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Abstract Previous studies of the Ecuadorian arc (18N–28S) have revealed across-arc geochemical trends
that are consistent with a decrease in mantle melting and slab dehydration away from the trench. The aim
of this work is to evaluate how these processes vary along the arc in response to small-scale changes in the
age of the subducted plate, subduction angle, and continental crustal basement. We use an extensive data-
base of 1437 samples containing 71 new analyses, of major and trace elements as well as Sr-Nd-Pb isotopes
from Ecuadorian and South Colombian volcanic centers. Large geochemical variations are found to occur
along the Ecuadorian arc, in particular along the front arc, which encompasses 99% and 71% of the total
variations in 206Pb/204Pb and 87Sr/86Sr ratios of Quaternary Ecuadorian volcanics, respectively. The front arc
volcanoes also show two major latitudinal trends: (1) the southward increase of 207Pb/204Pb and decrease of
143Nd/144Nd reflect more extensive crustal contamination of magma in the southern part (up to 14%); and
(2) the increase of 206Pb/204Pb and decrease of Ba/Th away from �0.58S result from the changing nature of
metasomatism in the subarc mantle wedge with the aqueous fluid/siliceous slab melt ratio decreasing away
from 0.58S. Subduction of a younger and warmer oceanic crust in the Northern part of the arc might pro-
mote slab melting. Conversely, the subduction of a colder oceanic crust south of the Grijalva Fracture Zone
and higher crustal assimilation lead to the reduction of slab contribution in southern part of the arc.

1. Introduction

It is widely accepted that magmas of subduction zones are generated in the mantle wedge as a result of
dehydration or melting process in the subducting slab. Released fluids or melts rise through the mantle
wedge, modifying its composition by metasomatism and reducing its solidus temperature. Primitive arc
magmas are almost never sampled in continental arc settings due to extensive crustal processing as magma
rises. Thus, tracing the contribution of the potential sources in arc magma genesis (subducted slab, mantle
wedge, and complex arc crust) is a challenging task. In addition, deep-seated magmatic processes impact
trace element recycling at subduction zones [Spandler and Pirard, 2013] and formation of continental crust
[Martin et al., 2014; Gazel et al., 2015].

In this paper, we examine magma source variations in the Ecuadorian arc, located in the Northern Andean
Volcanic Zone (NVZ). Most studies on magma sources in this arc segment focused on geochemical varia-
tions associated with the distance from the trench [Barragan et al., 1998; Bourdon et al., 2003; Bryant et al.,
2006; Le Voyer et al., 2008; Chiaradia et al., 2009; Hidalgo et al., 2012], which were carried out along East-
West transects at �0–0.58S. All the studies noted a marked across-arc geochemical zonation, which is
expressed by an increase in incompatible element contents (e.g., K, Ba, Nb, Rb, La, Pb, Th) away from the
trench, while ratios of trace elements that are more versus less fluid-mobile decrease (e.g., Ba/Th, Ba/La, Ba/
Nb, Pb/Th, Li/Th, B/Be). These features were interpreted as a decrease in the degree of mantle partial melt-
ing induced by a reduction of slab fluids input into the mantle further away from the trench [Barragan et al.,
1998; Bourdon et al., 2003; Le Voyer et al., 2008; Hidalgo et al., 2012]. An additional feature concerns the Sr-
Nd isotope zonation, which is ascribed to the upper crustal interaction of an oceanic-like basement (forming
the Western Cordillera) or a continental basement (below the Eastern Cordillera) with magmas by a process
of crustal melting and/or assimilation [Bryant et al., 2006; Chiaradia et al., 2009; Hidalgo et al., 2012]. Up to
14% upper crustal assimilation is estimated for volcanoes of both Cordilleras.
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A second geochemical characteristic of the Ecuadorian arc is the occurrence of the so-called ‘‘adakitic’’ lavas
[e.g., Defant and Drummond, 1990]. This term was defined to describe andesites and dacites with high con-
centrations of Al2O3 (>15 wt %) and Na2O (3.5–7.5 wt %), low concentrations of heavy REE and Y (Y< 18
ppm, Yb< 2 ppm), high concentration in Sr (> 400 ppm) resulting in extreme enrichment in LREE over
HREE (La/Yb> 9) and high Sr/Y ratios (>50). However, this term has often been used loosely, based on the
assumption that all rocks displaying these characteristics are derived from subducted slab melting in the
eclogite facies. We choose not to use this term to clearly separate the geochemical composition of rocks
and their formation processes. Several interpretations for this characteristic in Ecuadorian lavas have been
raised: partial melting of the slab and its subsequent interactions in the mantle wedge [Bourdon et al., 2003;
Samaniego et al., 2005; Hidalgo et al., 2012], crustal melting and/or assimilation of the lower crust [Garrison
and Davidson, 2003; Garrison et al., 2006, 2011] and even high-pressure fractionation of garnet and/or
amphibole [Bryant et al., 2006; Chiaradia et al., 2009]. Some authors consider these processes as to be mutu-
ally exclusive even though they can all occur during the evolution of arc magmas.

In this paper, we aim to evaluate the relative influence of deep-seated processes taking place in the sub-
ducted slab and mantle wedge, and shallower processes occurring in the crust. Our study focused on the
scale of the whole arc and relates magma source variations to the geological and geodynamical characteris-
tics of the Quaternary Ecuadorian arc. Previous large scale studies of arcs, including the New Hebrides Cen-
tral Chain [Monzier et al., 1997], the Aleutian arc [Kelemen et al., 2003; Yogodzinski et al., 2015], the Sangihe
arc [Hanyu et al., 2012], the Izu-Bonin arc [Ishizuka et al., 2007], the Andean Central Volcanic Zone [Mamani
et al., 2008], the Central American Volcanic Arc [Heydolph et al., 2012], and the Andean Southern Volcanic
Zone [Hildreth and Moorbath, 1988; Hickey-Vargas et al., 2016], show that large along-arc geochemical varia-
tions are either linked to a lateral change in slab contribution or to the heterogeneity of arc crust. We find
significant geochemical variations along the Ecuadorian arc (North-South variations), which show that it is
necessary to take all spatial dimensions into account to obtain a complete understanding of how magma
sources vary spatially in Ecuador.

2. Geological Setting

The Northern Volcanic Zone (NVZ) of the Andes results from the subduction of the Nazca plate below the
South-American lithosphere. Three tectonically distinct ocean floor domains characterize the Nazca plate to
the west of Colombia, Ecuador and Northern Peru (Figure 1). In Colombia, between latitudes 78N and 18N,
the subducted plate is 10–26 Ma old and plunges at roughly 30–358 with an azimuth of N1208 [Pennington,
1981]. In front, the Colombian volcanic arc is made up of a single row of stratovolcanoes. In southern Ecua-
dor and northern Peru, south of 28S–38S, the subducting slab is older (25–30 Ma) and dips at only 10–148,
defining a flat slab segment [Barazangi and Isacks, 1976; Gutscher et al., 1999], and no active volcanism
exists. Between these two domains (i.e., from 18N to 28S), the Nazca plate and the overlying Carnegie Ridge
impinge upon and subduct beneath mid-northern Ecuador. The Carnegie Ridge is a 200–250 km wide, 2 km
high aseismic submarine mountain range that represents the track of the Galapagos hot spot across the
Nazca plate. It is constructed upon a relatively young (12–16 Ma) oceanic crust [Sallarès et al., 2003]. The cur-
rent convergence rate of this segment with South America is estimated at 5–6 cm/yr with a dip of around
258 and an azimuth of N838E [Guillier et al., 2001; Kendrick et al., 2003]. The Ecuadorian province of the NVZ
is characterized by an extensive volcanism with at least 80 volcanic centers of Pleistocene-Holocene age,
which are distributed along the Western and Eastern Cordilleras, the Inter-Andean valley and the back-arc
region [Hall et al., 2008; Bernard and Andrade, 2011].

The Ecuadorian Andes consist of two subparallel mountain ranges, the Western and Eastern Cordilleras,
which are separated by a tectonic depression, termed the Inter-Andean valley. The active volcanic arc is dis-
tributed along and across these structures, including an additional group of volcanoes located to the east,
along the sub-Andean Amazonian low lands (Figure 2). Based on gravimetric and seismological studies, the
crustal thickness is inferred to be >50 km beneath the active volcanic arc [Feinenger and Seguin, 1983; Pre-
vot et al., 1996; Guillier et al., 2001]. The composition and age of the crustal basement beneath these volca-
nic alignments varies. The Western Cordillera basement consists of oceanic MORB-like basalts and overlying
sedimentary rocks, which were accreted onto the ancient Ecuadorian margin during Late Cretaceous and
Cenozoic times [Hughes and Pilatasig, 2002; Luzieux et al., 2006; Jaillard et al., 2008]. In contrast, the Eastern
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Cordillera basement consists of older continental formations, made up of Palaeozoic to late Mesozoic felsic
and mafic igneous and metamorphic rocks [Aspden and Litherland, 1992; Chiaradia et al., 2004]. Basement
rocks in both cordilleras are overlain by Cenozoic volcanic and volcaniclastic deposits. Lastly, the basement
of the Amazonian basin is formed by the Guyanese craton [Aspden and Litherland, 1992], which is overlain
by Mesozoic to Cenozoic sedimentary sequences [Baby et al., 2004].

