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Whole-rock geochemical data on basaltic to rhyolitic samples from
12 volcanic centers are used to constrain the role of continental crust
in the genesis of magmas formed beneath the anomalously wide
subduction-related volcanic arc in Ecuador. Relatively homogeneous,
mantle-like, isotopic compositions across the arc imply that the
parental magmas in Ecuador were produced largely within the
mantle wedge above the subduction zone and not by extensive melting
of crustal rocks simalar to those upon which the volcanoes were built.
Cross-arc changes in "> Nd/"** Nd and A7/ 4Pb are interpreted to
result from assimilation of geochemically mature continental crust,
especially in the main arc area, 350-360km from the trench.
Mixing calculations limut the quantity of assimilated crust to less
than ~10%. Most andesites and dacites in Ecuador have adakite-
like trace element characteristics (e.g. 1 <18 ppm, 1b <2 ppm,
La/Yb >20, Sr/Y >40). Available whole-rock data do not
provide a clear basis for distinguishing between slab-melting and
deep crustal fractionation models for the genesis of Ecuador adakites;
published data highlighting geochemical evolution within individual
volcanoes, and in magmatic rocks produced throughout Ecuador
since the Eocene, appear to support the deep fractionation model
Jor the genesis of most evolved Ecuadoran lavas. A subset of
andesites, which display a combination of high Sr (>900 ppm),
eNd >4-1 and A7/4Pb <6-0, appear to be the best candidates
among Ecuador lavas for slab-melts associated with the subduction
of the relatively young, over-thickened, oceanic crust of the Carnegie
Ridge.
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INTRODUCTION

It is widely believed that subduction-related andesites
form predominantly through the differentiation of
basaltic melts and their interaction with arc crust (e.g.
Gill, 1981; James & Murcia, 1984). In oceanic settings,
where the arc crust is thin, the contribution of crustal
material to the formation of lavas is often minimal, and
andesites are viewed as secondary products of basalt
evolution by crystal fractionation and magma mixing
(Gill, 1981; Conrad & Kay, 1984; Woodhead, 1988;
Singer & Myers, 1990). This model for andesite genesis
in island arcs is central to our understanding of subduc-
tion zone magmatism, and has played a significant role in
the development of ideas on the formation and evolution
of continental crust in subduction zones (e.g. Kay & Kay,
1991; Kelemen, 1995).

An alternative view of arc magmatism and andesite
genesis has recently grown out of the recognition that in
some arcs, especially in places where the subducting
lithosphere is young and/or warm, calc-alkaline andesites
and dacites may form not only through the differentiation
of basaltic magmas, but also through partial melting of
basaltic rocks at high pressures in subducting oceanic
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crust (Kay, 1978; Saunders et al, 1987; Defant &
Drummond, 1990; Kay et al.,, 1993; Yogodzinski et al.,
1995; Stern & Killian, 1996; Rapp et al., 1999; Kelemen
et al., 2003). Andesites and dacites thought to have
formed by this mechanism have unusual trace element
characteristics, including high Sr/Y (>40) and La/Yb
(>20), and low concentrations of Y (<18 ppm) and Yb
(<1-9ppm) compared with common island arc lavas of
intermediate composition (Defant & Drummond, 1990).
The geochemically distinctive class of andesites and
dacites with these features, now commonly termed
‘adakites” (Defant & Drummond, 1990), was first recog-
nized by Kay (1978), who argued that they were formed
through a two-step process that involved melting of the
subducting oceanic crust in the presence of garnet (to
produce the highly fractionated trace element patterns),
followed by the interaction of the resulting silicic melt
with peridotite in the hot mantle wedge (to form the
andesitic and high Mg-number characteristics).

This model has been relatively successful in explaining
the genesis of adakitic lavas in island arcs or other arc
settings where the crust is relatively thin (Saunders et al.,
1987; Defant et al., 1991; Morris, 1995; Yogodzinski et al.,
1995; Stern & Killian, 1996; Abratis & Worner, 2001).
Recently however, the model has been applied in areas of
thickened continental crust, where the mineral garnet,
which plays the central role in generating the highly
fractionated trace element patterns seen in adakites
(Kay, 1978; Defant & Drummond, 1990; Rapp e al.,
1999), may be stable not only in the subducting oceanic
plate, but also in the deep crust (e.g. Gutscher ez al., 2000;
Beate et al., 2001; Bourdon et al., 2002, 2003). Not sur-
prisingly, studies in this geological setting, in particular in
Ecuador, have produced a divergence of opinions, with
some researchers focusing on the crust as a major com-
ponent of northern Andean magmatism (Kilian &
Pichler, 1989; Arculus et al., 1999; Monzier et al., 1999),
and others advocating processes within the subducting
slab and mantle wedge (Barragan et al., 1998; Gutscher
et al., 1999; Bourdon et al., 2002, 2003). Reconciliation of
this issue will ultimately determine the extent to which we
view widespread andesite—dacite volcanism in the north-
ern Andes as juvenile additions to the continental crust,
or as recycling of old crust via intra-crustal melting and
differentiation.

In this paper we present whole-rock geochemical data,
including Pb, Sr, and Nd isotope ratios, for Holocene and
Late Pleistocene lavas collected from most of the length
and width of the volcanic arc in Ecuador. Because the
crust varies greatly in thickness and composition across
the arc, from primitive oceanic terranes in the west
(basalts and related volcaniclastic rocks) to geochemically
mature continental lithologies in the east (granites and
metapelites), these data provide a potentially powerful
basis for evaluating the role of crustal melting and
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assimilation in the genesis of adakitic and other volcanic
rocks in Ecuador.

GEOLOGICAL SETTING

The spatial distribution of active volcanism in the north-
ern Andes, which is controlled by the convergence of the
Nazca and South American plates, undergoes a dramatic
series of along-strike changes from central Colombia
southward into northern Peru (Fig 1). In southern
Colombia, the arc is a relatively narrow volcanic chain
(40-50 km wide), which is underlain by subducting ocea-
nic lithosphere that dips to the SE at an angle of ~30°
(Gutscher et al, 1999). In northernmost Ecuador, the
volcanic arc widens abruptly to ~120km, but ends a
short distance to the south at Sangay Volcano, in central
Ecuador (Fig. 1). In southernmost Ecuador and northern
Peru, the subduction zone enters the non-volcanic/flat-
slab region (Barazangi & Isacks, 1976). The abrupt
widening of the volcanic arc and the southward cessation
of active volcanism in Ecuador coincides spatially with
the impingement of the 14 km thick crust of the Carnegie
Ridge (Graindorge et al., 2004) on the South American
margin (Fig. 1). Landward of this point, the dip of the
subducting plate beneath Ecuador is 25-30°, similar
to the dip of the subducting plate beneath southern
Colombia to the north (Guillier ez al., 2001). These obser-
vations suggest that the deep structure of the subducting
Carnegie Ridge exerts some control over the surface
expression of active volcanism in the Northern Andes
(note in particular the widening of the volcanic arc in
Ecuador, Fig. 1), even though the dip of the subducting
plate appears to change very little from southern
Colombia to central and southern Ecuador (Gutscher
et al., 1999; Guillier ef al., 2001).

The north Andean crust that underlies the currently
active volcanoes in Colombia and Ecuador varies system-
atically across the margin with respect to thickness, age,
rock type and geochemical maturity (Fig. 2). Estimates
based on gravity data indicate that the crustal thickness
across Ecuador changes from 25-30 km beneath the vol-
canic front to >50km beneath the highest elevations of
the Eastern Cordillera, with progressive thinning of the
basement eastward toward the craton (Feininger &
Seguin, 1983). In Colombia, gravity data indicate that
the crust i1s 45-50 km thick along the axis of the Andes
and that it thins to 32—35 km towards both the craton and
the coast (Salvador, 1991). Recent seismic data have been
interpreted to indicate that the crust is 40-50km thick
beneath western Ecuador, and perhaps 5075 km thick
beneath the arc crest (Prévot et al., 1996; Guillier et al.,
2001).

The geological settings of individual volcanoes in
Ecuador can be divided into three cross-arc zones,
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Fig. 1. Topographic (onshore) and bathymetric (offshore) map of the Northern Andes region, showing the major geographical features mentioned
in the text. /\, locations of Quaternary volcanoes from the Smithsonian Global Volcanism database. Black arrows show the convergence direction
and rate of movement of the Nazca Plate relative to stable South America from Trenkamp e al. (2002). Crustal thickness estimate (50km) is a
minimum value based on the work of Prévot ¢t al. (1996) and Guillier ¢/ al. (2001). Average dip of 30° for the subducting slab benacath Ecuador is

from Guillier et al. (2001).

based on their distance from the trench and on the age,
composition, and thickness of the crust upon which they
were built (Figs 1 and 2). We refer to these zones as (1) the
volcanic front, which lies in the Western Cordillera, 260—
300 km from the trench, (2) the main arc, which encom-
passes the Inter-Andean Graben and Eastern Cordillera

and lies 300-380 km from the trench, and (3) the back-arc
area, which lies in the eastern foothills of the Northern
Andes at distances greater than ~380 km from the trench
(Fig. 1).

Surface exposures of basement rocks at the volcanic
front are composed primarily of geochemically primitive
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Fig. 2. Simplified geological map of Ecuador, modified from Jaillard
et al. (1997). Samples for this study include basalts, andesites, dacites
and rhyolites from 12 volcanic centers (numbered in boxes) across the
120 km width of the arc.

oceanic basalts and volcanoclastic rocks that were
accreted to the northern Andean margin since the
mid-Cretaceous. These oceanic terranes include frag-
ments of the Caribbean Plateau as well as geochemically
primitive, island-arc-type crustal blocks (Fig. 2; e.g.
Femninger, 1987; Megard, 1989; Jaillard et al, 1990,
1997; Reynaud et al., 1999; Hughes & Pilatasig, 2002;
Kerr & Tarney, 2005). The geochemistry of the oceanic
basalts is broadly similar to those of the Galapagos and
the Carnegie Ridge (Dupré & Echeverria, 1984; Lapierre
etal., 2000; Kerr et al., 2002, 2004; Mamberti ¢t al., 2003).
To the east, the crust beneath the main arc and back-arc
becomes progressively older on average, and geochemic-
ally more mature, consisting increasingly of granites,
schists, and gneisses of mostly late Mesozoic to Paleozoic
age (Fig. 2; Aspden et al.,, 1992; Aspden & Litherland,
1992; Litherland et al., 1994; Noble ¢t al., 1997). Beneath

the back-arc of Ecuador, the volcanoes appear to lie
above Precambrian basement. Precambrian rocks are
absent from surface exposures, but have been recovered
in cuttings from deep oil wells (Feininger, 1987).

