end-members such as the HIMU reservoir. However, as we dis-
cuss in the following section, such high percentages could also be
linked to the uncommon geodynamic context from which these
magmas are derived.

8. Discussion and geodynamic implications

Four cross-sections through three late-Cretaceous to early
Paleocene island arc sequences directly overlying the CCOP are
studied in this paper. Samples are mainly basalts and andesites
that are marked by the existence of centrimetric clinopyroxene
phenocrysts that can, in Otavalo samples, constitute up to 60–
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Table 3
Nd and Pb isotopic compositions for Otavalo, Santo Domingo, Latacunga, La Derecha and Guaragua whole-rock samples and mineral separates

Name T(My) Sm Nd 206Pb/
204Pb

±2r 207Pb/
204Pb

±2r 208Pb/
204Pb

±2r (206Pb/
204Pb)i

(207Pb/
204Pb)i

(208Pb/
204Pb)i

143Nd/
144Nd

±2r 147Sm/
144Nd

(143Nd/
144Nd)i

Eps(Nd)i

04 OT 1 80 1.69 6.46 18.7838 0.0042 15.6046 0.0052 38.6178 0.0063 18.2823 15.5906 38.1965 0.512900 0.000007 0.158169 0.512817 5.51
04 OT 2 80 4.58 22.10 19.0174 0.0039 15.4503 0.0042 38.3997 0.0052 18.5644 15.4285 37.9618 0.512834 0.000008 0.125295 0.512768 4.55
04 OT 4a 80 5.53 26.80 18.9102 0.0037 15.5868 0.0046 38.6715 0.0054 18.6613 15.5749 38.4242 0.512828 0.000010 0.124753 0.512763 4.44
04 SD 01 80 3.15 10.92 18.9940 0.0026 15.6478 0.0042 38.7744 0.0050 18.7899 15.6380 37.9930 0.512981 0.000008 0.174504 0.512890 6.92
04 SD 04 80 2.37 7.23 18.9599 0.0086 15.5665 0.0089 38.6109 0.0102 18.6863 15.5533 37.7820 0.513007 0.000012 0.198615 0.512903 7.18
04 SD 05 80 1.79 5.18 19.0012 0.0090 15.5758 0.0091 38.6857 0.0140 18.7518 15.5638 38.1099 0.513039 0.000009 0.208795 0.512930 7.70
04 L 04 80 2.82 10.12 – – – – – – – – – 0.512899 0.000009 0.168572 0.512811 5.38
04 L 05 80 4.41 16.96 18.6878 0.0076 15.5193 0.0086 37.2554 0.0071 16.4393 15.5073 36.3995 0.512949 0.000006 0.157324 0.512867 6.47
04 LD 01 80 2.29 7.57 18.8692 0.0046 15.6036 0.0051 38.5274 0.0068 18.6424 15.5927 37.9523 0.513014 0.000015 0.182643 0.512918 7.48
04 GW 01 80 2.12 7.39 18.8886 0.0050 15.6002 0.0056 38.5161 0.0063 18.6298 15.5877 37.9217 0.512975 0.000008 0.173503 0.512884 6.81
04OT1cpx 80 0.71 1.73 – – – – – – – – – 0.512941 0.000011 0.246862 0.512812 5.40
04OT4acpx 80 1.49 4.46 – – – – – – – – – 0.512736 0.000008 0.202338 0.512630 1.85
04OT4bcpx 80 2.91 9.26 18.7852 0.015 15.6338 0.0157 38.6320 0.0144 18.7639 15.6328 38.5546 0.512879 0.000007 0.190131 0.512779 4.77
04Ot5cpx 80 4.13 12.32 19.0024 0.0317 15.7067 0.0329 38.9703 0.0341 18.9738 15.7054 38.9366 0.512885 0.000008 0.202824 0.512779 4.76
04OT7cpx 80 3.69 11.72 18.8903 0.0049 15.5900 0.0069 38.6166 0.0077 18.8391 15.5875 38.5627 0.512852 0.000012 0.190237 0.512752 4.24
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Fig. 7. (a) Tripolar mixing modelisation diagram plotting (143Nd/144Nd)i vs.
(206Pb/204Pb)i and (b) (143Nd/144Nd)i vs. (207Pb/204Pb)i. The HIMU mantle reservoir
shown here is the barycentre of Zindler and Hart (1986) HIMU field. The cherts/
Pelagic sediment reservoir are an average composition for cherts dated from 70 to
100 Ma by Hauff et al. (2003). The DMM/Pacific Cretaceous MORB is an average of
DMM ratios by McCulloch and Chappell (1982), Allègre et al. (1983), McCulloch and
Black (1984), Peucat et al. (1988) and Goldstein et al. (1988), and E-pacific Morb
values from Chauvel and Blichert-Toft (2001) and Hauff et al. (2003).
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lard et al., 2004; Spikings et al., 2005) and the La Derecha and Gua-
ragua cross-sections through the Las Orquı̀deas arc-like sequence
(Luzieux et al., 2006) are Mg-rich (6–11.5 wt.%) are LREE enriched
((La/Yb)n = 3.91–9.8). The high proportions of clinopyroxene and
the high MgO contents of these rocks indicate a high percentage
of partial melting at the magmatic source. The origin of the LREE
enrichment of the Mg-rich basalts can be found in the involvement
of subducted pelagic sediments in the genesis of these lavas as sug-
gested by Mamberti et al. (2003) in their study of Ecuador.