In a recent paper, Yepes et al. [2016] stress the importance of an additional topographic feature that charac-
terizes the subduction of the Nazca plate: the Grijalva fracture zone which subducts between 28S and 38S, in
front of the Gulf of Guayaquil (Figure 1). It consists of a 500 m high escarpment separating ‘‘young’’ crust
derived from the Galapagos spreading center to the north from ‘‘old’’ crust formed at the East Pacific rise to
the south. The difference of up to nine million years in age between the young and old crustal segments is
probably associated with a density contrast [cf. Yepes et al., 2016]. As the Grijalva fracture zone is believed
to have been subducting for at least the last 3–6 Ma [Lonsdale, 2005; Michaud et al., 2009; Yepes et al., 2016],
the contact between those two oceanic segments should lie beneath the Andean arc. The presence of both
this escarpment and the Carnegie Ridge will have a strong influence not only on the morphology of the
subducted slab but also on the thermal regime of the slab-mantle system. It is widely accepted [Peacock
et al., 1994; Syracuse et al., 2010] that the age of the subducted slab coupled with the presence (or not) of
asperities in the slab are the main parameters controlling the geothermal regime at the slab-mantle
interface.

3. Sampling Strategy and Analytical Methods

Over the last two decades an extensive geochemical database has been developed for Quaternary Ecuador-
ian lavas through a French-Ecuadorian cooperative program between the Institut de Recherche pour le

Figure 1. Geological setting of Ecuador (modified from Yepes et al. [2016]). CCPP consists of four major transpressive fault systems from NE
to SW: Chingual, Cosanga, Pallatanga, and Pu~n�a. Lines on the oceanic floor represent magnetic anomalies with their corresponding ages
(modified after Lonsdale et al. [2005]). Dashed yellow lines correspond to the slab depth beneath the arc (from Yepes et al. [2016]). In the
text, the oceanic plate south to the Grijalva Fracture Zone is referred as the southern Nazca plate.
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De�veloppement (IRD) and the Instituto Geofi�sico of the Escuela Polite�cnica Nacional (IG-EPN). A large part
of these data have been published in two regional-oriented papers that discussed the trace element
[Schiano et al., 2010] and Sr-Nd-O isotopic variations [Hidalgo et al., 2012] of the Ecuadorian volcanic arc.
Additional data have been published by our group and other authors, in papers dealing with several large
Ecuadorian volcanoes such as Sangay [Monzier et al., 1999], Antisana [Bourdon et al., 2002b], Cayambe
[Samaniego et al., 2005], Illinizas [Hidalgo et al., 2007]; Puyo and Pan de Azucar [Hoffer et al., 2008], Reventa-
dor [Samaniego et al., 2008], Mojanda-Fuya Fuya [Robin et al., 2009], Pichincha [Bourdon et al., 2002a; Robin
et al., 2008; Samaniego et al., 2010], Cotopaxi [Garrison et al., 2006, 2011], Pilavo [Chiaradia et al., 2011],
Chimborazo [Samaniego et al., 2012], and Tungurahua [Samaniego et al., 2011]. Some data were also pub-
lished in regional studies such as those of Barragan et al. [1998], Bourdon et al. [2003], Bryant et al. [2006],
and Chiaradia et al. [2009]. Additional data from Droux and Delaloye [1996] and the IRD/IG-EPN unpublished
database were also used to include the Southern Colombian volcanoes (Azufral de Tuquerres, Cumbal,
Do~na Juana, and Galeras) in this regional study. On the basis of this extensive database (1437 samples),
which covers the entire volcanic arc, we selected 71 samples from 33 volcanoes located in the Western and
Eastern Cordilleras, the Inter-Andean valley, and the back-arc region. We chose samples to fill local gaps in

Figure 2. Schematic map of the main geological zones in Ecuador (modified from Jaillard et al. [2008]). Volcanic centers are displayed and
sorted according to their geographical location (Western Cordillera, Inter-Andean Valley, Eastern Cordillera, and back arc). Basement com-
positions are separated into oceanic (blue) and continental (green), although detailed maps show a degree of interleaving. Projection of
the Grijalva Fracture Zone, separating the younger Nazca plate carrying the Carnegie Ridge to the North and the older Nazca plate to the
South, is displayed.
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data and improve our view of the geographical distribution of volcano signatures on the scale of Ecuador
as a whole. New data are provided in the supporting information.

3.1. Major and Trace Element Chemistry
Most major and trace element analyses were performed at the Laboratoire Domaines Oc�eaniques, Uni-
versit�e de Bretagne Occidentale (Brest, France). For major elements, agate-ground powders were dis-
solved in HNO3 and HF and then measured by Inductively Coupled Plasma-Atomic Emission
Spectroscopy (ICP-AES), following the method described by Cotten et al. [1995]. Trace element composi-
tions of a selected group of samples (57) analyzed for Sr-Nd-Pb isotopes were reanalyzed following the
method of Barrat et al. [1996]. For this subgroup, agate-ground powders were also dissolved in HNO3 and
HF and spiked with a thulium solution used as the internal standard. Samples were analyzed by quadru-
pole Inductively Coupled Plasma Mass Spectrometer (ICP-MS) along with three rock standards (BHVO-2
for calibration and BCR2 and Bir 1 as blind standards to measure the results’ reliability). Relative standard
deviations were 1% for SiO2 and �2% for the other major elements. For trace elements, the relative stan-
dard deviation was �5%.

3.2. Pb, Sr, and Nd Isotope Analysis
All samples were leached with 6 N HCl in order to eliminate potential dust contamination in the crushing
room. Samples were placed for 15 min in an ultrasonic bath, and after about 45 min of decantation, HCl
was removed with a pipette. The powder was rinsed with 18.2 MX water following the same procedure
as for HCl. About 100 mg of powdered samples were dissolved in a solution composed of 2 mL of concen-
trated HF and 1 mL of concentrated HNO3 at 908C for 48 h and then evaporated to dryness at 908C. Each
sample batch included a standard and a blank. NBS981 was processed as a sample to evaluate potential
isotopic bias during Pb separation. Lead blanks were determined by isotopic dilution using the NBS983
spike: they ranged from 8 to 18 pg, with one value at 105 pg. In order to minimize fluoride precipitates,
15 drops of concentrated HNO3 were placed on the deposit and evaporated at 908C. Then, 15 drops of
concentrated HBr were put in the beaker and evaporated to dryness. Indeed, this is necessary to convert
all the lead present in bromide form, suitable for our chemical separation scheme. Samples were centrifu-
gated and loaded on 100 mL teflon columns filled with an anionic resin (Bio-Rad AG1-X8 resin 100–200
mesh) for lead purification [Vlastelic et al., 2013]. The separation process was carried out twice consecu-
tively. The fraction containing Nd and Sr was recovered for further purification. Insoluble fluorides were
dissolved and analyzed by ICP-MS (Agilent 7500, Laboratoire Magmas et Volcans, Clemont-Ferrand) in
order to estimate the amount of Pb, Nd, and Sr left behind. Depending on the sample, up to 89% of Nd
was trapped in insoluble fluorides. Thus, for some samples, a new dissolution was performed for Nd and
Sr separations.

Pb isotopic composition was analyzed with a MC-ICP-MS Neptune Plus, coupled to an Aridus II desolvating
nebulizer system (Laboratoire Magmas et Volcans, Clermont-Ferrand). Samples were diluted in a solution of
HNO3 0.05 N spiked with Thallium NBS997 so that the solution has 20 ppb Pb and 4 ppb Tl. Thallium is used
to correct isotope ratios for instrumental mass bias and drift. Repeated analysis of the NBS981 standard
yielded an error of approximately 50 ppm/a.m.u. over the sessions. Tl-normalized ratios were renormalized
to the NBS981 value recommended by Todt et al. [1996] (206Pb/204Pb 5 16.9356, 207Pb/204Pb 5 15.4891,
206Pb/204Pb 5 36.7006).

For Sr and Nd separation, samples were processed through four columns following the method of Pin
et al. [1994] and Pin and Santos Zalduegui [1997]. First, AG50 X8 removed Fe ions, which could reduce
efficiency of TRU spec columns. After evaporation and dissolution in HNO3 2 M, a coupled passage on Sr
spec and TRU spec was used to separate Sr and rare earth elements. Lastly, Nd was isolated with LN
spec columns. Strontium and Neodymium isotopic measurements were performed by TIMS (TRITON,
Laboratoire Magmas et Volcans, Clermont-Ferrand) and MC-ICP-MS (Neptune plus coupled to an Aridus
II desolvating nebulizer system, Laboratoire Magmas et Volcans, Clermont-Ferrand), respectively.
87Sr/86Sr and 143Nd/144Nd ratios were normalized to 86Sr/88Sr 5 0.1194 and 146Nd/144Nd 5 0.7219,
respectively. Sr and Nd isotopic ratios are given relative to 87Sr/86Sr 5 0.710230 6 11 (2r) for NBS
SRM987 and 143Nd/144Nd 5 0.512115 6 16 (2r) for JNdi-1. Total procedural blanks were lower than 1 ng
for both Sr and Nd.
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4. Results

4.1. Major and Trace Elements
Whole-rock analyses of Ecuadorian vol-
canic rocks define a broad medium-K
to high-K calc-alkaline magmatic trend
(Figure 3). Most samples are basaltic
andesites to dacites (52–70 wt % SiO2)
while some basalts and rhyolites can
be found amongst back-arc and East-
ern Cordillera samples, respectively.
Back-arc samples differ from the others
as they plot along the alkaline trend
and display shoshonitic compositions.
A key feature of Ecuadorian magmas is
that for a given silica content, there is
a large diversity of K2O content, from
low concentrations (0.5 wt %) along
the Western Cordillera to higher values
in the back arc (3–4 wt %). This charac-
teristic is highlighted in Figure 3,
where Ecuadorian samples are plotted
together with the variation fields of
the Central and Southern Volcanic
Zones of the Andes [Mamani et al.,
2010; Hickey-Vargas et al., 2016] which
define narrow calc-alkaline trends.