ANALYTICAL METHODS

Whole-rock major and trace element concentrations
were determined from fresh samples that were crushed
in a steel jaw crusher and ground in agate or Al-ceramic
containers. Major elements and some trace elements (N1,
Cr, Cu, V) were determined by X-ray fluorescence (XRF)
at the Washington State Geoanalytical Laboratory on a
low dilution Li-tetraborate fused bead (Johnson et al.,
1999). Major elements are reported on an anhydrous
basis with totals normalized to 100% (Table 1). The
remaining trace element concentrations were measured
by inductively coupled plasma mass spectrometry (ICP-
MS), also at Washington State University. Techniques
for ICP-MS sample preparation, instrument operation,
and calibrations have been described by Lichte ef al.
(1987). Major element data for samples from Sumaco,
Atacazo, and Antisana are from Barragan ef al. (1998).
Isotope ratios for Sr, Nd, and Pb were determined by
thermal ionization mass spectrometry at the University of
North Carolina, Chapel Hill. All samples were dissolved
at the University of South Carolina in high-purity HNOj
and HF for 3 days in steel-jacketed Teflon capsules in an
oven at 155°C. Chemical separates of Sr and Nd were
made from the aliquoted sample by cation exchange
using Sr-spec and HDEP-coated Teflon cation-exchange
resins. Lead was separated by anion exchange using HBr.
The Sr and Nd data are normalized to *°Sr/%Sr =
0-1194 and "**Nd/"**Nd = 0-7219, assuming exponen-
tial fractionation behavior. The Pb data are corrected for
0-12%/a.m.u. fractionation relative to Pb isotope stand-
ard NBS981. Errors on Pb isotope ratios (**°Pb/*"*Pb =
+0-023, *"Pb/?**Pb = £0-028, *"*Pb/?**Pb = +0-093,
20 absolute on all data in Table 2) are dominated by
fractionation uncertainty of 0-06%/a.m.u. Seventy-two
runs of the NBS-987 isotope standard yielded an average
78r/%0Sr value of 0-710263 4 0-000009 (26). Data listed
in Table 2 are corrected to a value of 0-710240 for NBS-
987. Twenty runs of the JNdi-1 isotope standard solution
yielded an average '"Nd/'**Nd value of 0-512110 +
0-000016 (20). Data in Table 2 are corrected to a
"NA/"*Nd value of 0-512115 for JNdi-1, consistent
with a CHUR value of 0-512635 and an €Nd value of
—15-15 for the La Jolla Nd standard, and implying an
eNd value of —10-13 for the JNdi-1 standard (Lugmair &
Carlson, 1978; Wasserburg et al., 1981; Tanaka et al.,
2000). Errors on "*Nd/'"**Nd and #Sr/*Sr reported
in Table 2 are internal-run precision only. Isotopic meas-
urements were collected primarily in the 9 month period
that began in January 2002.
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Table 1: Whole-rock major element (wt %) and trace element (ppm) compositions of Ecuador lavas

Sample: Imb-1 Imb-2 Imb-3 Imb-4 Imb-11 Imb-14 Imb-16 Imb-21.2 Imb-22
Center: Imbabura Imbabura Imbabura Imbabura Imbabura Imbabura Imbabura Imbabura Imbabura
Rock type: andesite andesite andesite andesite andesite andesite andesite dacite andesite
SiO, 59-84 57-76 59-42 60-10 59-30 61-74 61-87 63-46 56-86
TiO, 0-58 0-63 0-59 0-54 0-59 0-48 0-48 0-562 0-67
Al,03 17-80 17-00 17-74 17-84 17-561 17-73 17-66 16-65 17-91
FeO* 5-84 6-85 6-07 6-18 6-32 5-46 5-46 5-00 7-18
MnO 0-11 0-12 0-12 0-13 0-12 012 0-12 0-09 0-12
MgO 3-54 511 3:66 317 3-68 2-66 2:60 2:90 4-58
CaO 7-00 7-80 714 7-25 7-27 6-65 6-63 5.77 7-69
Na,0O 3-67 3:69 371 3:63 371 3:92 3:95 4-00 3-86
K,0 1-41 0-99 1-33 0-94 1-26 1-04 1-03 1-48 0-99
P,05 0-21 0-15 0-23 0-22 0-23 0-20 0-21 0-13 0-15
Rb 21-3 16-1 211 14-9 17-9 171 16-2 282 17-8
Sr 1051 475 1109 785 978 783 745 462 518

Y 157 12-9 15-8 16-2 16-0 15-2 145 10-3 13-3
Zr 86 73 87 77 79 85 82 75 76
Nb 317 2-66 318 311 2-98 3-06 2:95 2:55 243
Cs 1-19 0-53 117 0-60 0-92 0-66 0-63 1-03 0-62
Ba 813 433 858 448 705 515 498 614 467

Hf 2:55 2:06 2:61 2:27 2-36 2:43 2:29 2:20 217
Ta 0-19 0-18 0-20 0-20 0-19 0-18 0:18 0-20 0-15
Pb 12-6 4-32 125 6-41 9-96 6-28 6-17 4.94 451
Th 855 1-40 8-89 322 7-05 3563 3:35 1-38 1-34
U 2-63 0-52 2-68 1-09 2:16 113 1-09 0-70 0-56
Sc 19 24 20 16 19 13 13 14 24

\% 116 165 131 124 143 12 106 110 171

Cr 27 101 36 17 29 22 16 63 33

Ni 17 47 19 9 15 9 10 18 23
Cu 43 44 33 33 31 22 25 17 32
Zn 77 76 74 77 76 72 72 72 77
La 229 8:562 232 13:6 20-4 14-2 13:6 7-62 7-81
Ce 39-2 165 40-1 25-4 35-8 26-3 25-2 145 15-4
Pr 4-59 2-09 4-67 317 4-24 322 3:06 1-88 2-04
Nd 189 9:33 19-56 13-8 17-7 13-6 1341 834 9-32
Sm 3-95 2:50 4-04 3-12 379 3:05 2:95 2:25 2:52
Eu 1-15 0-81 1-21 0-99 113 0-97 0-90 0-73 0-85
Gd 317 2:49 3:23 2:92 321 2:63 2:57 213 2-47
Tb 0-46 0-39 0-48 0-48 0-47 0-42 0-41 0-32 0-40
Dy 2-82 2:35 2-87 2-89 2-84 2-68 2:55 1-90 2-49
Ho 0-59 0-48 0-59 0-59 0-58 0-53 0-53 0-37 0-51
Er 1-55 1-26 1-61 1-59 1-63 1-51 1-44 1-00 1-36
Tm 0-23 0-18 0-23 0-23 0-24 0-23 0-21 0-14 0-19
Yb 1561 1-15 1-50 1-47 1-62 1-43 1-38 0-89 1-22
Lu 0-24 0-18 0-24 0-24 0-24 0-23 0-22 0-15 0-19
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Table 1: continued

Sample: Imb-26 Imb-28 Imb-29 Imb-30 Imb-32 Imb-36 Imb-38 Imb-39 Imb-42
Center: Imbabura Imbabura Imbabura Imbabura Imbabura Imbabura Imbabura Imbabura Imbabura
Rock type: andesite andesite andesite andesite andesite andesite andesite andesite andesite
SiO, 60-18 60-90 60-26 58-67 58-10 60-09 59-13 60-00 62-47
TiO, 0-51 0-51 0-53 0-70 0-58 0-563 0-68 0-54 0-45
AlLO3 16-36 16-55 16-20 17-08 16-76 17-60 17-06 17-93 17-02
FeO* 5-83 5-60 5-93 6-26 6-49 6-15 5-95 6-18 5.27
MnO 0-11 0-10 0-11 0-11 0-11 0-13 0-11 0-13 0-11
MgO 513 4-59 5.27 479 5-59 3-38 4-66 3-14 321
Ca0 678 6-72 6-80 7-06 7-54 717 6-85 7-24 6:25
Na,O 371 3:69 3:63 3:69 3-65 3-66 3-95 373 3-83
K20 1-28 1-21 1-15 1-46 1-03 1-09 1-42 0-91 1-26
P,0s 0-12 0-12 0-13 0-19 0-13 0-22 0-19 0-20 0-13
Rb 233 21-3 24-2 27-3 19:9 15-6 28-2 13-5 25-5
Sr 456 442 438 555 430 832 518 727 440

Y 10-8 10-4 1241 11-4 11-0 14-6 10-9 14-6 11-3
Zr 67 69 76 89 68 69 86 72 76
Nb 2:32 2-68 2:75 3-89 214 2:72 3-78 2:94 275
Cs 0-72 0-73 0-84 0-81 0-41 0-76 0-74 0-51 0-90
Ba 504 501 5156 586 426 495 545 416 556

Hf 1-91 1-98 214 2:47 1-95 2:05 241 2-10 2:18
Ta 0-17 0-17 0-20 0-25 0-14 0-16 0-24 0-18 0-20
Pb 5-35 4-54 5-55 6-04 4.27 7-23 5-87 5.57 5-83
Th 1-95 218 203 2:62 165 3-65 2-70 278 2-03
u 0-67 0-57 0-75 0-72 0-57 1-32 0-78 0-95 0-79
Sc 22 22 19 19 25 18 19 16 16