The four sampled cross-sections through the island-arc se-
quences display homogeneous initial Nd, and Pb isotope ratios that
suggest a unique mantellic source for these rocks. This is confirmed
by the homogeneity of lead isotope ratios with varying XMg of the
different lavas (Fig. 6b and c). Plots of (207Pb/204Pb)i vs.
(206Pb/204Pb)i (Fig. 6a) show that the analysed samples plot in a re-
stricted field within the Ecuador Tertiary and Quaternary magma-
tism field defined by Chiaradia and Fontboté (2002) Fig. 6a – field
1. This field spans out between the E-pacific MORB (Sun, 1980; Co-
hen and O’Nions, 1982; Unruh and Tatsumoto, 1986; Chiaradia and
Fontboté, 2002) and pelagic sediment fields (Sun, 1980; White
et al., 1985; Ben Othman et al., 1994; Mamberti et al., 2003). Mea-
sured Pb and Nd isotopic ratios suggest the participation of a third
HIMU component. The Pb and Nd isotope ratios can thus be ex-
plained the mixing of three components: an East-Pacific MORB
end-member, an enriched pelagic sediment component, and a
HIMU component as suggested by previous authors such as Chiara-
dia and Fontboté (2001), Mamberti et al. (2003) and Vallejo et al.
(2006).

Mamberti et al. (2003) showed that the ankaramite and Mg-
basalts that constitute the CCOP carry a HIMU component. The iso-
topic, geochemical and petrological properties of the studied lavas
could therefore mark the contribution of the CCOP in the genesis of
these island arc rocks.

This study suggests that by better constraining the three end-
members and by attempting to fit to the regional natural system
in which these lavas were generated, it is possible to estimate
the influence of each end-member on sample isotopic ratios. In-
deed, the DMM/East Pacific MORB component can be brought
down to a local value obtained by compiling published DMM and
East-Pacific MORB values from McCulloch and Chappell (1982),
Allègre et al. (1983), McCulloch and Black (1984), Peucat et al.
(1988), Goldstein et al. (1988), Chauvel and Blichert-Toft (2001)
and Hauff et al. (2003). The pelagic radiolarian bearing sediments
are represented by the Campano-Maastrichtien cherts found assoc-
tiated with the late Cretaceous island arc volcanics and are taken
from compilation of isotopic ratios for pelagic sediments found in
latitudes from +2� to �2� dated as 70–100 Ma from Hauff et al.
(2003). Finally, the HIMU (Zindler and Hart, 1986) end-member
represents the radiogenically enriched CCOP upon which the island
arcs rest.

Mathematically, an average contribution of 12–15 wt.% HIMU/
CCOP associated with 7–15 wt.% cherts and to 70–75 wt.% DMM
is needed to explain sample isotopic ratios (Fig. 7).

Chiaradia and Fontboté (2001, 2002) had already suggested that
10 wt.% subducted sediments were needed to explain sample
chemistry; however this is surprisingly high when compared to
the 2–3 wt.% sediment dehydration usually observed in subduction
systems. Similarly, it may seem that 12–15 wt.% plateau contribu-
tion is also high.