Our database confirms the across-arc
geochemical zonation observed by
several authors [Barragan et al., 1998;
Bourdon et al., 2003; Bryant et al., 2006;
Le Voyer et al., 2008; Chiaradia et al.,
2009; Hidalgo et al., 2012]. K2O and
most incompatible elements contents
(e.g., Ba, Nb, Pb, Th, Be, Y, Rb, Sr, Zr, all
REE) increase with the distance from
trench, whereas ratios of fluid-mobile

to fluid-immobile ratios decrease (e.g., Ba/Th, Ba/La, Ba/Nb, Pb/Th, Pb/Nb, Li/Th, Li/Nb, Li/La) (Figure 4).

Figure 4 shows along-arc trace element variations. Note that the trends described are observed for both the
whole data set and the selected subset of samples with Mg-numbers higher than 50. There is a decrease in
the minimum content of incompatible elements toward 0.58S (e.g., Be, Ba, Th, Pb, La, Yb, Y) for the edifices
located on the oceanic basement (those of the Western Cordillera and some volcanoes of the Inter-Andean
valley, hereafter called the frontal part of the arc). The incompatible element minimum values tend to
increase away from this latitude (Figures 4a and 4b). A similar trend is observed for La (and LREE; not
shown) in volcanoes located on the continental basement (those of the Eastern Cordillera and some volca-
noes of the Inter-Andean valley, hereafter called main arc). This feature is correlated with maximum values
in most incompatible trace elements (e.g., Rb, Pb, Th) in the main arc. In addition, back-arc volcanics have
highly variable incompatible element contents. Sumaco volcano is the most enriched back-arc volcano for
many incompatible elements (e.g., REE, Th, Nb, Pb) and is located at �0.58S. Hence, the maximum contents
of most incompatible elements in the back-arc area are also found at �0.58S. Thus, volcanoes situated
around 0.58S display the largest range of incompatible element content.

Fluid-mobile elements (e.g., Ba, Pb, Li, Cs) are enriched with respect to fluid-immobile elements (e.g., Th, Nb,
La) in the frontal part of the Ecuadorian arc, as pointed out above. It is noteworthy that fluid-mobile to

Figure 3. SiO2 versus K2O diagram of Peccerillo and Taylor [1976] classifying arc
rock types. Samples from the literature are represented by the gray-shaded area
[Barragan et al., 1998; Bourdon et al., 2002a, 2002b; Bourdon et al., 2003; Sama-
niego et al., 2005; Bryant et al., 2006; Hidalgo et al., 2007; Robin et al., 2008; Hoffer
et al., 2008; Chiaradia et al., 2009; Schiano et al., 2010; Samaniego et al., 2010;
Samaniego et al., 2011; Chiaradia et al., 2011; Garrison et al., 2011; Hidalgo et al.,
2012] and samples from this study are displayed (see supporting information).Vol-
cano geological setting is color coded according to: blue 5 Western Cordillera
(WC), Yellow 5 Inter-Andean Valley (IV), Green 5 Eastern Cordillera (EC),
Orange 5 Back-Arc (BA). Arc zonation is visible as alkaline content at given SiO2

increases away from the trench. Composition of other Andean volcanic zones are
displayed, the Central Volcanic Zone (CVZ) by the green shaded area [Davidson
and de Silva, 1992; Feeley and Davidson, 1994; Delacour et al., 2007; Hora et al.,
2007; Mamani et al., 2008, 2010; Sørensen and Holm, 2008] and the Southern Vol-
canic Zone (SVZ) by the red shaded area [Hickey-Vargas et al., 2016].
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Figure 4. Trace element content and ratio evolutions with latitude. Symbols correspond to samples having Mg#> 50 (legend as for Figure 3), grouped according to basement type:
from left to right, edifices located on oceanic crust, continental crust and sub-Andean zone. The blue-shaded area corresponds to geochemical variations in the frontal part of the arc
(volcanoes located on the oceanic basement) and the gray field marks the supposed position of the Carnegie Ridge beneath the Ecuadorian arc. The dashed line corresponds to the sup-
posed position of the Grijalva Fracture Zone (GFZ) beneath the arc. (a) log(La) versus latitude (similar trends are also observed for Ba, LREE, and MREE); (b) log(Yb) versus latitude varia-
tions (similar trends are also observed for Th, Be, Nb, and Y); (c) Ba/Th versus latitude variations (similar trends are also observed for other ‘‘fluid-mobile’’ versus ‘‘fluid-immobile’’ elements
(Pb, Cs, Li, Ba, over Th, Nb, La)); (d) Sm/Yb versus latitude variations (similar trends are also observed for La/Yb). For each volcano, primitive samples with Mg#> 50 (symbols) and unfil-
tered data (gray bars) are shown. Thus, the trends observed are only slightly affected by differentiation. Trace element data correspond to those of the literature as well as new analyses
included in the supporting information. This figure includes IRD-IGEPN data for Chiles-Cerro Negro, Carihuairazo-Pu~nalica, and Huisla volcanoes given in personal com.
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fluid-immobile element ratios are high
in the northern part of the frontal arc
(around 08S–0.58S) but are similar to
Eastern Cordillera values in its southern
part (below 18S) (Figure 4c). Along the
frontal part of the arc, fluid-mobile to
fluid-immobile element ratios are clear-
ly more variable, and generally higher
at �08S–0.58S latitude.

The decrease of incompatible element
minimum content toward 0.58S is also
observed for Sm/Yb ratios in the frontal
part of the arc (Figure 4d, also seen
with La/Yb). Sm/Yb ratios are more vari-
able and generally higher between
0.58N and 18S in the frontal part of the
arc and in the northernmost volcanoes
located on the continental basement
(Soche and Cayambe). In the back-arc
area, fractionation between Sm and Yb
is maximal in Sumaco samples.

4.2. Sr-Nd Isotopes
On the scale of the Andean arc, Ecua-
dorian samples resemble those of the
Southern Volcanic Zone, although
some samples from the SVZ display
higher 87Sr/86Sr values (Figure 5a). In
contrast, the Ecuadorian magmas
show less radiogenic Sr and more
radiogenic Nd signatures than those
of the Andean Central Volcanic Zone
(whose maximum 87Sr/86Sr is 0.712).
Figures 5b and 5c show isotopic data
for Ecuador, including both new analy-
ses and published data. The data
define a negative correlation on the
143Nd/144Nd versus 87Sr/86Sr plot,
ranging from 0.5125 to 0.5130 and
from 0.7036 to 0.7047, respectively
(Figure 5c). In detail, volcanic products
of the Western Cordillera and back-arc
regions present the least radiogenic Sr
and most radiogenic Nd compositions
(87Sr/86Sr: 0.7038–0.7044 and
143Nd/144Nd: 0.5128–0.51295), where-

as Eastern cordillera volcanoes display slightly more radiogenic Sr (87Sr/86Sr: 0.7041–0.7047) and unra-
diogenic Nd values (143Nd/144Nd: 0.51255–0.51285). Within this isotope space, it is impossible to
distinguish back-arc and Western Cordillera volcanoes but there is a clear division between Western
Cordillera—back-arc and Eastern Cordillera volcanoes at 143Nd/144Nd 5 0.5128 (Figure 5c). In addition,
Inter-Andean valley volcanoes plot within the field of the Western Cordillera—back-arc cluster apart
from samples from Huisla volcano, which shows some affinity with the Eastern Cordillera. The isotopic
compositions for Cotopaxi and Licto are transitional between the Western Cordillera—back-arc and the
Eastern Cordillera clusters.

Figure 5. Sr-Nd isotopic compositions of Ecuadorian volcanic products. (a)
Compositional fields of Ecuadorian products (data are from the literature—
references Figure 3—and new data from this study (supporting information),
Central Volcanic Zone (SVZ) and Southern Volcanic Zone (SVZ). (b and c) Sr-Nd
isotopic composition of our data set, compositional fields are taken from
[Hidalgo et al., 2012]; GSC 5 Galapagos Spreading Center. ENd was calculated
with a reference chondritic value of 143Nd/144Nd 5 0.512638. Legend as in
Figure 3.
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The Sr-Nd isotopic compositions of the Ecuadorian volcanic products are also compared to those of
the crustal rocks of the Northern Andes as well as the adjacent oceanic domains (Figure 5b). All Ecua-
dorian samples plot at the edge of the Columbian lower crustal xenolith field [Weber et al., 2002].
Western Cordillera basement rocks [Chiaradia et al., 2004] cover a very wide range of 87Sr/86Sr values
(0.703–0.706) and have radiogenic Nd values (mostly 143Nd/144Nd> 0.5129). The volcanic products
with the most radiogenic Nd of the Western Cordillera plot within this latter field. Pilavo and Pu~nalica
lavas, which have the least radiogenic Sr values, have compositions close to the Galapagos Islands
field [White et al., 1993] and to Western Cordillera basement rocks [Reynaud et al., 1999; Chiaradia
et al., 2004].