\% 141 137 144 146 158 132 158 122 107

Cr 228 200 260 182 163 20 147 21 73

Ni 75 56 65 52 55 1" 45 13 22
Cu 30 31 26 44 40 36 39 44 17
Zn 69 71 67 73 72 74 70 75 66
La 777 818 8-89 13-1 7-29 141 12:7 13-0 9:32
Ce 14-8 15-5 16-9 25-1 142 259 24-0 24-0 17-4
Pr 1-83 191 2:06 3-08 1-80 3-18 2-87 311 21
Nd 8-03 825 8-98 13-1 8:03 13-4 12:2 13-0 8-83
Sm 2:05 213 2:22 3:16 212 3:07 2-88 2:92 211
Eu 0-68 0-70 0-73 0-97 0-70 0-96 0-86 0-94 0-69
Gd 1-95 2-01 2:16 278 2:15 2-66 2-53 2-67 2:04
Tb 0-32 0-32 0-35 0-40 0-34 0-41 0-37 0-42 0-33
Dy 1-98 1-99 210 2:32 2:05 254 2-16 259 1-99
Ho 0-40 0-40 0-43 0-44 0-42 0-563 0-40 0-52 0-40
Er 1-11 1-05 1-20 1-10 112 1-45 1-04 1-45 1-14
Tm 0-16 015 0-18 0:15 0:16 0-21 0-14 0-21 0:17
Yb 1-03 0-93 11 0-93 0-99 1-34 0-87 1-37 1-04
Lu 0-15 0-15 0-17 0-15 0-16 0-22 0-13 0-21 0-17
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Sample: Imb-45 Pul-1 Pul-2 Pul-3 Pul-4 Pul-6 Pul-6 Pul-7 Pul-8
Center: Imbabura Pululagua Pululagua Pululagua Pululagua Pululagua Pululagua Pululagua Pululagua
Rock type: andesite dacite dacite dacite dacite andesite dacite dacite dacite
SiO, 61-70 63-49 63-37 63-06 63-28 62-69 63-68 63-67 63-37
TiO, 0-48 0-57 0-57 0-57 0-57 0-54 0-52 0-54 0-55
Al,O3 17-85 16-56 16-54 16-75 16-67 16-29 16-29 16-96 16-69
FeO* 5-32 5-55 5-63 5-50 5-53 5-36 5-18 5-05 5-39
MnO 0-12 0-09 0-09 0-09 0-09 0-10 0-09 0-08 0-08
MgO 271 275 2:68 2:85 275 368 312 2:58 277
Ca0 6-71 5-40 541 5-58 5-49 5-77 534 5-36 5-37
Na,0 3-87 4-40 4561 4-42 4-44 437 4-41 457 4-57
K>,0 1-04 1-05 1-07 1-05 1-06 117 1-24 1-04 1-06
P,05 0-20 0-14 0-14 0-14 0-14 0-13 0-13 0-15 0-15
Rb 15-8 15-9 171 16-5 16-2 20-4 22:0 16-3 16-1
Sr 720 386 425 416 419 399 397 466 451

Y 13-9 11-6 12:3 12:0 117 13-2 12.7 9:70 10-4
Zr 77 76 83 79 79 20 97 79 78
Nb 2-82 2-87 312 2:94 2-95 3-04 324 2:70 273
Cs 0-58 0-35 0-45 0-56 0-48 0-34 0-47 0-42 0-57
Ba 466 467 517 485 494 540 576 465 463

Hf 2-20 227 2:52 2:38 2:41 2-58 2:76 2:38 2-35
Ta 0-17 0-20 0-22 0-20 0-21 0-22 0-24 0-19 0-19
Pb 5-87 3-99 4-31 3:93 412 4-79 4-83 419 4-16
Th 3-06 0-95 1-04 1-00 1-02 1-43 1-68 0-96 0-96
U 1-02 0-46 0-49 0-47 0-48 0-62 0-66 0-45 0-47
Sc 14 16 16 16 15 18 16 13 14

\Y 114 121 129 126 125 120 114 m 120
Cr 17 26 31 33 32 121 96 35 35

Ni 7 16 1" 16 16 35 28 15 16
Cu 25 28 27 26 23 25 28 22 30

Zn 73 75 75 77 74 68 69 72 75

La 13-2 7-75 8:01 7-41 7-77 868 917 7-83 7-68
Ce 24-5 15-3 16-4 155 15-6 16-2 171 155 15-5
Pr 3-00 217 2:22 2-09 2-07 211 2:21 2:04 2-05
Nd 12-8 9-838 10-0 9-49 9-40 9-39 9-60 9-28 9-45
Sm 2-81 2-58 2:68 2:65 2:57 246 246 2:40 2:47
Eu 0-91 0-78 0-83 0-82 0-81 0-74 0-74 0-77 0-75
Gd 2-55 2-51 2-64 2:52 251 2-40 2:38 2:24 2-37
Tb 0-39 0-39 0-40 0-39 0-38 0-39 0-39 0-34 0-35
Dy 2:41 2:22 2:36 2:25 2-26 2-38 2:27 1-89 1-97
Ho 0-49 0-43 0-46 0-44 0-43 0-47 0-46 0-36 0-39
Er 1-37 1-14 1-21 1-16 1-10 1-29 128 0-95 0-99
Tm 0-20 0-16 017 0:-16 0-16 0-19 0:18 0-13 0-14
Yb 1-30 0-98 0-99 1-00 0-99 1-22 118 0-81 0-84
Lu 0-21 0-15 0-16 0-16 0-16 0-20 0-18 0-12 0-14
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Table 1: continued

Sample: Pul-9 Pul-10 Pul-11 Pul-12 Ql-12 Cl-11 Ch-3 Ch-4 Ch-5
Center: Pululagua Pululagua Pululagua Pululagua Quilotoa Chalupas Chacana Chacana Chacana
Rock type: andesite andesite andesite andesite dacite rhyolite andesite rhyolite rhyolite
SiO, 61-34 61-93 61-91 62-29 65-98 74-46 57-78 77-23 74-57
TiO, 0-62 0-63 0-61 0-61 0-46 0-24 0-78 0-15 0-21
AlLO3 15-91 16-16 16-30 16-32 16-99 14-13 16-20 12-79 14-22
FeO* 6-34 6-27 6-13 5-48 3-51 1-24 6-90 0-78 1-09
MnO 0-10 0-10 0-10 0-09 0-07 0-05 0-12 0-05 0-06
MgO 4-38 3-85 374 3-88 2-00 0-38 6-40 0-16 0-28
Ca0 6-02 5-70 578 5-87 4-563 1-26 7-23 0-38 1-20
Na,O 4-06 4-20 4-22 4-24 4-68 3-68 318 4-24 4-38
K20 1-07 1-04 1-05 1-07 1-62 4-63 1-27 419 3-95
P05 0-15 0-13 0-15 0-15 0-16 0-04 0-13 0-03 0-04
Rb 16-4 15-9 15-7 15-9 30-9 182 34-3 125 126
Sr 423 429 424 436 533 221 399 33-0 236

Y 12:2 11-6 12-1 11-6 887 12-8 13-3 16-3 10-2
Zr 79 81 80 79 88 169 77 106 145

Nb 2-64 273 275 2-68 3-47 11-6 4-42 12-1 11-2
Cs 0-60 0-62 0-59 0-58 1-65 9-77 0-91 5-87 5-45
Ba 444 454 449 448 589 1047 442 1082 1096

Hf 2:28 2:37 2:30 2:34 2-59 525 2:32 381 4-22
Ta 0-18 0-18 0-18 0-17 0-29 1-23 0-39 1-02 1-10
Pb 4-09 4-47 4-48 4-10 7-99 23-2 6-07 19-8 19-9
Th 1-04 1-06 1-05 1-05 3-55 215 4-23 12-8 15-6
u 0-47 0-48 0-48 0-49 1-39 9-12 1-66 4-32 5-67
Sc 20 18 19 19 8 2 24 3 2

\% 145 143 140 144 85 10 182 5 12
Cr 147 103 87 100 14 0 246 0 0

Ni 37 32 29 31 15 2 93 4 3
Cu 9 20 31 23 23 5 45 3 4

Zn 78 77 80 80 63 39 77 45 37

La 7-37 7-47 7-40 7-58 121 32:2 10-3 20-4 313
Ce 15-0 15-0 15-2 15-5 22-9 53-7 20-0 38-1 51-5
Pr 2:01 2-00 2:04 1-99 277 5-60 2-45 4-28 5-08
Nd 9-24 910 9-44 9-20 11-4 19-6 10-4 15-0 16-9
Sm 2:51 242 252 2-45 258 3-52 277 3-49 2:90
Eu 0-79 0-78 0-81 0-76 0-74 0-64 0-92 0-43 0-61
Gd 2:50 2-46 255 2:42 218 2-64 2:72 2:74 2-05
Tb 0-39 0-37 0-39 0-37 0-30 0-39 0-44 0-49 0-31
Dy 2-36 2:21 223 218 1-69 2-27 2-62 2-96 173
Ho 0-45 0-44 0-45 0-41 0-33 0-43 0-52 0-57 0-35
Er 1-23 1-18 1-18 1-12 0-81 1-21 1-37 1-54 0-97
Tm 0-18 0-17 0-17 0-16 0-12 0-18 0-20 0-25 0-15
Yb 1-09 1-02 1-03 1-01 0-72 1-28 1-20 1-568 1-02
Lu 0-17 0-17 0-17 0-16 0-11 0-20 0-19 0-24 0-16
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Sample: Ch-6 Ch-7 Ch-8 -2 GS47 3D3f GSb Cx-9 Cx-10
Center: Chacana Chacana Chacana llalo Sumaco Sumaco Sumaco Cotopaxi Cotopaxi
Rock type: andesite andesite dacite andesite bas-and basalt bas-and rhyolite rhyolite
SiO, 62-40 62-19 63-11 57-33 54-02 43-24 54.22 73-98 71-96
TiO, 0-72 0-80 0-76 0-79 0-78 172 0-77 0-19 0-25
AlL,O3 17-12 16-42 16-62 17-24 19-39 15-82 19-67 14.87 15-62
FeO* 4-95 4.97 4-64 7-05 6-30 11-62 6-51 1-28 1-81
MnO 0-08 0-09 0-08 0-13 0-22 0-23 0-22 0-08 0-08
MgO 2-69 314 2:65 541 1.77 6-31 1.77 0-45 0:-61
CaO 5-563 5-57 5.22 7-16 6-31 14:20 6:09 1-67 2:31
Na,0 4-15 4-21 4-24 371 662 4-43 6-33 4-56 457
K0 214 2:34 243 1-02 412 1-05 3-96 2-83 2-66
P,05 0-22 0-27 0-26 0-16 0-47 1-38 0-46 0-09 012
Rb 61-3 61-5 59-9 16-3 106 97-7 108 71-4 63-6
Sr 609 777 749 515 2597 2582 2560 288 353

Y 11-6 12:3 116 12:3 384 41-9 3756 10-0 10-5
Zr 127 114 127 79 359 231 353 119 128
Nb 577 872 823 2-92 54.3 37-9 53-4 7-39 6-50
Cs 1-67 2-54 2:22 0-29 279 1-70 2-84 275 2-67
Ba 822 819 1021 471 2797 1435 2800 878 912

Hf 357 3-37 356 227 6-87 5-39 6-82 3-50 361
Ta 0-40 0-69 0-60 0-19 2:98 1-94 2:95 0-68 0-53
Pb 11-2 11-8 12-2 472 29-4 12-5 299 12:6 11-9
Th 7-88 9-46 10-2 1-95 29-9 18-3 29-4 7-38 6-74
U 1-96 3-32 284 0-51 871 418 9:34 3:32 2:41
Sc 12 13 1" 21 5 26 5 2 3