We suggest that an anomalous thermal regime could be respon-
sible for such high proportions of the HIMU/CCOP component dur-
ing lava genesis. Such a high thermal regime could be inherited
from the young and residually hot CCOP. Indeed, the studied arc-
like and island arc sequences established themselves in Campa-
nian-Maastrichtian (75–80 Ma) to early Palaeocene (68 Ma) times
on a young (Vallejo et al., 2006) and therefore probably still hot
oceanic plateau emplaced at 92–86 Ma (Sinton et al., 1998; Mam-
berti et al., 2003). The buoyant and thick CCOP would therefore be
5–15 Ma-old at the time of arc emplacement, and would not have
dissipated the heat inherited from its formation at the plateau
base.

Four main mechanisms could be responsible for the isotopic
mixing described in this study. Firstly Chiaradia and Fontboté
(2001, 2002) and Chiaradia et al. (2004a,b) identified a HIMU com-
ponent in Ecuadorian Late Cretaceous and Tertiary magmas and as-
cribed it to two possible processes: diffusion of the 90 My old
Galapagos or the 106–82 My old Oriente hot-spot into the upper
mantle or the subduction and recycling by mantle and crustal pro-
cesses of oceanic plateaus created during the mid-Cretaceous
superplume event. However, we believe that this process could
not generate the high proportions of HIMU component needed to
explain the isotopic compositions of the studied arc rocks. A sec-
ond hypothesis could be that when the island arc established itself
on the CCOP, magma pooled in a magma chamber within the CCOP
and assimilated the chamber wall rock, this would mean that the
radiogenic signature of the lavas is linked to the amount of time
spent in the magma chamber, the more primitive magma would
therefore be less affected by the assimilation process than the
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more differentiated samples. Yet Fig. 6b and c shows that the
radiogenic signature of these arc rocks is independent from the
MgO content of samples and therefore do not depend on the de-
gree of differentiation undergone by the magmas. Finally, consider-
ing the high temperature beneath the CCOP at that time, it is
possible that melting of plateau base could be responsible for these
radiogenic isotope ratios. Indeed, the amount of dehydration of the
subducted cherts could destabilise the upper mantle into which is
subducted, generating mantle-derived basaltic melts that could
accumulate at the base of the still hot CCOP and partially melt
and assimilate it. This process could explain the large contribution
of the HIMU and EM2-type end members during the genesis of the
studied island arc lavas.

However, the poor constraint of the HIMU-plateau isotope ra-
tios in the case of the CCOP due to plateau heterogeneity (Révillon
et al., 1999; Mamberti et al., 2003) could have exaggerated the con-
tribution of the HIMU end-member, making it impossible to rule
out the first hypothesis made by Chiaradia and Fontboté (2001,
2002).

9. Conclusions

The mineralogical and geochemical particularities of Late Creta-
ceous arc-like or island-arc sequences established on the Carib-
bean–Colombian Oceanic Plateau suggest the existence of an
abnormally high heat regime during magma genesis, much like
in the Plio-Quaternary arc of the Solomon islands caused by the
subduction of the young and hot Woodlark basin below the Creta-
ceous Ontong Java oceanic plateau that accreted to the Vityaz arc
10 Ma ago.

This geochemical study of samples from four Late Cretaceous
arc-like or island arc sequences points to the participation of three
mantle reservoirs at the magma source. This is confirmed by the
whole rock isotope ratio trends obtained for all four sampled
sections.

A tripolar mixing model reveals itself to be appropriate and sug-
gests that proportions of 12–15 wt.% of the HIMU component and
7–15 wt.% of the pelagic sediment end-member and 70–75 wt.%
DMM-East-Pacific MORB are needed to explain sample isotope ra-
tios. These surprisingly high proportions of the HIMU component
(carried by the oceanic plateau) can be explained by the young
age of the CCOP (5–10 Ma) when the Late Cretaceous volcanic se-
quences developed. Indeed, the young CCOP would have carried
an important amount of residual heat at the time of arc
emplacement.

The hot CCOP basement of these arc sequences was probably
easily assimilated at the island arc lava source. This could reflect
a process such as plateau base melting resulting from release of
fluids into the upper mantle following the high dehydration degree
of subducted pelagic sediments.
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