4.3. Pb Isotopes
Ecuadorian volcanoes are much more homogeneous in lead isotopic composition than the Central Volcanic
Zone volcanoes but more diverse than the Southern Volcanic Zone ones (Figure 6a). Ecuadorian samples
display the most radiogenic 206Pb/204Pb values amongst the Andean chain products while they have inter-
mediate 207Pb/204Pb and 208Pb/204Pb compositions. Figure 6b shows lead isotopic data from Ecuador,
including both literature and new data. Almost all Western Cordillera and back-arc volcanoes display very
homogeneous 207Pb/204Pb (15.58–15.63) while 206Pb/204Pb compositions vary significantly (from 18.47 to
19.15). In contrast, most Inter-Andean Valley and Eastern Cordillera volcanic centers display a large range of
207Pb/204Pb values (from 15.59 to 15.70) with little 206Pb/204Pb variation (18.95–19.05). In the 207Pb/204Pb
versus 206Pb/204Pb space (Figure 6b), these two trends intersect at 206Pb/204Pb 5 18.85–18.97 and
207Pb/204Pb 5 15.585–15.625. Interestingly, these Pb isotopic signatures correspond to back-arc isotopic
compositions, represented by Sumaco and Conos de Puyo volcanoes. The highest 207Pb/204Pb values are
found at Tungurahua and Antisana whereas the most radiogenic 206Pb samples are from Pilavo and Imba-
bura in the northern part of the Western Cordillera.

Figure 6. Pb isotopic compositions of Ecuadorian volcanic products. Data are from the literature (see references for Figure 3) and new data from this study (supporting information);
compositional fields are taken from Chiaradia et al. [2009] in Figure 6b and from literature data (see references Figure 3) in Figure 6a. Legend as in Figure 3.
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In general, back-arc volcanoes along with
Reventador, on the margin of the Eastern
Cordillera, seem to display the least radio-
genic 206Pb/204Pb compositions, whereas
Western Cordillera volcanic centers define
the other end of this trend. Thus, our new
lead isotopic data allow us to distinguish
Western Cordillera volcanic centers from
Eastern Cordillera ones, as well as those from
the back-arc (Figure 6). The same trends are
observed within the 208Pb/204Pb versus
206Pb/204Pb space.

Eastern Cordillera metamorphic rocks have
radiogenic 207Pb/204Pb values and show a
wide range of 206Pb/204Pb compositions,
matching Tungurahua and Antisana signa-
tures (Figure 6b). Colombian granulites
[Weber et al., 2002] also have radiogenic

207Pb/204Pb values (15.62–15.75) and slightly higher 206Pb/204Pb than Eastern Cordillera and Inter-Andean
valley volcanic products (19.0–19.3). Western Cordillera basement covers the majority of the range in Ecua-
dorian lead isotopic compositions except for the extremities of the three trends described above. Only
some Galapagos Islands rocks are enriched in 206Pb without being enriched in 207Pb; Pilavo, Imbabura, and
Pichincha rocks plot within this field. Finally, Reventador, Sangay, and Soche have higher 207Pb/204Pb than
the Galapagos Spreading Center and the East Pacific Rise but are similar to Jurassic intrusions in the sub-
Andean zone.

5. Geographical Distribution of Sr-Nd-Pb Signatures in Ecuador

5.1. Preliminary Data Treatment
Here we propose a geographical approach aimed at comparing isotopic variations across the arc (E-W) with
those along the arc (N-S). In order to show Sr-Nd-Pb isotopic variations on a map, we take the average value
for each volcanic center.

Individual volcanoes display a restricted range of isotopic variations and can be distinguished from each
other (Figures 5–7). We focus first on lead compositions, which best discriminate Western Cordillera, Eastern
Cordillera, and back-arc eruptive products. To illustrate our approach, we selected one volcano from each
alignment: Pichincha (Western Cordillera), Cotopaxi (at the boundary between the Inter-Andean valley and
the Eastern Cordillera), Tungurahua (Eastern Cordillera), and Sumaco (back arc). These volcanoes are well-
documented for their lead isotopic compositions: 20 samples for Pichincha [this paper; Chiaradia et al.,
2009; Bourdon et al., 2002a; Bryant et al., 2006], 16 for Cotopaxi [Garrison et al., 2011; Bryant et al., 2006], 64
for Tungurahua (this paper; and Nauret, personal communication) and 23 for Sumaco [this paper; unpub-
lished IRD data; Chiaradia et al., 2009; Bryant et al., 2006; Bourdon et al., 2003]. For each volcano, we show
mean isotopic composition and individual data points in Figure 7, allowing a comparison of intravolcano
and intervolcano isotopic variability. This highlights the fact that the intravolcano isotopic variability is
smaller than the intervolcano variability and that the difference between each volcanic center is accurately
represented by the average values.

Table 1 summarizes the average Pb isotopic composition for each edifice. In some cases, data for individual
volcanoes are not regularly distributed around the mean. For example, Imbabura samples plot in two dis-
tinct clusters, which may reflect two distinct populations [cf. Bryant et al., 2006]. In addition, when only two
samples are analyzed for lead isotopic compositions and the results are very different, the significance of an
average is debatable. Fortunately this rarely occurs in our data set (only observed for Cotocachi and Soche
volcanoes) (Figure 6 and Table 1).

Most importantly, we emphasize that intravolcano variability does not overlap the large variability of lead
isotopic compositions observed throughout the arc and that the spatial distribution of average

Figure 7. Intravolcano isotopic variability for Pichincha, Sumaco, Cotopaxi,
and Tungurahua volcanoes in 207Pb/204Pb versus 206Pb/204Pb space. All
compositions are displayed as well as mean values for each volcano. Leg-
end as in Figure 3.
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Table 1. Average Values of Volcano Isotopic Compositionsa

Volcano 87Sr/86Sr 143Nd/144Nd 206Pb/204Pb 207Pb/204Pb 208Pb/204Pb d18O
Majors-Traces

No. Samples Max

Almas Santas No. samples 6 5 1 1 1 5 27
Mean 0.70404 0.51288 18.96 15.625 38.72 7.32
1 SD 0.00016 0.00004 0.93

Atacazo No. samples 30 30 5 5 5 23 128
Mean 0.70424 0.51286 18.94 15.604 38.62 8.29
1 SD 0.00007 0.00002 0.04 0.014 0.08 0.72

Carihuairazo No. samples 1 1 1 1 1 0 31
Mean 0.70410 0.51284 18.99 15.635 38.77

Casitagua No. samples 1 1 1 1 1 0 1
Mean 0.70414 0.51291 18.93 15.606 38.65

Chachimbiro No. samples 4 4 4 4 4 0 11
Mean 0.70399 0.51293 19.03 15.611 38.77
1 SD 0.00005 0.00001 0.04 0.001 0.03

Chiles/Cerro Negro No. samples 0 0 0 0 0 0 21
Chimborazo No. samples 0 0 0 0 0 5 145

Mean 7.76
1 SD 0.25

Corazon/Cerro Bombo No. samples 1 1 1 1 1 0 5
Mean 0.70412 0.51288 18.92 15.622 38.68

Cotacachi No. samples 2 1 2 2 2 0 10
Mean 0.70398 0.51291 18.86 15.603 38.60
1 SD 0.00019 0.21 0.016 0.23

Cuicocha No. samples 2 2 2 2 2 0 20
Mean 0.70430 0.51291 18.97 15.612 38.69
1 SD 0.00002 0.00001 0.00 0.001 0.00

Iliniza No. samples 7 7 3 3 3 13 60
Mean 0.70412 0.51287 18.96 15.613 38.68 8.40
1 SD 0.00010 0.00001 0.01 0.006 0.01 0.61

Pichincha No. samples 35 35 20 20 20 10 165
Mean 0.70403 0.51289 18.95 15.591 38.69 7.59
1 SD 0.00005 0.00002 0.12 0.010 0.11 0.23

Pilavo No. samples 15 15 15 15 15 0 40
Mean 0.70387 0.51293 19.05 15.590 38.74
1 SD 0.00004 0.00001 0.04 0.013 0.06

Pululahua No. samples 11 11 11 11 11 0 11
Mean 0.70414 0.51291 18.91 15.599 38.59
1 SD 0.00003 0.00002 0.02 0.008 0.03

Quilotoa No. samples 2 2 2 2 2 0 14
Mean 0.70402 0.51287 18.98 15.634 38.73
1 SD 0.00001 0.00002 0.01 0.015 0.03

Calpi No. samples 1 1 1 1 1 0 20
Mean 0.70408 0.51283 18.90 15.637 38.73

Cotopaxi No. samples 9 10 16 16 16 0 16
Mean 0.70422 0.51280 18.94 15.626 38.73
1 SD 0.00013 0.00010 0.04 0.018 0.06

Huisla No. samples 1 1 1 1 1 0 56
Mean 0.70416 0.51274 18.77 15.613 38.59

Ilalo No. samples 5 5 4 4 4 0 5
Mean 0.70408 0.51286 18.95 15.612 38.68
1 SD 0.00004 0.00005 0.01 0.007 0.03

Imbabura No. samples 16 16 16 16 16 0 16
Mean 0.70410 0.51289 19.02 15.617 38.75
1 SD 0.00007 0.00003 0.08 0.009 0.07

Licto No. samples 1 1 1 1 1 0 7
Mean 0.70415 0.51282 18.90 15.640 38.74

Mojanda - Fuya Fuya No. samples 9 9 3 3 3 4 92
Mean 0.70416 0.51290 18.95 15.612 38.69 8.80
1 SD 0.00006 0.00002 0.03 0.006 0.04 0.35

Pasochoa No. samples 1 1 1 1 1 1 21
Mean 0.70409 0.51289 18.95 15.620 38.70 7.5

Pu~nalica No. samples 3 3 3 3 3 3 38
Mean 0.70382 0.51290 19.02 15.629 38.79 6.97
1 SD 0.00022 0.00002 0.03 0.001 0.02 0.12

Antisana No. samples 22 22 8 8 8 2 27
Mean 0.70437 0.51275 18.93 15.654 38.81 6.40
1 SD 0.00011 0.00003 0.03 0.029 0.09 0.42

Geochemistry, Geophysics, Geosystems 10.1002/2016GC006679

ANCELLIN ET AL. ALONG-ARC ECUADOR 1173



compositions is meaningful (cf. standard deviations in Table 1). Thus, maps representing the isotopic diver-
sity of Ecuador are drawn up by using the average isotopic composition for each volcano. Isotopic composi-
tion ranges are color-coded, choosing a variation range equal to or higher than the mean standard
deviation within volcanoes. Hence, differences between colors are mathematically significant and we traced
isovalues lines so as to define color (i.e., compositional) limits.