\Y 132 126 126 181 122 343 128 7 12
Cr 28 49 23 198 0 0

Ni 15 27 19 76 24 20 9 3 4
Cu 17 38 41 43 4 1

Zn 7 77 70 80 55 58

La 22-8 271 319 10-8 141 102 139 20-3 20-9
Ce 40-9 48-7 55-1 22-5 230 187 227 36-3 36-8
Pr 4-73 5-51 5-95 2-68 23-9 22-0 235 3-99 4-02
Nd 18-6 21-8 22-9 11-9 85-6 88-5 84.2 14-8 14-9
Sm 3-94 452 4-42 3-06 14-8 17-6 145 2-80 2-88
Eu 1-11 1-22 1-23 1-00 415 4-99 412 0-65 0-72
Gd 312 352 3-30 2-89 10-4 13-5 10-0 21 2-29
Tb 0-44 0-46 0-45 0-43 1-35 171 1.32 0-31 0-32
Dy 2-35 2:52 2:34 2:50 716 874 7-00 1-76 1-84
Ho 0-43 0-45 0-41 0-49 1-31 1-48 128 0-35 0-36
Er 1-08 1-13 1-05 1-21 3:33 359 3:26 0-94 1-01
Tm 0-15 0-15 0-15 0-17 0-49 0-48 0-48 0-14 0-15
Yb 0-88 0-92 0-86 1-01 3-02 273 3-01 0-94 0-99
Lu 0-15 0-15 0-14 0-16 0-47 0-40 0-46 0-15 0-17
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Table 1: continued

Sample: Sg-13 Gp-1 3D1 Anf 2G3T-At HHV At-027 957 gt
Center: Sangay Pichincha Antisana Antisana Antisana Atacazo Atacazo
Rock type: dacite dacite andesite andesite andesite andesite andesite
SiO, 63-81 64-26 56-29 55-76 57-57 58-65 62-57
TiO, 0-49 0-39 1-04 1-06 0-91 0-66 0-62
AlLO3 17-16 16-90 15-59 18-23 16-02 16-21 16-48
FeO* 3-84 4-47 7-29 7-56 6-71 7-75 6-63
MnO 0-09 0-09 0-11 0-12 0-12 0-12 0-09
MgO 2-60 255 5-26 3-94 5-86 4-96 2-69
Ca0 4-50 5-24 717 7-14 6-91 6-80 5-64
Na,O 4-26 4-19 3:72 4-18 3-58 3-84 410
K20 2-98 1-78 2-99 1-68 2-10 0-87 1-06
P05 0-28 0-13 0-54 0-32 0-23 0-14 0-13
Rb 96-6 40-0 86-0 375 739 219 17-2
Sr 894 534 1245 875 594 438 355

Y 15-6 9:20 232 18-2 18:0 18-2 16-4
Zr 140 81 240 132 145 120 77

Nb 11-0 2-49 11-2 7-99 825 4-24 2:81
Cs 4-63 1-02 2-95 0-67 3-67 0-73 0-42
Ba 1054 782 1283 782 614 485 387

Hf 3-85 2-39 6-36 3-70 4-08 343 2:26
Ta 0-95 0-18 0-71 0-49 0-95 0-30 0-21
Pb 19-9 6-83 16-8 874 11-7 5-17 4-04
Th 14-3 3-06 171 4-89 11-9 0-99 0-18
u 6-14 1-10 477 1-38 4-42 0-66 0-49
Sc 9 " 19 18 20 23 26

\% 85 m 183 186 165 188 135
Cr 61 33 252

Ni 37 23 7 18 92 47 20
Cu 65 41 55

Zn 59 61 80

La 283 12:0 60-9 26-5 24-0 11-9 6-83
Ce 49-6 20-9 110 49-3 45-2 24-4 13.7
Pr 5-46 243 13-1 5-81 5-28 3-26 1-89
Nd 211 9-92 52-8 24-3 21-6 15-0 873
Sm 41 228 10-6 5-30 4-79 3.97 254
Eu 0-98 0-68 273 1-57 1-24 1-14 0-84
Gd 319 1-99 7-68 4-45 417 3-88 2-83
Tb 0-46 0-30 0-95 0-65 0-62 0-60 0-49
Dy 2-69 1-78 476 3-59 3-49 3-49 2:99
Ho 0-53 0-34 0-83 0-66 0-68 0-67 0-62
Er 1-48 0-90 2:02 1-75 1-73 1-75 1-69
Tm 0-22 0-13 0-27 0-24 0-26 0-25 0-26
Yb 1-44 0-78 1.567 1-47 1-68 1-49 1-60
Lu 0-23 0-12 0-24 0-22 0-24 0-24 0-25

Major elements, Ni, Cr, V, Cu and Zn were by measured by XRF. Others were measured by ICP-MS. Major element (wt %)
compositions are reported on an anhydrous basis and normalized to 100%.

*Total iron given as FeO.

tXRF data for Antisana (except HHV), Atacazo, and Sumaco are from Barragan et al. (1998).
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Table 2: Whole-rock Pb, Sr, and Nd isotope compositions for Ecuador lavas

Sample Center Rock type  2°Pb/?®Pb  27Pb/®Pb  2Ppp/2%pp  Fgr/®sr £ 26 MSNd/™Nd £ 26 eNd  A7/4Pb
3D3 Sumaco basalt 18:-872 15-602 38-660 0-704399 + 10 0-512900 + 10 5-17 6-50
GS5 Sumaco bas—and 18:792 15-581 38:520 0-704140 + 11 0-512889 + 14 4-95 527
GS4 Sumaco bas—and 18:796 155683 38:529 0-704156 + 10 0-512926 + 14 567 5-47
Imb-1 Imbabura andesite 19-098 15-600 38:770 0-704081 + 10 0-512902 + 06 521 388
Imb-3 Imbabura andesite 19-099 15-606 38-786 0-704080 + 08 0-512907 + 07 5-30 4-47
Imb-11 Imbabura andesite 19-072 15-611 38-766 0-704065 + 08 0-512926 + 08 5-68 5-26
Imb-26 Imbabura andesite 18-921 15-607 38-614 0-704120 + 11 0-512876 + 08 471 6-49
Imb-28 Imbabura andesite 18:953 15-616 38:657 0704060 + 10 05612915 + 11 546 7-05
Imb-29 Imbabura andesite 18:974 15-629 38:717 0-704109 + 10 0-512889 + 08 4-96 812
Imb-30 Imbabura andesite 18-913 15-622 38-677 0-704199 + 11 0-512824 + 07 3-69 8-08
Imb-36 Imbabura andesite 19-123 15-617 38-833 0-704015 + 11 0-512905 + 07 5.27 5-31
Imb-38 Imbabura andesite 18-900 15-630 38-712 0-704246 + 08 0-512817 + 08 3-55 9-03
Imb-45 Imbabura andesite 19-073 15-618 38784 0-704022 + 10 0-512898 + 09 512 5-95
Pul-9 Pululagua andesite 18-934 15-605 38:610 0-704117 £+ 10 0-5612911 £ 09 5-39 6:15
Pul-11 Pululagua andesite 18-893 15-606 38562 0-704139 + 11 0-5612917 + 06 5-50 6:70
Ch-3 Chacana andesite 18-956 15-613 38-680 0-704036 + 11 0-512841 + 13 4-03 6-75
Ch-6 Chacana andesite 18-983 15-633 38-755 0-704317 + 13 0-512768 + 08 259 8-41
Ch-7 Chacana andesite 19-028 15-688 38:947 0-704234 + 10 0-512763 + 07 2:49 13:45
3D1 An Antisana andesite 18:936 15-618 38:728 0-704144 + 11 0-512845 + 11 4-09 7-48
2G3T-A Antisana andesite 18:924 15-643 38:762 0-704374 + 10 0-5612751 £+ 08 2:27 10-05
HHV Antisana andesite 18-985 15-703 38-978 0-704163 + 13 0-512793 + 07 3:08 15-42
At-02 Atacazo andesite 18-933 15-602 38-619 0-704084 + 11 0-512893 + 07 5-04 5-83
9579 Atacazo andesite 0-704301 + 11 0-512878 + 13 4-73

1I-2 llalo andesite 0704059 + 10 0-512859 + 08 4-36

Pul-4 Pululagua dacite 18:921 15-5695 38:572 0-704139 + 10 0-512954 + 23 6-22 5-29
Pul-7 Pululagua dacite 18-921 15-596 38-572 0-704139 + 10 0-512894 + 24 5-06 5-39
Ql-12 Quilotoa dacite 18-985 15-644 38-750 0-704033 + 11 0-512861 + 08 4-41 9-50
Ch-8 Chacana dacite 18-925 15-646 38-694 0-704269 + 11 0-512804 + 57 3-30 10-32
Sg-13 Sangay dacite 18:816 15-644 38754 0-704368 + 11 0-512739 + 21 2:02 11-39
Gp-1 Pichincha dacite 18-958 15-697 38:698 0-703947 + 11 0-512888 + 19 4-94 5-04
CI-11 Chalupas rhyolite 18-993 15-668 38-873 0-704432 + 13 0-512737 + 08 2-00 1177
Ch-4 Chacana rhyolite 18-925 15-646 38-775 0-512710 + 13 1-46 10-33
Ch-5 Chacana rhyolite 18-918 15-632 38:732 0-704337 + 11 0512776 + 11 2:74 9-04
Cx-9 Cotopaxi rhyolite 18:963 15631 38:710 0-704135 + 10 0-512823 + 09 3:67 8:41
Cx-10 Cotopaxi rhyolite 18-951 15-637 38:716 0-704187 + 10 0-512839 + 09 3-98 9:22
RESULTS abundances of moderately compatible/incompatible ele-

Basalts and basaltic andesites
(Sumaco Volcano)

Basalts and basaltic andesites are rare in the northern
Andes, occurring in significant numbers only at Sumaco
Volcano (43-54wt % SiOg, Table 1, Fig. 3), located in
the back-arc of Ecuador (Fig. 2) ~400 km from the trench
(Beate et al., 2001; Bourdon et al., 2003). Sumaco lavas
are shoshonitic (1-05—4-12wt % K,O, Fig. 3) and silica-
undersaturated (Pichler et al., 1976). They have high

ments (e.g. Y >37ppm, Yb >2-7ppm, Sr >2500 ppm)
and concentrations of highly incompatible elements (e.g.
Rb >97, Ba >1400, Ce >180,) that commonly lie well
above those of normal subduction-related lavas (Fig. 4;
see also Barragan et al., 1998; Bourdon et al., 2003).
Basalts and basaltic andesites from Sumaco have strongly
fractionated rare-earth element (REE) patterns (La/Yb =
31-43, I'ig. 5a) and high Sr/Y despite the fact that Y and
heavy REE (HREE) concentrations are also high (Fig. 6a).
Concentrations of high field strength elements (HFSE)
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Fig. 3. Major clement variation in Holocene—Late Pleistocene volcanic rocks from Ecuador. Data are from Table 1. Symbols for compositional
categories defined here (basalt-basaltic andesite, andesite—dacite, rhyolite) are used throughout this paper. The calc-alkaline—tholeiitic boundary
line is from Miyashiro (1974). Boundaries defining low-, medium- and high-K series are from Ewart (1982).

are high in an absolute sense (Nb >35 ppm, Fig. 4), but  for mid-ocean ridge basalt (MORB) at Sumaco but not as
are sometimes low compared with similarly incompatible  high as typical arc lavas (Fig. 7). These incompatible
large ion lithophile elements (LILE). This is illustrated in  element ratios appear to indicate that Sumaco lavas con-
ratios such as Rb/Ta and Pb/Ce, which are higher than  tain a subduction-related geochemical component that is
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Fig. 4. Variation in trace element (Rb, Nb, Ba, Y, Pb, Ce, Sr, Ni) concentrations as a function of SiOy for Ecuador volcanic rocks. All data are

from Table 1. Symbols are as in Fig. 3.

slightly smaller than that present in the andesites and
dacites that typify volcanism throughout Ecuador (Fig. 7;
see also Barragan et al., 1998, fig. 4).

Based on the above it is clear that the lavas
from Sumaco are readily distinguished from all others

in Ecuador with respect to major and trace elements
(Figs 3-7). In contrast, the isotopic compositions of the
Sumaco samples fall generally within the relatively nar-
row range of compositions observed in Ecuador (e.g.
Harmon et al., 1984; Kilian et al., 1994, 1995; Barragan
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Fig. 5. Chondrite-normalized REE patterns of volcanic rocks from Ecuador (a, b) compared with leucogranites of the Cordillera Blanca, Peru (c)
and common island arc lavas from the central Aleutian and Lesser Antilles island arcs (d). Stippled field in (b) and (c) is the field bounded by the
Antisana andesite and the Quilotoa dacite in (a). Leucogranite data are from Atherton & Petford (1993). Island arc data are from Davidson (1987)
and Kelemen ez al. (2003) All other Ecuadoran data are from Table 1.

et al., 1998; Bourdon et al., 2003). The three samples middle-to-high end of the range of values that we report
from Sumaco that we have measured have isotope ratios  for lavas of all compositions (*’Sr/®°Sr = 0-7040-0-7045;
for both Sr (*’Sr/**Sr = 0-7041-0-7044) and Nd '"**Nd/'**Nd = 0-51273-0-51295; Table 2 and Fig. 8). In
("®Nd/'"™Nd = 0-51289-0-51293) that fall near the contrast, the Pb isotope compositions of Sumaco lavas are
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Moorbath, 1988; Wérner, 1989; Walker ¢t al., 1991). Field for Quaternary andesites in Colombia is from Sigurdsson ¢t al. (1990), Droux &
Delaloye (1996) and Calvache & Williams (1997).
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Fig. 7. Incompatible element concentrations and ratios in Ecuadoran lavas compared with average values for MORB and OIB: (a) Rb-Ta; (b)
La—Nb; (c) Pb—Ce; (d) Ba-La. Ecuadoran data are from Table 1. Symbols used here are as in Fig. 3. Values for MORB and OIB are from Sun &

McDonough (1989).
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Fig. 8. Variation in "Nd/"™*Nd vs ¥Sr/**Sr showing the compositions of lavas from Ecuador compared with data from the Galapagos plume
and Carnegie Ridge (White ¢z al., 1993; Hauft et al., 1999; Harpp & White, 2001; Werner ¢t al., 2003), the Andean Central and Southern Volcanic
Zones (Frey et al., 1984; Hickey et al., 1986; Davidson et al., 1988, 1990; Futa & Stern, 1988; Hildreth & Moorbath, 1988; Wérner, 1989; Walker
et al., 1991), Pacific pelagic sediments (Ben Othman ez al., 1989), average upper crust (Zartman & Haines, 1988), Mesozoic oceanic terranes in
Colombia and Ecuador (Kerr ¢ al., 1996, 1997, 2002, 2004; Reynaud ¢/ al., 1999; Hauff ¢/ al., 2000; Lapierre ¢ al., 2000; Mamberti et al., 2003)
and continental crust in Ecuador (Bosch et al., 2002). Ecuadoran data are from Table 2. Symbols are as in Fig. 3.

relatively unradiogenic (*°Pb/***Pb = 18.792-18-872;
27Ph/**Ph = 15-581-15-602) and fall within the field of
Galapagos basalts, and at the low end of a nearly vertical
array of Fcuador data on plots of **’Pb/™'Pb vs
295ph /2P, that spans the compositional range from
the Galapagos Plume to average upper crust and/or
local basement rocks in Ecuador (Fig. 9).

Andesites and dacites

Medium-K, calc-alkaline andesites and dacites (SiOy =
55:76-65-98%, FeO*/MgO = 1:39-1-76) are the pre-
dominant magma types erupted in Ecuador (Table 1,
Fig. 3). Major element contents of MgO (2-:00-6-40 wt
%), CaO (4-53-7-80 wt %), FeO* (3-51-7-75wt %) and
NayO (3-18-4-68 wt %) all show coherent linear trends
when plotted against SiOy (Fig. 3). In contrast, K,O
(0-87-2-99wt %) varies two-fold across the andesite—
dacite compositional range and is not correlated with
increasing SiOq (Fig. 3).

Highly incompatible trace elements in the andesites
and dacites (Rb, Ba, Ta, Nb, La, etc.) are generally
correlated with one another (Fig. 7), but like KyO, are
not well correlated with major element differentiation
indicators such as Si0y or MgO (e.g. Fig. 4). Strontium
(Sr) and Y, which typically exhibit moderately incom-
patible behavior in subduction-related lavas, are highly

variable in abundance (Sr = 450-1200ppm; Y = 9-
23 ppm), but show no clear relationship when plotted
against strongly incompatible elements such as Cs, Rb
or Ba. Strontium is similarly uncorrelated with SiOs but
does decrease systematically with decreasing Mg-number
[Mg/(Mg + Fe), Fig. 6b]. Yttrium (Y), which is relatively
low in abundance in most samples (commonly <15 ppm),
generally decreases with increasing SiOy between 56%
and 64% Si0O,, indicating that it has behaved as a mod-
erately compatible element during the evolution of these
lavas (see also Monzier et al., 1999, fig. 11). Abundances
of strongly compatible trace elements, such as Cr and Ni,
are highly variable in the andesites and dacites (Cr up to
240 ppm), and like many of the most incompatible
elements, also appear to be largely independent of SiOq
(e.g. Fig. 4).

Ratios among the incompatible elements in the
andesites and dacites are clearly characteristic of a sub-
duction zone setting, and in most respects are typical of
andesites and dacites throughout the Andes. Ratios of
LILE to HFSE (e.g. Rb/Ta, Ba/Nb) are elevated in the
andesites and dacites compared with oceanic basalts
(Fig. 7). The REE are highly variable with regard to
both elemental abundance and pattern shape (Fig. 5).
The total range for La/Yb is high (4-3-38-8; Fig. 10,
Table 1), but there is a strong clustering of samples at
relatively low La/Yb (6-10) with a few more highly

1162

GTOZ ‘2 ReIN uo A1siealun o A MmN e /Blo'sfeulnolploxo’ABooled//:dny wouy papeojumoq


http://petrology.oxfordjournals.org/

BRYANT et al.

ORIGINS OF ECUADORAN VOLCANIC ROCKS

Crust i
Crust (n=5) )
15.70 T Pacific [/CCr(L)lISZ;blan 1
L Andean Central & Sediment e s

Southern Wlcanic  (n=8)
T Zones (n=143)

4 1
T o e e e T T T T T
Ecuadoran Continental /' I Average Upper

. Oceanic Terranes ]
* Colombia & Ecuador
. (Y ) (n=114) 1
y Carnegie
Ridge Basalts (n=10) 1

Galapagos Island
Basalts (n=63)

o
Ay
=
& 15.60
5
Ay
o~ 4+
=
I L
15.50 +
r [IERROR
1 A\
L @g&
15.40 Fmi ey
17.0 17.5 18.0

185 190 195 200

Fig. 9. Variation in 2*’Pb/***Pb vs 2°°Pb/***Ph showing the compositions of lavas from Ecuador compared with data from the Galapagos plume
and Carnegie Ridge (White e al., 1993; Hauft et al., 1999; Harpp & White, 2001; Werner et al., 2003), the Andean Central and Southern Volcanic
Zones (Hickey et al., 1986; Davidson et al., 1988, 1990; Hildreth & Moorbath, 1988; Wérner, 1989), average upper crust (Zartman & Haines,
1988), Mesozoic oceanic terranes in Colombia and Ecuador (Dupré & Echeverria, 1984; Zartman & Haines, 1988; Kerr ¢ al., 1996, 1997, 2002,
2004; Reynaud et al., 1999; Hauff et al., 2000; Lapierre et al., 2000; Mamberti et al., 2003) and continental crust in Ecuador (Bosch et al., 2002).
Northern Hemisphere Reference Line (NHRL) is from Hart (1984). Ecuador data are from Table 2. Symbols are as in Fig. 3.

fractionated samples (only four samples with La/Yb >20;
Fig. 10). Among the samples with La/Yb >10, some are
clearly depleted in the HREE (Yb <1-0) and have frac-
tionated HREE patterns with normalized Dy/Yb >2-0,
whereas others are primarily enriched in the light REE
(LREE) and have flatter HREE patterns (Fig. 5a). The
most common andesites and dacites have straight and
modestly fractionated patterns with La/Yb = 6-10 and
normalized Dy/Yb <2-0 (Fig. 5b). Overall, these REE
characteristics do not stand out as unusual compared
with andesites and dacites from other parts of the Andes
(Fig. 10). Barium (Ba) concentrations are also variable,
and Ba/La ratios are relatively high in the andesites and
dacites (Ba/La = 20-80); in this respect the Ecuadoran
lavas are similar to lavas in island arcs but are unlike
andesites and dacites of the central and southern Andes,
which typically have Ba/La <25 (Fig. 10; Hildreth &
Moorbath, 1988; Davidson et al, 1990). In addition,
nearly all of the andesites and dacites from Ecuador
have high Sr/Y (22-70; Figs 6a and 10), and according
to the criteria of Defant & Drummond (1990) most would
be classified as adakites (see also Beate et al, 2001;
Bourdon et al., 2002, 2003; Samaniego e/ al., 2002). In
this regard again, the rocks from Ecuador are also typical
of andesites and dacites from throughout the Andes
(Figs 6 and 10).