5.2. Across-Arc Versus Along-Arc Variations
Previous studies have shown that the two Cordilleras can be distinguished based on Sr, Nd, and O iso-
topes [cf. Bourdon et al., 2003; Hidalgo et al., 2012]. Nevertheless, the signatures of the Western Cordillera
and back-arc volcanoes overlap to a large extent. Across-arc studies [Bourdon et al., 2003; Bryant et al.,
2006; Chiaradia et al., 2009; Hidalgo et al., 2012] have focused on Sumaco as the reference back-arc volca-
no. However, these studies did not take into account the geochemical and isotopic variations that occur
along the arc, namely the differences between the Pan de Azucar, Sumaco, and Conos de Puyo volcanoes
in the back-arc or the large difference in Western Cordillera volcanoes (e.g., Pilavo and Carihuairazo)
(Figures 5 and 6).

Figure 8 displays geographical variations of 87Sr/86Sr and 143Nd/144Nd. The 143Nd/144Nd ratio is the lowest
along a N-S axis formed by the Cayambe, Chalupas, Huisla, and Sangay volcanoes, and increases on both
sides of this line. The most radiogenic Sr isotopic compositions (up to 87Sr/86Sr 5 0.70466 in Chacana volca-
no) are found in the Eastern Cordillera while unradiogenic values occur in the Western Cordillera and in the

Table 1. (continued)

Volcano 87Sr/86Sr 143Nd/144Nd 206Pb/204Pb 207Pb/204Pb 208Pb/204Pb d18O
Majors-Traces

No. Samples Max

Cayambe No. samples 17 17 5 5 5 6 175
Mean 0.70438 0.51274 18.96 15.634 38.78 7.18
1 SD 0.00010 0.00005 0.04 0.014 0.04 0.38

Chacana No. samples 26 27 27 27 27 0 27
Mean 0.70432 0.51275 18.94 15.632 38.74
1 SD 0.00016 0.00005 0.05 0.018 0.07

Chalupas No. samples 2 2 2 2 2 0 2
Mean 0.70445 0.51275 18.99 15.660 38.85
1 SD 0.00003 0.00001 0.01 0.012 0.03

Reventador No. samples 3 3 3 3 3 0 18
Mean 0.70452 0.51277 18.60 15.607 38.51
1 SD 0.00002 0.00002 0.02 0.003 0.02

Sangay No. samples 14 14 4 4 4 0 97
Mean 0.70433 0.51273 18.75 15.622 38.63
1 SD 0.00009 0.00003 0.07 0.017 0.12

Soche No. samples 2 2 2 2 2 0 11
Mean 0.70440 0.51278 18.76 15.615 38.52
1 SD 0.00002 0.00003 0.34 0.037 0.35

Tungurahua No. samples 22 22 64 64 64 13 64
Mean 0.70427 0.51276 19.00 15.669 38.86 7.57
1 SD 0.00004 0.00002 0.04 0.007 0.03 0.29

Pan de Azucar No. samples 2 2 2 2 2 0 25
Mean 0.70410 0.51289 18.75 15.592 38.54
1 SD 0.00005 0.00004 0.06 0.004 0.04

Puyo No. samples 2 2 2 2 2 0 33
Mean 0.70385 0.51287 18.91 15.588 38.71
1 SD 0.00002 0.00000 0.00 0.006 0.01

Sumaco No. samples 33 33 23 23 23 2 38
Mean 0.70416 0.51289 18.84 15.595 38.60 6.20
1 SD 0.00006 0.00001 0.04 0.011 0.04 0.00

Azufral de Tuquerres No. samples 0 0 0 0 0 0 10
Cumbal No. samples 0 0 0 0 0 0 5
Do~na Juana No. samples 0 0 0 0 0 0 4
Galeras No. samples 0 0 0 0 0 0 25

aFor each volcano, number of samples and standard deviation of isotopic data are given. Number of samples used for calculation of average major and trace element
composition is also shown. The significance of each mean depends on the number of samples used. We choose to include all existing data even though some seem to be
outliers (cf. Figure 7, Pichincha data). Obviously, statistical means can be used to decide whether or not to include a sample, based on a Gaussian distribution for data.
However, there is no objective reason that such an assumption is valid for natural data. Data filtering would also require an equivalent level of knowledge of each volcano,
sampling and analytical methods, which is (1) beyond the level of detail aimed at in this study, and (2) difficult to achieve here as most of data are taken from the
literature.
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Conos de Puyo in the back arc. All isotope maps clearly confirm that the main Sr-Nd isotopic variability is
along the E-W axis.

We also note a general southward decrease in 87Sr/86Sr along the Eastern Cordillera and especially along
the back-arc region. Meanwhile 143Nd/144Nd generally decreases toward the south along the Western Cor-
dillera, from Pilavo to Carihuairazo. In contrast, Nd isotopic data for the Eastern Cordillera display rather
homogeneous values from north to south.

Instead of showing raw Pb data, Figure 9b shows the distribution of four major Pb signatures distinguished
in 207Pb/204Pb versus 206Pb/204Pb diagram (Figure 9a). We define these fields to analyze sample distribution
along the two Pb-Pb trends described above (Figure 9c). The map highlights the already recognized differ-
ences between the Western Cordillera, the Eastern Cordillera and the back arc, but also highlights the latitu-
dinal changes.

The frontal part of the arc (Western Cordillera and most of the Inter-Andean valley edifices) is divided into
two main sectors: the northern part displays radiogenic 206Pb/204Pb and unradiogenic 207Pb/204Pb (blue
and violet sectors in Figure 9c) while the southern part displays radiogenic 206Pb/204Pb and radiogenic
207Pb/204Pb signatures (green sector in Figure 9c). The northernmost volcanoes of the frontal part of the arc
display the highest 206Pb/204Pb (violet sector in Figure 9c). These variations resemble those observed for
the Nd isotopes. The Eastern Cordillera is quite homogeneous, displaying radiogenic 207Pb/204Pb

Figure 8. Schematic map showing the distribution of (a) 87Sr/86Sr and (b) 143Nd/144Nd compositions in Ecuador.
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Figure 9. (a) 207Pb/204Pb versus 206Pb/204Pb diagram displaying Ecuadorian volcanic products (detail of Figure 6) and highlighting the trends discussed in the text. (b) 207Pb/204Pb versus
206Pb/204Pb diagram showing mean values for each volcano. Main isotopic signatures are color coded with blue representing the intersection of the two trends, and the other colors rep-
resenting the extremities. (c) Geographical distribution of the main lead isotopic signatures; colors as in Figure 9b.
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compositions. Volcanoes furthest from the trench, such as Sumaco and Conos de Puyo, have the same lead
isotopic compositions as most of the northern volcanoes of the Western Cordillera. Volcanic centers located
on the eastern part of the Eastern Cordillera (Sangay, Reventador, Pan de Azucar, Soche) have lower
206Pb/204Pb and 207Pb/204Pb than the main part of this cordillera. It should be noted that the data for Soche
and Huisla volcanoes should be interpreted with caution as there is only one sample for Huisla, and the two
samples for Soche are very different from each other.

Comparison between Figures 8 and 9 emphasizes that geographic variations in Sr, Nd, and Pb isotopes do
not coincide exactly. This might reflect the well-known decoupling between Sr-Nd and Pb isotopes and, to
a lesser extent, the fact that Sr and Nd are not strongly correlated (Figure 5). The threshold values used to
draw contour lines might also contribute to some extent to this geographical decoupling.

Figures 8 and 9 clearly show that the geochemical evolution across the Ecuador arc is dependent on lati-
tude. Radiogenic 207Pb/204Pb is not present in the northernmost part of Ecuador, whereas it occurs else-
where in the arc. On the contrary, radiogenic 206Pb/204Pb is only found Northern volcanoes. In contrast, in
the southern part of Ecuador (south of 18S), there is no distinction between the Western and Eastern Cordil-
lera in terms of lead isotopes. The back-arc volcanoes do not have the same signature from north to south.
Thus, the geochemical variation of lavas throughout the Ecuadorian arc cannot be explained by a single
process such as crustal contamination or binary mixing.