Trace element characteristics in the andesites and
dacites also change systematically from west to east across

the magmatic arc in Ecuador. In general, the average
incompatible element concentrations are higher in the
main arc and back-arc areas, at greater distances from
the trench (Fig. 1la and b). Certain incompatible-ele-
ment ratios (e.g. Ba/Nb and La/YDb) also change system-
atically across the arc (Fig. 11c and d; see also Hormann
& Pichler, 1982; Kilian & Pichler, 1989; Vanek et al.,
1994; Barragan et al., 1998). These patterns are similar
to those seen in magmatic arcs worldwide (Dickinson,
1975).

Isotopically, the andesites and dacites from Ecuador
define a relatively narrow range of values that fall within
the Sr-INd mantle array and overlap somewhat with
Galapagos plume basalts for each of the isotopic systems
studied (Sr, Nd, Pb; Figs 8 and 9). Isotope ratios for Sr
and Nd (*’Sr/*°Sr = 0-7040-0-7044, "Nd/'"*'Nd =
0-51273-0-51295; Table 2) lic at the high "**Nd/'**Nd
end of the field of modern Andean lavas (Fig. 8), and
encompass nearly the full range of published values for
the Northern Volcanic Zone (Harmon et al., 1984; Kilian
et al., 1995; Barragan et al., 1998; Bourdon et al., 2003).
For Pb isotopes, the andesites and dacites form a near-
vertical trend on plots of *’Pb/?**Pb vs *°Ph/?**Pb,
spanning the compositional gap between Galapagos
basalts and average upper crust and/or local basement
(Fig. 9). The data from Ecuador are broadly like those
from Colombia (James & Murcia, 1984), but contrast
sharply with the Pb isotope compositions of lavas
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lavas from Ecuador with those from the Andean Central and Southern
Volcanic Zones. Ecuador data are from Table 1. Symbols are as in
Fig. 3. Published data sources for the central and southern Andes are
listed in the captions to Figs 6, 8 and 9.

from the central and southern Andes, which commonly
have 2°°Pb/?**Pb values that are relatively low, but
297Ph/?°*Ph values that are high, resulting in a nearly

horizontal data array in **Pb/**Pb vs **°Pb/*"*Ph
(Fig. 9). It is useful to quantify the Pb isotope variation
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Fig. 11. Trace element concentrations for (a) Ba and (b) La, and ratios
(c) La/Yb and (d) Ba/Nb plotted against distance from trench across
Ecuador. Data are from Table 1.

in Andean lavas in terms of the parameter A7/4 Pb,
which is a quantitative expression of the deviation in
27Ph/***Ph from the mantle reference line at the
200ph/20%Ph composition of the sample (Hart, 1984).
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Fig. 12. Variation of A7/4Pb vs eNd for Ecuador lavas. Bulk mixing
lines (labeled 1-4) are between estimated Ecuador basalt (3 ppm Pb,
5ppm Nd, "¥Nd/"*Nd = 0-512900, eNd = 5-11, *Pb/?'Ph =
15-589, 2Pb/?™*Pb = 18-820) and putative crustal assimilants with
isotopic compositions like those of Ecuador metapelites (HgNd/ Nd
= 0-512183, eNd = —8.9, *’Pb/**'Pb = 15700 and **°Pb/*"'Pb =
18-:916). The isotopic composition of the metapelite end-member is
from Bosch et al. (2002). Mixing line 1 uses the Pb and Nd concentra-
tions of the average metapelites (Nd = 25 ppm, Pb = 15 ppm). Sub-
sequent mixing lines use higher Pb concentrations for the assimilant
(higher Pb/Nd in the metapelite end-member) to produce the curved
mixing lines, which bracket the Ecuadoran lavas (Pb/Nd = 1-2 and
4-0). The isotopic composition for the basalt end-member is the aver-
age of the Sumaco lavas (Table 2), which appear to be relatively
unaffected by assimilation. Concentrations for Nd and Pb in the basalt
end-member were estimated by extrapolating andesite compositions
for these elements back to ~52% SiOs (on graphs of Nd and Pb vs
Si0y). Values for A7/4Pb were calculated according to Hart (1984).
Sources of published data from the Carnegie Ridge and Galapagos
Islands are as in Figs 8 and 9.

Expressed in this way, Pb isotope compositions in
Ecuador andesites and dacites show a crude inverse
correlation with Nd isotopes, and appear to fall along
mixing lines between Galapagos plume basalts and pelitic
metasediments from the local continental crust (Fig. 12).

The isotopic compositions of the andesites and dacites
change both east-to-west across the magmatic arc in
Ecuador, and with changes in certain trace element
parameters. Specifically, *’Sr/*°Sr and A7/4 Pb in the
Ecuadoran lavas reach their highest values in lavas erup-
ted in the main-arc region (330-360 km from the trench),
along the crest of the Andes, where the crust is likely to be
thickest (Fig. 13). Conversely, '**Nd/'""*Nd (eNd) is
lowest across this region. It should be noted, however,
that the alkali basalts and basaltic andesites from Sumaco
Volcano in the back-arc area do not follow the cross-arc
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Fig. 13. Isotope ratios plotted against distance from trench across
Ecuador, showing cross-arc changes in *’Sr/®Sr (a), eNd (b), and
A7/4 Pb (c) in lavas produced at different positions across the arc.
Data plotted here are from Table 2. Symbols used here are as in Fig 3.

1sotopic trends of the andesites and dacites (Fig. 13). The
isotopic compositions of the andesites and dacites in
Ecuador also change systematically with increasing
incompatible element concentrations (e.g. decreasing
"Nd/"™Nd with increasing Nb, Ba, Rb, La; Fig. 14),
and with changes in certain trace element ratios, espe-
cially Ba/Nb and La/Yb, and to a lesser extent Ba/La
(Fig. 15). In general, the trace element-isotope relation-
ships are clearest for Nd and Pb isotopes, but are absent
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or less clear when they involve either Sr or #”Sr/%Sr.
Finally, there appears to be no clear systematic relation-
ship between any of the isotopic systems and any major
element parameter (e.g. SiOy) in the andesite—dacite
compositional range (Fig. 16).

Rhyolites

Rhyolites reported here are from Chacana, Chalupas,
and Cotopaxi volcanoes, which are all located in the
main-arc area, along the crest of the Andes in northern
Ecuador (Table 1, Figs 1 and 2). Apart from the obvious
gap 1n silica between approximately 66% and 71% SiOq
(Fig. 3), the major and trace element compositions of the
rhyolites from Ecuador appear, in a broad sense, to be
extensions of the andesite—dacite compositional trends
(Figs 3-5). One exception is in the REE patterns, which
are clearly much flatter in the HREE (normalized Dy/Yb
<1-50) and have 18-57% negative Eu anomalies (i.e.
Eu/Eu* = 0-43-0-82; Fig. 5c). The broad similarity
with respect to trace elements does not extend to the
isotopic compositions, which on average, are more radio-
genic in Pb and Sr and less radiogenic in Nd in the
rhyolites than in the andesites and dacites (Figs 8, 9 and
13-15). This 1s to be expected in high-SiOs melts con-
taining a relatively high proportion of geochemically
evolved crustal rock relative to mantle components.

DISCUSSION

Isotopic constraints on crustal components
in Ecuadoran lavas

Compared with the central and southern Andes, where
the case for substantial melting and assimilation of geo-
chemically evolved crustal rocks has been well docu-
mented (e.g. Hildreth & Moorbath, 1988; Davidson
et al., 1990; Kay & Kay, 1991), lavas in Ecuador fall
within a narrow range of relatively primitive isotopic
compositions, partially overlapping the range of Galapa-
gos Plume basalts for Pb and Nd isotopes (Figs 8 and
9). The isotopic compositions in Ecuadoran lavas also
appear to be largely independent of their major element
compositions (Fig. 16) and of the age or composition of
the crust through which they were erupted (e.g. compare
back-arc and volcanic front in Fig. 13). This is particu-
larly evident for the lavas from Sumaco, which are mafic
and alkaline in composition (nepheline-normative), and
appear to have erupted through geochemically mature
Precambrian crust, but have Sr and Nd isotope ratios that
overlap broadly with the common sub-alkaline andesites
and dacites at the volcanic front, where the volcanoes are
underlain by geochemically immature oceanic terranes of
Mesozoic age (Fig. 13). These observations, which indic-
ate a limited role for geochemically mature continental
crust in the genesis of modern lavas in Ecuador (see also
Harmon et al., 1984; James & Murcia, 1984), are suppor-
ted by certain trace element ratios. In particular, Ba/La is
variable and high in Ecuadoran lavas (similar to island
arc basalts), but thus unlike lavas of the central and
southern Andes, which have consistently low Ba/La,
apparently as a result of assimilation of large quantities
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of granitic crust (Fig. 11; Hildreth & Moorbath, 1988;
Davidson et al., 1990).

Arculus et al. (1999) pointed out that partial melting of a
garnet-bearing mafic lower crust might explain the ada-
kitic trace element patterns and relatively non-radiogenic
1sotope compositions observed in Ecuador andesites and
dacites (see also Kilian et al., 1994, 1995; Monzier ¢t al.,
1999). Xenolith studies, combined with more recent work
on the Raspas Metamorphic Complex, suggest that the
deep crust beneath the volcanic front and main-arc areas
should be a lithological mixture that spans a broad iso-
topic range from geochemically primitive/oceanic to
geochemically mature and continental (Bosch et al.,
2002; Weber et al., 2002). In particular, Weber el al.
(2002) showed that deep crustal xenoliths from southern
Colombia are unusually variable isotopically, with relat-
wely radiogenic Pb (high 207ph/ 204Pb) and a wide range
in "Nd/'""Nd compared with *’Sr/*°Sr (Figs 8 and
9). Similarly, Bosch et al. (2002) showed that the Raspas
Metamorphic Complex includes eclogite-grade oceanic
and continental lithologies which also span a large iso-
topic range (e.g. ¥’Sr/%°Sr = 0-7039-0-7226). The highly
variable isotopic composition of the deep crustal rocks
(revealed in the Colombian xenoliths and Raspas Meta-
morphic Complex) is unlike that of the Ecuadoran lavas,
which fall within an unusually narrow range, especially for
" Nd/"Nd and *’Sr/*°Sr where they are offset only
slightly (to more radiogenic #’Sr/®°Sr) from the Galapa-
gos Plume lavas (1.e. offset slightly from anticipated sub-
ducting plate compositions; Iigs 8 and 9). It is likely that
the andesites, dacites and rhyolites in Ecuador have assim-
lated some crust (e.g. Harmon et al, 1984; James &
Murcia, 1984; Bourdon et al., 2003), but the highly vari-
able and often radiogenic isotopic composition of the
North Andean crust (based on the composition of the
oceanic terranes, Colombian xenoliths and high-grade
metamorphic terranes) suggests that it is not a major
contributor to the source of Ecuadoran lavas. Again, this
conclusion is reinforced by the cross-arc changes in iso-
topic compositions, which are small compared with the
isotopic variability of the Ecuador crust, which changes
from geochemically primitive oceanic terranes in the west
to geochemically mature continental rock in the east.

It remains possible, of course, based on isotopic data
alone, that partial melts of a newly underplated mafic
layer at Moho depths (formed from basalts generated in
the modern subduction zone and, therefore, isotopically
similar to the modern arc lavas), could have contributed
significantly to the source of the Ecuadoran lavas. Such
an origin, which involves rapid remelting of a recently
created (i.e. newly underplated) basaltic layer, has been
proposed for Ecuador (Monzier ¢t al., 1999) and for other
areas of thickened crust in the Andes, in particular in the
case of the Miocene Cordillera Blanca Batholith in Peru
(Petford & Atherton, 1996). At some level, this process
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seems inevitable in any vigorously active magmatic arc. It
1s unlikely, however, that this process has exerted a major
influence on magma genesis in the modern volcanic arc
in Ecuador, where the lavas are mostly medium-K, calc-
alkaline andesites whose major element compositions are
unlike those of the silicic, alkali-rich, leucocratic granites
that dominate the Cordillera Blanca in Peru (SiO,
>70%, NayO >4% KO >3%, MgO <2%, FeO*
<2%). The latter appear to have formed by regional-
scale melting of underplated basalt during the Miocene
(Petford & Atherton, 1996). The rhyolites of Ecuador
have major element compositions that are similar to the
Cordillera Blana leucogranites, but they constitute only a
small proportion of the surface eruptive rocks, and unlike
leucogranites from the Cordillera Blanca, the Ecuadoran
rhyolites have relatively flat HREE patterns, which also
contrast strongly with Cordillera Blanca mafic and inter-
mediate rocks (e.g. compare Fig. 5 with Petford &
Atherton, 1996, fig. 9).

Having emphasized that the crustal rocks of the north-
ern Andes have played a limited role in the genesis of
Ecuadoran lavas, compared with other parts of Andes
where assimilation and wholesale melting of the crust
appears to be common, it is important to point out that
the Sr-Nd-Pb isotope systematics clearly indicate that,
similar to the case in Colombia (James & Murcia, 1984),
at least some assimilation of continental crust has affected
many of the samples from Ecuador that we have ana-
lyzed. This is particularly clear from Pb and Nd isotope
data, which are well correlated and appear to define
mixing lines between Galapagos Plume—Carnegie Ridge
basalts (i.e. probable subducting plate and mantle wedge
compositions) and the local, geochemically mature con-
tinental crustal rocks (probable assimilants) that underlie
many of the volcanoes in central Ecuador (Fig. 12). Bulk
mixing calculations based on this Pb-Nd correlation
indicate that most lavas in Ecuador contain no more
than 5-10% of the local crust (Fig. 12). Assimilation of
geochemically mature continental crustal material by the
Ecuadoran lavas i1s well supported by the observed
spatial-geochemical shifts in isotopic compositions across
the arc, which reach maximum values for 8781 /%Sy and
A7/4Pb, and minimum values for "**Nd/'**Nd, over the
crest of the northern Andes in the main arc area at
distances of 330-360km from the trench (Fig. 13).
Based on the high elevations and the presence of rhyolitic
volcanism at Cotapaxi, Chalupas and Chacana, this area
around the Inter-Andean depression appears to be the
part of the Northern Andes where the crust is thickest,
warmest, and where it is therefore most likely to contrib-
ute an assimilant to melts that are in transit from the
subduction zone to the surface. Our estimate of the extent
of the crustal contamination in Ecuadoran lavas, which is
somewhat lower than some previous estimates (e.g. Kilian
et al., 1995; Barragan et al., 1998), does not constrain the
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possible role of geochemically primitive accreted oceanic
terranes as a crustal assimilant, because those terranes
are isotopically similar to the anticipated subducting
plate and mantle wedge composition (Carnegie Ridge,
Galapagos Plume, Figs 8 and 9).

The above interpretation implies that a significant pro-
portion of the Ecuadoran lavas have remained unaffected
or minimally affected by assimilation of geochemically
mature continental crust (e.g. samples with A7/4Pb
<6-80 and eNd >4-0, Figs 8 and 9). We cannot, of
course, rule out the possibility that all of the lavas have
been modified by assimilation of isotopically primtive
crustal rocks, or that isotopically more primitive parental
magmas were never erupted at the surface and, therefore,
have not been sampled. We do not believe this is the case
for two reasons. First, a large number of the Ecuadoran
andesites and dacites have Pb, Sr and Nd 1sotopic com-
positions that are tightly clustered and partially overlap
with (in Nd and Pb isotopes) likely subducting plate com-
positions in the form of Galapagos Plume and Carnegie
Ridge basalts. This is similar to what is observed in many
island arcs where the Pb, Nd and Sr isotopic composi-
tions of the lavas approach those of MORB and are
therefore widely believed to be controlled largely by
geochemical components that originate in subducted
MORB, marine sediment and seawater (Kay, 1980;
Plank & Langmuir, 1993; Elliott ¢t al., 1997; Class et al.,
2000). Second, the alkali basalts and basaltic andesites at
Sumaco, which appear, based on major and trace ele-
ment compositions, to be low-percentage melts of mantle
peridotite that has been less affected by subduction
metasomatism than the associated andesites and dacites
(Barragan et al., 1998; Bourdon et al., 2003), have extra-
ordinarily high concentrations of Pb (12-29 ppm), Sr
(>2000 ppm) and Nd (>80 ppm). Such high concentra-
tions would have caused these melts to be much more
resistant to isotopic modification during crustal assimila-
tion compared with the andesites and dacites, which have
lower concentrations of these elements, are more evolved
(lower Mg-number) and were erupted at lower temperat-
ures. Assuming that the more silicic and cooler lavas are
more likely to have assimilated crust on their way to
the surface (DePaolo, 1981), the broad isotopic overlap
between the mafic alkaline lavas at Sumaco and the
andesites and dacites implies that control over the com-
position of most Ecuadoran lavas lies primarily in the
subduction zone, and not in the continental crust through
which the melts passed (see also Barragan et al., 1998;
Bourdon ¢t al., 2003).

Effects of crustal assimilation on
trace elements

Ecuador andesites and dacites that have relatively high
A7/4Pb and ¥'Sr/®Sr, and low "**Nd/'**Nd (i.e. those

that appear to have assimilated a significant quantity of
continental crust), generally have more variable and
higher concentrations of the most incompatible trace
elements, including Rb, Cs, Nb, Zr, Ba, Pb, and La.
For example, as seen in Fig. 14, among the andesites
and dacites with "Nd/'""*Nd <0-51285 (eNd <4-1),
four samples out of five have Zr >100 ppm, whereas no
sample with ""Nd/'""*Nd >0-51285 has Zr >100 ppm.
A similar relationship can be seen in the Nb concentra-
tions, which show a clear inverse correlation with
5N/ 144Nd, but not for Y or Yb, where the elemental
concentrations are not correlated with isotope ratios
(Fig. 14). Not surprisingly, the rhyolites generally also
have elevated concentrations of the highly incompatible
elements and concomitantly higher ®’Sr/®*Sr and
A7/4Pb, and lower "**Nd/'**Nd, consistent with relat-
ively higher degrees of crustal contamination (Fig. 14).
For most incompatible elements, however, the correla-
tion with isotopic composition is relatively weak.

Isotopic shifts attributable to crustal contamination are
also accompanied by shifts in certain incompatible ele-
ment ratios (Fig. 15). This is particularly clear for La/Yb,
which is generally higher, and for Ba/La and Ba/Nb,
which are generally lower in samples with relatively low
"Nd/"*Nd and high #”Sr/%Sr (i.e. those that appear to
have assimilated continental crust). These relationships
suggest that cross-arc changes in La/Yb, Ba/Nb, etc., for
the andesites and dacites are produced at least in part,
by combined fractional crystallization and assimilation
(AFCQ) of thickened continental crust, and not exclusively
(as has been consistently argued in the literature) by
increased depth and/or decreased percentage melting
or by a decrease in the slab—fluid input to the mantle
wedge. It is an important point, however, that the back-
arc mafic and alkaline lavas at Sumaco (which anchor the
cross-arc trends with high La/Yb and low Ba/Nb) retain
the high '**Nd/"**Nd and low A7/4Pb that is character-
istic of lavas at the volcanic front, and so do not appear
to have been significantly modified by AFC processes
(Fig. 13). We agree with the interpretation of the Sumaco
lavas as deep, low-percentage, alkaline-series melts
of mantle peridotite (Barragan et al., 1998; Bourdon
et al., 2003), and emphasize that, as such, they represent
relatively hot and dry melts with low viscosities, that are
physically and chemically distinct from the felsic and
intermediate-composition calc-alkaline lavas (andesite—
dacite-rhyolite) that dominate volcanism in Ecuador.

In contrast to La/Yb and Ba/Nb, which appear to be
significantly affected by crustal assimilation, the full range
of Sr/Y observed in the Ecuador andesites and dacites
appears to be present among samples with relatively
primitive  isotopic composition (e.g. **Nd/'**Nd
>0-51285, A7/4 Pb <7-0; Fig. 15). This suggests that
Sr/Y, a key ratio in the adakite characterization, is not
substantially affected by crustal assimilation in andesite
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Fig. 17. (a) Sr concentration vs A7/4Pb showing trends at the Ecuador
volcanic centers Imbabura, Antisana and Chacana; (b) Sr concentra-
tion vs Mg-number for Imbabura and Antisana. Data from Imbabura
and Chacana are from Tables 1 and 2. Data from Antisana are from
Tables 1 and 2 and from Bourdon et al. (2003). Slab melts (cross-
hatched box) are presumed to contain high concentrations of Sr but
relatively non-radiogenic Pb (e.g. Kay, 1978). Deep crustal melts and
products of AFC (assimilation—fractional crystallization) in the Andes
are presumed to contain relatively radiogenic Pb and possibly high
concentrations of Sr (e.g. Garrison & Davidson, 2003).

and dacite lavas. In fact, for individual volcanoes where
significant crustal assimilation has occurred, and where
several andesite and dacite samples have been analyzed
(e.g. Antisana, Imbabura), Sr/Y and Sr concentration
appear to be inversely correlated with A7/4Pb, suggest-
ing that, at some volcanoes, these quantities are highest in
the samples that have assimilated the least amount of
continental crust (Iig. 17).