6. Discussion

6.1. The Crustal Imprint
Previous works [Barragan et al., 1998; Bourdon et al., 2003; Bryant et al., 2006; Samaniego et al., 2005; Hidalgo
et al., 2012] have estimated the amount of upper crustal contamination in Ecuadorian magmas using differ-
ent tools (trace elements and Sr-Nd-O isotopes). This amount is similar throughout Ecuador, ranging from 7
to 14 vol % in the Western Cordillera and from 6 to 13 vol % in the Eastern Cordillera according to Hidalgo
et al. [2012]. Most of those studies agree that upper crustal assimilation plays a key role in magma evolution
but does not overprint slab and mantle signatures.

Concerning lead isotopes, the most striking feature in Figure 9 is the similarity in lead isotopic composi-
tion (206Pb/204Pb: 18.95–19.00; 207Pb/204Pb� 15.63; green field in Figure 9) between the southern volca-
noes of the frontal part of the arc and the volcanoes of the Eastern Cordillera, despite their having
contrasted basements in terms of lithology (oceanic and continental, respectively) and lead isotopic sig-
nature (roughly 207Pb/204Pb< 15.65 and 207Pb/204Pb> 15.65, respectively, cf. Figure 6). Thus, the geo-
graphical distribution of lead isotopic signatures suggests that upper crustal contamination is not the
main parameter controlling the lead isotopic composition of Ecuadorian magmas. Since this trend lies in
the direction of the Columbian granulites field (Figure 6), which are interpreted as having a lower crustal
origin [Weber et al., 2002], we propose that magmas acquire their signature (high 207Pb/204Pb values) at
lower crustal levels by a process such as that proposed by Hildreth and Moorbath [1988] and more
recently by Annen et al. [2006]. This model includes processes of accumulation, recycling, fractionation,
and assimilation of crustal material in the so-called deep crustal hot zones. In addition, acquirement of
higher 207Pb/204Pb at mantle level is unlikely because mantle components have low 207Pb/204Pb [Hof-
mann, 1997]. Hence, volcanoes located in the Eastern Cordillera and the south of the frontal part of the
arc would inherit their isotopic signature from the lower crust, which is in agreement with their more
radiogenic Sr and unradiogenic Nd compositions (Figure 8).

The group that is characterized by unradiogenic 206Pb/204Pb and 207Pb/204Pb compositions (Pan de Azucar,
Reventador, Huisla, Sangay, and Soche; orange field in Figure 9) could also have inherited their signature
from the upper crust. Indeed, in Figure 6, the only geological unit corresponding to this composition is rep-
resented by the Jurassic intrusions of the sub-Andean zone [Chiaradia et al., 2004], whose radiogenic Sr
compositions also support this idea (Figure 5).

In conclusion, radiogenic 207Pb/204Pb compositions in Ecuadorian samples reflect the imprint of lower crust-
al assimilation, which seems significant in the south of the frontal part of the arc and in the main arc, while
unradiogenic 206Pb/204Pb and 207Pb/204Pb compositions would reflect upper crustal contamination in the
eastern Ecuadorian arc.
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6.2. Variation of the Slab Input into the Mantle Wedge
After having discriminated the isotopic compositions inherited from the arc crust, we now focus on deeper
processes in the mantle wedge and the subducting slab. Quantitatively, we compare across-arc and along-
arc isotope variability to variations in the arc as a whole (normalized to 100%) in Table 2 (details of the cal-
culation in the caption of Table 2). Variability in 87Sr/86Sr, 207Pb/204Pb, and 143Nd/144Nd are greater across-
arc (73%, 98% and 94%, respectively) than along-arc (57–71%, 33–88%, and 14–78%, respectively). Howev-
er, along-arc variations in the frontal part of the arc encompass 99% of 206Pb/204Pb variability in the whole
arc compared to 88% across the arc.
6.2.1. Across-Arc Variations
Trace elements show two across-arc trends that have been extensively discussed. First, the general increase
of incompatible elements (LILE, HFSE; e.g., Ba, Th, Rb, Pb, Nb) toward the back-arc region (Figure 4) has
been interpreted as being due to a decrease in slab input into the mantle wedge resulting in lower degrees
of partial melting [Barragan et al., 1998; Bourdon et al., 2003; Bryant et al., 2006; Le Voyer et al., 2008; Chiara-
dia et al., 2009; Hidalgo et al., 2012]. This is a common feature in arcs worldwide [Dickinson, 1975; Stolper
and Newman, 1994; Davidson and De Silva, 1995; Ryan et al., 1995]. The low degree of melting of the back-
arc mantle would explain the extreme enrichment in incompatible elements in the back-arc volcanics.

Second, the enrichment of aqueous fluid-mobile over aqueous fluid-immobile elements (Ba/Th, Figure 4;
Ba/Nb, Ba/La, Pb/Th, Pb/La, Cs/Th, Cs/Nb, Li/Th, not shown) in the frontal part of the Ecuadorian arc suggests
an early release of fluid-mobile elements from the slab and extensive slab dehydration below the frontal
part of the arc. However, it does not rule out the possibility of a simultaneous input of silicate melt from the
slab into the mantle wedge. Indeed, as the slab sinks into the mantle, some portions of the oceanic crust
might undergo dehydration while others might melt [Elliot et al., 1997; Kelemen et al., 2014; Spandler and
Pirard, 2013]. As a result, the invoked ‘‘slab-component’’ released into the mantle wedge could be highly
variable in composition. In fact, it may be either an aqueous-dominated fluid or a hydrous silicate melt,
depending on the thermal regime of the subducting slab. Trace element partitioning during slab processing
depends on their mobility in aqueous fluids or their affinity for silicate melts [Kessel et al., 2005]. The highly
contrasting behavior of elements during slab descent yields a marked and systematic chemical evolution of
the slab-component across the arc [Kessel et al., 2005; Kelley et al., 2005]. Consequently, ratios such as Ba/Th
indicate an input of aqueous fluid into the mantle wedge since Ba is mobile in any kind of fluid or melt
while Th is only mobile in silicate melts [cf. Kessel et al., 2005]. Volcanoes in the frontal part of the arc display
higher Ba/Th ratios than those further from the trench (Figure 4), thus the subducted slab is dehydrating
extensively beneath the frontal part of the arc. Yet, high ratios of Ba/Th are also observed at the Conos de
Puyo volcano in the back arc, but these values reflect a constantly low Th content (Th< 8 ppm) compared
to other incompatible elements which are enriched and highly variable (for instance, Ba: 580–2774 ppm)
rather than an extensively dehydrating slab beneath the back-arc region. In fact, the magma source of
Conos de Puyo is believed to be a hydrated phlogopite-bearing and garnet-bearing lherzolite, which
accounts for the extreme enrichment in Ba and other incompatible elements [Hoffer et al., 2008].

Element partitioning between slab and fluids might also influence the isotopic budget of the fluids expelled
from the slab. Pb and Sr are more mobile than Nd (in both types of fluids) [Kessel et al., 2005]. Normally, Pb
and to a lesser extent Sr, are released early in the front arc mantle, whereas Nd is released further from the
trench [Kelley et al., 2005]. Hence, at constant volume of fluids released by the slab, the influence of the slab

Table 2. Comparison of Across-Arc and Along-Arc Isotopic Variability for the Whole Arca

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

Across-Arc Variation (0.28S) (%) 73 94 87 98 89
Along-arc Volcanic Front (%) 71 33 99 55 76
Along-arc Main Arc variation (%) 63 78 93 88 100
Along-arc Back Arc variation (%) 57 14 32 33 29

aWe calculated variations taking all samples from the volcanic edifices chosen for each transect (one across-arc transect and three
along-arc transects). The across-arc variability was calculated taking volcanic products from edifices located along a transect at about
0.28S (namely Atacazo, Pichincha, Pasochoa, Ilalo, Antisana, Chacana, Pan de Azucar, Sumaco), which was used in previous publications
for assessing the across-arc geochemical variations. We calculated along-arc variations for the frontal part of the arc, the main arc and
the back arc. Then, the difference between minimum and maximum for each transect was normalized to the whole arc variation (maxi-
mum-minimum).

Geochemistry, Geophysics, Geosystems 10.1002/2016GC006679

ANCELLIN ET AL. ALONG-ARC ECUADOR 1178



component on Pb and Sr isotopic compositions would be greater in the frontal arc than in the back arc.
Thus, the isotopic systems record slab fluid input across the arc with variable sensitivity, depending on the
balance of Sr, Nd, or Pb inherited from the slab, the mantle and the crust. In the Ecuadorian arc, the across-
arc isotopic variability, at least in Sr and Nd, is mainly controlled by crustal influence [Bryant et al., 2006;
Chiaradia et al., 2009; Hidalgo et al., 2012]. The highest 87Sr/86Sr and 207Pb/204Pb, and lowest 143Nd/144Nd
are indeed found in the Eastern Cordillera (Figures 8 and 9), where magmas seem to be most highly con-
taminated (upper and lower crust). Conversely, across-arc variations in 206Pb/204Pb seem mainly to record
mantle wedge compositions rather than crustal processes.
6.2.2. Along-Arc Variations
A more detailed study of the evolution of slab input along the Ecuadorian arc is possible in the frontal arc
volcanoes since along-arc geochemical variations further to the trench seem related to crustal contamina-
tion. Based on Sr-Nd-Pb isotopic data, crustal contamination in the northern part of the frontal part of the
arc is low and does not overprint the isotopic signatures of the mantle-derived melts. Hence, isotopic com-
positions in that region must be inherited from the mantle wedge variably metasomatized by slab aqueous
fluids or silicate melts. The composition of the mantle beneath the Ecuadorian arc is expected to corre-
spond to the blue-violet field in Figure 9b (206Pb/204Pb 5 18.8–19.2; 207Pb/204Pb 5 15.575–15.625). As point-
ed out above, more than 50% of the Pb in the slab is released beneath the frontal part of the arc [Kelley
et al., 2005], making Pb isotopic composition of the mantle wedge very sensitive to addition of slab aqueous
fluids or melts.

Pilavo, Imbabura, and Chachimbiro volcanoes, all located in the northern part of the frontal arc, plot at the
high 206Pb/204Pb end of the mantle field (Figure 9a). This signature cannot be explained by crustal contami-
nation from the oceanic basement whose 206Pb/204Pb does not exceed 19.1 (Macuchi terrane, Chiaradia
[2009]). Samples from the Galapagos Islands (Figure 6b) [White et al., 1993; Werner et al., 2003] are the only
ones displaying this type of signature (high 206Pb/204Pb, relatively low 207Pb/204Pb). It is thus possible that
the mantle beneath the northernmost part of Ecuador is influenced by the Carnegie Ridge oceanic crust. In
Costa Rica, Gazel et al. [2015] suggested a similar feature. The onset of the Cocos Ridge’s subduction strong-
ly modified magma geochemistry, shifting erupted products from basalts with local MORB lead isotopic
compositions to andesites displaying higher 206Pb/204Pb and fractionated La/Yb. If the Carnegie ridge
impacts the isotope composition of the mantle wedge, we do not exclude an influence of slab sediments,
whose isotopic composition is unknown. However, they would affect in a small the slab component as the
recent work of Proust et al. [2016] showed that the sediment cap in front of the Ecuadorian margin is very
thin (�100 m).

In frontal volcanoes samples, incompatible element contents and some trace element ratios (e.g., La/Yb,
Sm/Yb) progressively increase away from 0.58S latitude while fluid-mobile to fluid-immobile ratios decrease
(Figure 4c). These trends are comparable to the increase in 206Pb/204Pb ratios away from �08S–0.58S, and
contrast with the continuous increase in 207Pb/204Pb and decrease in 143Nd/144Nd from north to south (Fig-
ure 10). Thus, if the northward increase in 206Pb/204Pb is related to a slab input, as postulated above, the
southward increase in 206Pb/204Pb must derive from another process as it is associated with an increase in
207Pb/204Pb and a decrease in 143Nd/144Nd. As proposed above, magmas appear to be contaminated by
lower crust in the southern part of the frontal region, which is in agreement with the strongly coupled varia-
tions in 207Pb/204Pb and 143Nd/144Nd. This could explain both isotopic compositions (more radiogenic
206Pb/204Pb, 207Pb/204Pb, 87Sr/86Sr, and unradiogenic 143Nd/144Nd in the south) and the increase in incom-
patible trace elements (which are concentrated in the crust) toward the south. The increase in Sm/Yb in the
southern part could also indicate the presence of garnet in the lower crust.

On the other hand, the northward trend (higher 206Pb/204Pb at constant 207Pb/204Pb) could be linked to the
nature and extent of slab input into the mantle wedge. Fluid-mobile to fluid-immobile ratios suggest that
dehydration of the slab is maximum at around 0.58S in the frontal part of the arc and decreases away from
this latitude. As 206Pb/204Pb is negatively correlated with Ba/Th (Figure 11, and other fluid-mobile to fluid-
immobile ratios, not shown), radiogenic 206Pb/204Pb could be carried by a siliceous melt originating from
the basaltic crust of the slab. Galapagos island basalts are the only known source in the study area which
carries this isotopic signature (radiogenic 206Pb/204Pb with 207Pb/204Pb< 15.65). Metasomatism by a sili-
ceous melt could also account for the progressive fractionation of Sm relative to Yb, which indicates partial
melting in the garnet stability field, as well as the increase in incompatible element content toward the
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north (fluid-mobile as well as fluid-immobile). Thus, the ‘‘slab component’’ would gradually evolve along the
arc from a dominantly aqueous fluid in the middle of the frontal part of the arc (0.58S) toward a dominantly
siliceous melt to the north and to the south. The nature of the slab component in the southern termination
of the frontal arc is more difficult to determine as magmas undergo modifications in the lower crust, which
would overprint the slab signature. However, Ba/Th ratios indicate that extensive metasomatism of the
mantle wedge by an aqueous fluid is unlikely in the south of the frontal arc.

Figure 12 summarizes source influences on isotopic compositions. Several trends are clearly distinguishable
in the diagram. First, the decrease in 143Nd/144Nd at constant 206Pb/204Pb marks the lower crustal imprint
upon the mantle signature. Second, mantle-derived magmas (bearing the lower crustal imprint or not)
undergoing upper crustal contamination show a decrease in 206Pb/204Pb at constant 143Nd/144Nd (such as
for some back-arc samples and samples erupted at the eastern edge of the Western Cordillera). Lastly, slab
input increases both 206Pb/204Pb and 143Nd/144Nd in the mantle wedge.

6.3. The Role of the Subducted Slab on Ecuadorian Magmatism
The influence of the subducted slab structure on magmatism in Ecuador has been discussed since the pio-
neering works of Hall and Wood [1985] and Barberi et al. [1988]. However, these works lack of in-depth stud-
ies of the subducted slab geometry. The role of the Carnegie Ridge has been invoked to explain some
characteristics of the Ecuadorian arc (for a critical review, see, Michaud et al. [2009]), such as the enhanced
crustal deformation and uplift in the forearc region [Pedoja et al., 2006], the Andean Cordillera [Spikings
et al., 2001] and the sub-Andean foothills [Bès de Berc et al., 2005]; the northward sliding of the Northern
Andean block along the Chingual-Cosanga-Pallatanga-Pun�a (CCPP) fault system [Pennington, 1981]; and the
unusual geochemical signature of the Ecuadorian arc [Gutscher et al., 1999; Bourdon et al., 2003]. These last
authors proposed that a flat slab subduction, induced by the presence of young and buoyant oceanic litho-
sphere, is responsible for a high geothermal gradient that favors slab partial melting and thus adakitic mag-
matism throughout the arc. Even though the flat slab model proposed by Gutscher et al. [1999] was revoked
by Guillier et al. [2001], the origin of the adakitic signature is still controversial [Bourdon et al., 2003; Garrison
and Davidson, 2003; Samaniego et al., 2005; Bryant et al., 2006; Chiaradia et al., 2009; Samaniego et al., 2010;
Hidalgo et al., 2012].

In contrast, the influence of the Grijalva Fracture Zone (GFZ) on Ecuadorian magmatism has not been dis-
cussed in the literature. On the basis of new seismic data from a recently improved local seismic network,

Figure 10. Mean compositions of 143Nd/144Nd, 207Pb/204Pb, and 206Pb/204Pb for volcanoes from the frontal part of the Ecuadorian arc dis-
played by latitude. Legend of Figure 3 displayed again.
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Yepes et al. [2016] accurately define the geometry of the subducted slab beneath the active Ecuadorian arc.
They show that the subducted slab displays flexure along the Grijalva Fracture Zone and that the inland
projection of this structure lies beneath Pu~nalica and Chimborazo volcanoes in the Western Cordillera and
extends between the Conos de Puyo and Sumaco volcanoes in the back-arc region. As a result, the depth of
the slab is greatest along the GFZ and decreases away from it. The flexure of the slab would be due to dif-
ferences in rheology between the oceanic crust on both sides of the GFZ and the change in convergence
obliquity resulting from the convex shape of the continental margin. Yepes et al. [2016] stress that the older
part of the Nazca plate, located south of 18S, displays strong seismicity, while the subducted plate to the
north of the Grijalva Fracture Zone is characterized by a lack of intermediate seismicity (80–150 km depth).

Figure 11. Ba/Th versus 206Pb/204Pb and 207Pb/204Pb of Ecuadorian samples, displaying the distinct influences of slab components (aque-
ous fluid or silicate melt) and arc crust on lead isotopic signatures of magmas. Ba/Th variation range in the continental crust was calculated
after the determination of total crust estimates of Taylor and McLennan [1985], Rudnick and Fountain [1995], Wedepohl [1995], and Rudnick
and Gao [2003]. Legend as in Figures 3 and 10.
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The lack of seismicity along the Benioff
plane is ascribed to the younger age of
the Nazca plate, which is too hot and
ductile to trigger large in-slab earth-
quakes [Yepes et al., 2016].

On the basis of this new geodynamic
framework and the along-arc zonation
described in this work, we propose
that the older and probably colder
Nazca plate (located south of the GFZ)
may dehydrate and/or melt to a lesser
extent than the younger Nazca plate
(located north of the GFZ). As the
Nazca plate decreases in age north-
wards, it is also possible that slab rhe-
ology changes progressively, with
partial melting of the slab being
favored as it becomes hotter north-
wards. Hence, production of siliceous

melts in the slab would be enhanced in the northernmost part of the arc. This assumption is corroborated
by the N-S variations described in the frontal part of the arc (N-S increase in incompatible element contents,
greater fractionation of Sm over Yb and radiogenic 206Pb/204Pb).