We conclude that crustal assimilation has significantly
changed the trace element abundances of some Ecua-
doran lavas, but that assimilation does not play a clear
and consistent role in the genesis of the adakitic trace
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element characteristics, which are ubiquitous in the
andesites and dacites in Ecuador.

Origin of the ‘adakitic’ trace element
characteristics in Ecuadoran lavas

Most andesites and dacites in Ecuador have REE char-
acteristics that are adakitic; that is, they are enriched in
the LREE, lack significant Eu anomalies, and are
strongly fractionated between the middle REE (MREE)
and HREE (Fig. 5). Unusually high concentrations of
LREE in some Ecuadoran lavas may have been pro-
duced by assimilation of crustal rocks (as discussed
above); however, assimilation alone cannot explain the
low concentrations of Yb and Lu and the strongly
fractionated MREE to HREE patterns (normalized
Gd/Yb > 1-0) that distinguish andesites and dacites in
Ecuador from those in island arcs (Fig. 5d). Assuming
that the melt source beneath the Northern Andes is
approximately chondritic with respect to the HREE (i.e.
normalized Gd/Yb ~1-0), it is clear that garnet must
have played a major role in the genesis of the Ecuadoran
lavas. This role for garnet could be as a residual phase
left after melt extraction or through removal by crystal
fractionation under high pressures.

Several studies have concluded that garnet is involved
in magma genesis beneath Ecuador when melting occurs
at the surface of the subducting slab (e.g. Beate et al.,
2001; Bourdon et al., 2002, 2003; Samaniego ¢t al.,
2005). This is essentially an application of the Defant &
Drummond (1990) adakite model in Ecuador. Among
the lavas in Ecuador, those that appear to present the
strongest case for the slab-melt interpretation have
>700ppm Sr and relatively MORB-like isotopic com-
positions (Fig. 17). Lavas with these characteristics are
well illustrated by our data from Imbabura Volcano,
where there is a high-Sr liquid line of descent separate
from the evolutionary pathway defined by lavas with
400-600 ppm Sr over the same range of SiOy and Mg-
number (Fig. 17). High-Sr lavas of this type appear to be
present at Antisana Volcano (Fig. 17) and at Pufalica
Volcano, where high Sr (>850 ppm) and unradiogenic Sr
isotopes (*'Sr/¥’Sr <0-7039) define an end-member
composition among the 23 samples from the Northern
Andes studied by Harmon e al. (1984). Rocks of this
geochemical type do not appear to exist among lavas of
the central and southern Andes (Fig. 17) or in Colombia
(James, 1982). In combination, these observations sup-
port the idea that melts from oceanic crust of the sub-
ducting Carnegie Ridge play a significant roll in the
genesis of at least some Ecuador lavas (Bourdon et al.,
2003, and references therein).

Despite the apparent control of the Carnegie Ridge on
the surface expression of active volcanism in Ecuador
(Fig. 1), and the clear presence of lavas with trace element
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and isotopic compositions appropriate to the slab-melt
interpretation (Fig. 17), the existence of thickened con-
tinental crust beneath Ecuador (at least 50 km; Prévot
et al., 1996; Guillier et al., 2001) allows an alternative
scenario by which adakite geochemistry may be pro-
duced, involving mantle melting and high-pressure crys-
tal fractionation.

The presence of thick crust allows only a short column
of mantle rock above the subduction zone (Fig. 1). This in
turn means that melting within the mantle wedge will be
relatively low percentage beneath Ecuador, compared
with arcs in which the crust is thin and the melting
column is long (Plank & Langmuir, 1988). In addition,
we know from Sm/Nd and Lu/Hf systematics that melt-
ing in all of the major tectonic settings involves the sta-
bilization of at least a small quantity of residual garnet
(Salters, 1991; Hirschmann & Stolper, 1996). With these
considerations in mind, it is reasonable to anticipate that
Ecuador basalts, which are only rarely erupted in the
volcanic front or main-arc areas, will generally have
HREE patterns that are more strongly fractionated
than those of common island arc basalts, which typically
have Gd/Yb = 1-5-1-9 (e.g. Elliott et al., 1997; George
et al., 2003). This expectation is confirmed by the few
available analyses of basaltic rocks from Ecuador’s main
arc at Sangay Volcano, where four samples with SiOg
<54% have Gd/Yb = 2-6-3-2 (Monzier ¢t al., 1999), well
within the range of the common Ecuadoran andesites
and dacites, which typically have Gd/Yb = 2-0-3-7
(Table 1 and Samaniego et al., 2005). These observations
provide clear support for the idea that the physical con-
ditions of melting within the mantle wedge beneath
Ecuador may be conducive to the stabilization of small
quantities of residual garnet and the formation of basaltic
melts that have strongly fractionated trace element pat-
terns with low Y and Yb.

Subsequent cooling and fractional crystallization in the
deep crust beneath Ecuador are also likely to contribute
to depletion of Y and HREE and enrichment in Sr to
produce adakitic melts. This is true because basaltic to
andesitic magmas with high HoO contents (5-6%) at
pressures of 15-20kbar (45-60km depths) and at tem-
peratures below 1100°C, will crystallize a mineral assem-
blage that is free of plagioclase and dominated by
clinopyroxene and garnet £ amphibole (Green, 1972,
1982). Simple calculations using typical partition coefhi-
cients (McKenzie & O’Nions, 1991) demonstrate that if
garnet constitutes 15-20% of the mineral assemblage,
fractional crystallization will result in strongly compatible
behavior for Y, Yb and Lu (Dgurk = 1-5-2-0), progress-
wvely less compatible behavior for the MREE, and
strongly incompatible behavior for La and Ce (Dpypk
< 0-20). This mechanism is clearly capable of producing
the low concentrations of MREE to HREE that distin-
guish andesites and dacites in Ecuador from lavas of

similar major element compositions produced in island
arcs (Fig. 5d). These physical conditions for melt evolu-
tion (high-pressure and hydrous) will also suppress crys-
tallization of plagioclase (Green, 1982), which in turn will
cause Sr to behave as an incompatible element that can
be enriched to high concentration as the melts evolve by
crystal fractionation. The experimental studies of Green
(1972, 1982) have similarly demonstrated that the major
element character of the calc-alkaline series (basalt,
andesite, dacite) can be explained by crystal fractionation
processes under high-pressure and hydrous condition (see
also Hildreth & Moorbath, 1988; Garrison & Davidson,
2003).

More broadly, the deep crustal fractionation mechan-
ism is consistent with the basic observation that the trace
element characteristics of Ecuadoran lavas are highly
variable, even though their Pb, Sr and Nd isotopic com-
positions are relatively primitive and homogeneous. This
is true for lavas throughout Ecuador, and within indi-
vidual volcanoes (Samaniego et al., 2002, 2005), and is
consistent with the idea that melt batches may evolve by
crystal fractionation to create either ‘adakitic’ or ‘classic
calc-alkaline’ trace element characteristics, dependent on
the depth/pressure of fractionation, and consequently on
the presence or absence of garnet in the fractionating
assemblage.

The history of magmatism in Ecuador since the Eocene
appears most consistent with the deep crustal fractiona-
tion model. Chiaradia et al. (2004) recently showed that
Eocene to Late Miocene andesites in Ecuador (50-9 Ma)
have relatively flat REE patterns that contrast with the
younger, Miocene to Recent lavas, which are adakitic
(see Chiaradia et al, 2004, fig. 8). The differences in
REE characteristics imply that different processes oper-
ated in the genesis of these lavas of different ages. Avail-
able Pb isotope data, however, indicate that the magma
source region beneath Ecuador has remained largely
unchanged since the Eocene. Chiaradia et al. (2004)
argued that these observations imply that the magmatic
plumbing systems beneath Ecuador shifted to depths
within the stability field of garnet after ~9 Ma, probably
in response to a crustal thickening event, possibly caused
by the initial collision and subduction of the Carnegie
Ridge. The alternative interpretation involves a shift in
source from the mantle wedge to the subducting plate at
the point in time when subduction of the Carnegie Ridge
began (i.e. Bourdon et al., 2003, and references therein).
This alternative remains possible, but appears less likely
in the light of the new isotopic data, which suggest that
the melt source beneath Ecuador has remained approx-
imately constant since the Eocene (Chiaradia et al., 2004).

One weakness of the deep crustal fractionation model
described here for adakite genesis is that it requires
fractional crystallization of garnet, even though garnet
phenocrysts are not observed in Ecuadoran lavas.
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Garnets are not commonly found as phenocrysts in calc-
alkaline lavas; they are, however, known from several
localities and their potential role in the evolution of
andesitic and dacitic lavas is well documented experi-
mentally (Green & Ringwood, 1968; Fitton, 1972;
Green, 1972, 1982; Hamer & Moyes, 1982; Day et al.,
1992). If the deep crustal fractionation model is correct,
this means simply that the plagioclase—pyroxene—
amphibole phenocryst assemblage in the Ecuadoran
lavas is produced late in the magmatic evolution, during
magma storage in shallow-level systems where garnet is
unstable (e.g. Fitton, 1972).

CONCLUSIONS

(i) Primitive and relatively homogeneous Sr, Nd and Pb
isotopic compositions indicate that lavas throughout
Ecuador are produced largely within the supra-
subduction zone mantle wedge and not by extensive
melting of the North Andean crust.

(i) Changes in '"**Nd/'**Nd, A7/4Pb and La/Yb
across the arc in Ecuador are interpreted to result from
assimilation of geochemically mature continental crust,
especially in the main-arc area, at distances of 330—
360km from the trench. Mixing calculations limit the
quantity of assimilated continental crust to less than
~10%.

(i11) Possible assimilation of geochemically primitive
crustal rock beneath the Western Cordillera remains
poorly constrained; however, assimilation of crustal
rocks does not appear to play a clear and consistent role
in the genesis of the adakitic trace element patterns that
are common in andesites and dacites in Ecuador.

(iv) Available whole-rock data do not provide a clear
basis for distinguishing between slab-melting and deep
crustal fractionation models for the genesis of adakitic
lavas in Ecuador. Both models derive adakites from bas-
alt, either by partial melting or fractional crystallization,
and both explain the observed fractionation of REE pat-
terns with garnet. None the less, the geochemical evolu-
tion within individual volcanoes (Samaniego et al., 2005),
and in magmatic rocks produced throughout Ecuador
since the Eocene (Chiaradia e/ al, 2004), appears to
favor the deep crustal fractionation model for the genesis
of most post-Miocene lavas in Ecuador.
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