An additional observation is that the dip of the subducting slab determines the thickness of the mantle
wedge beneath the active magmatic arc. The flux melting model proposed by Grove et al. [2002] suggests
that fluids and/or melts from the subducted slab ascend by porous flow through the mantle wedge and
continuously reequilibrate (thermally and chemically) with their surroundings. The final composition of the
mantle-derived melts is thus influenced by the thermal state of the mantle wedge and by its width. This
model was recently tested for the Chilean Southern Volcanic Zone by Turner et al. [2016] who conclude that
the mantle-wedge thermal structure controls the trace-element budget in this arc segment. In Ecuador, the
slab bends along the GFZ. Thus, this geometry may have an influence on the evolution of melts in the man-
tle wedge. The deeper the slab, the more extensive the melt-mantle equilibration, the more diluted the slab
signature. This process could also explain why the slab isotopic signature is stronger in the northernmost
volcanoes of the frontal arc. Conversely, mantle signatures are stronger in the back-arc region in Sumaco
and Conos de Puyo, as well as in the middle of the frontal part of the arc (Figures 8 and 9), where the man-
tle wedge is thicker.

7. Quantitative Assessment of Source Contributions

7.1. Mass-Balance Model
We performed a principal component analysis (PCA) in five dimensions (86Sr/87Sr, 143Nd/144Nd,
206Pb/204Pb, 207Pb/204Pb, 208Pb/204Pb) to resolve the number of components needed to explain the dis-
persion of our data set. The PCA indicates that four components explain more than 99% of the variabili-
ty. Thus, the contributions of upper crust, lower crust, mantle melts, and slab component at each
volcanic center are evaluated in a mass-balance model. Mass-balance equations are solved in three-
dimension 204Pb-normalized isotope space using matrix formulation [Vlastelic and Dosso, 2005]. End-
member choice is discussed hereafter and detailed in Table 3. We acknowledge that our model is very
simple and does not take into account slab heterogeneity at local and regional scale, the progressive
loss of Pb as the slab subducts [Kelley et al., 2005], and the small-scale compositional variations of the
crustal basement. However, we prefer not to make poorly constrained assumptions that could distort
the major, most important trends.

We choose the presumed depleted mantle isotopic composition beneath Galapagos Islands defined as
DUM by Harpp and White [2001] as the reference mantle beneath Ecuador and use the average DMM Pb
concentration calculated by Workman and Hart [2005]. Lead concentration in mantle melts is estimated

Figure 12. 143Nd/144Nd versus 206Pb/204Pb showing the different source influen-
ces on magma isotopic compositions in Ecuador. EC 5 Eastern Cordillera,
BA 5 Back-Arc. Legend as in Figures 3 and 10.
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assuming 10% partial melting and strong partitioning of Pb into melt (i.e., Dl/s � 1). Most of the sub-
ducted slab beneath Ecuador consists of the Carnegie ridge underlain by the Nazca plate oceanic crust
and lithospheric mantle. The amount of sediments entering the subduction zone is likely very small and
can be neglected. The Carnegie ridge consists of products emitted by the Galapagos hot spot. Its compo-
sition is explained by mixing four components according to Harpp and White [2001], whose extreme
end-members are represented by the ‘‘unaffected’’ depleted mantle (DUM) and the enriched FLO com-
ponent, corresponding to Floreana Island samples. We choose the enriched end-member signature (Flor-
eana Island, White et al. [1993]) as representative of the slab component end-member. Lead
concentration in slab fluids is inferred from the partitioning experiments of Kessel et al. [2005]. At 4 GPa,
the partition coefficient of Pb between fluid and slab varies between 3.2 at 7008C and 19 at 8008C. In the
absence of constraints on slab temperature variation across and along the arc, a unique intermediate
value of 10 is used.

For lower crust, we take the most radiogenic composition of the Columbian xenoliths [Weber et al., 2002],
which are the best representative of the Ecuadorian lower crust, and the Pb concentration of lower crust
estimated by Rudnick and Fountain [1995] for continental arcs. The upper crust in Ecuador is extremely het-
erogeneous, and its average composition poorly constrained. We thus use the global average estimated by
Rudnick and Goldstein [1990] (with 208Pb/206Pb ratio determined by Paul et al. [2003]) and the Pb concentra-
tion of total crust from Rudnick and Gao [2003]. Note that the average continental crust plots roughly at the
unradiogenic end of Ecuadorian upper crust compositional range while Columbian xenoliths plot at the
radiogenic end.

7.2. Geographical Distribution of Sources Imprint
Figure 13 displays component fractions against the distance from the trench. First of all, mantle melts
largely dominate (mass fraction >70%) the Pb budget of Ecuadorian magmas. Mantle melts influence is
greater in the frontal part of the arc and in the back arc (mass fraction >90%) than in the main arc
(between 70% and 90% in mass). Conversely, lower crust assimilation increases away from the trench,
from 3% in the Pilavo volcano up to 27% in Tungurahua, with a minimum of 10% in the main arc, but is
low in the back arc (less than 5–6%). Upper crust assimilation plays a minor role compared to lower crust
but nevertheless reaches 1–2.4% in the main arc and back-arc edifices. We notice that back-arc magmas
are amongst the least contaminated by lower crust but bear upper crustal imprint. Lastly, slab compo-
nent imprint is maximum (�1%) along the frontal part of the arc and decreases away from the trench.

Figure 14 confirms that lower crust assimilation increases continuously from north to south in the frontal
part of the arc while slab contribution decreases. Such a pattern is also observed along the Eastern Cor-
dillera. However, Reventador and Sangay generally plot outside the trends of the Eastern Cordillera. The
two volcanoes have the highest upper crust (>2%) and lowest slab (<0.25%) imprints of the Eastern Cor-
dillera. Sangay, the southernmost volcano, is little contaminated by lower crust (13%) and has a strong
mantle imprint (80%). Anomalously high slab contributions are recorded at Conos de Puyo and Pu~nalica,
which could be linked to their peculiar location: those volcanic edifices lie upon the projected Grijalva
Fracture Zone where tear could enhance slab melting as suggested by Yogodzinski et al. [2001] for the
Kamchatka arc.

Table 3. End-Member Compositions of the Sources Used in the Mass-Balance Model

Pb (ppm) 206Pb/204Pb 207Pb/204Pb 207Pb/204Pb
Reference for Pb

Concentration
Reference for Pb

Isotope Ratios

Depleted mantle 0.18 18.10 15.46 37.50 Workman-Hart [2005]; DMM compo-
sition, 10% partial melting with
total mobilization of Pb

Harpp-White, [2001]; DUM
component

Slab component 22 19.83 15.64 39.53 White [1993]; Floreana samples aver-
age composition Dliq/sol 5 10
considered

White [1993]; Floreana samples aver-
age composition

Lower Crust 2.8 19.26 15.73 39.13 Rudnick-Fountain [1995]; estimate for
continental arcs

Weber et al., [2002]; extreme isotopic
composition of Colombian xeno-
liths (sample GRL-1)

Upper Crust 13 18.97 15.71 38.89 Rudnick-Gao [2003]; total crust
composition

Rudnick-Goldstein [1990] and Paul et
al. [2003]
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In summary, based on the mass-balance model presented here, the mantle wedge is, by far, the major com-
ponent of the magmas erupted in the Ecuadorian arc. Continental crust assimilation plays a key role, espe-
cially far from the trench, with the Eastern Cordillera volcanoes assimilating up to 27% of lower crust. In the
frontal part of the arc, our model confirms that slab influence decreases from North to South while lower
crust assimilation increases.

Figure 14. Mass-balance model. Component mass fractions plotted against latitude. Legend as in Figures 3 and 10.

Figure 13. Mass-balance model. The mass fractions of upper crust, lower crust, mantle melts, and slab component at each volcanic center
are plotted against distance from trench. Legend as in Figures 3 and 10.
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8. Conclusion

This work filled in local gaps in data and allowed us to establish a detailed map of the geographical distribu-
tion of isotopic signatures in the Quaternary Ecuadorian arc. Our new data allowed us to discriminate
between Western Cordillera, Eastern Cordillera and back-arc volcanic eruptive products based on lead iso-
topes. We confirmed the conclusions of previous across-arc studies regarding the decrease of slab input
and mantle melting away from the trench, and the early dehydration of the slab beneath the frontal part of
the arc. We estimated the various contributions of the mantle wedge, the slab component and the upper
and lower crust in Ecuadorian volcanism. Crustal contamination is dominated by lower crust assimilation,
which is maximal in the main arc (from 10% to 27%). Our model also confirms the decreasing contribution
of slab component on magma geochemistry away from the trench. Along-arc variations in trace element
ratios and isotopes were also identified, especially in the frontal part of the arc which shows two major
trends: (1) antithetic variations of 207Pb/204Pb and 143Nd/144Nd record an increase in crustal contamination
of magma southwards, confirmed by the quantitative model; and (2) increase in 206Pb/204Pb and decrease
in Ba/Th north and south to 0.58S reflects a change in subducting slab inputs, with the aqueous fluid/sili-
ceous melt ratio decreasing away from 0.58S. Slab melting might be linked to the decreasing age of the oce-
anic floor toward the north while decreasing influence of the slab to the south may be due to the
subduction of an older and colder oceanic crust south of the Grijalva Fault Zone. Along-arc isotopic varia-
tions might also record the geometry of the subducting slab, whose flexure induces a change in the thick-
ness of the mantle wedge beneath the volcanic arc, and thus, affects the dilution of the slab input into the
mantle wedge.
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