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In the Northern Volcanic Sone of the Andes, the Cayambe Volcanic
Complex consusts of: (1) a basal, mostly effusive volcano, the Vigjo
Cayambe, whose lavas (andesites and subordinate dacites and rhyo-
lites) are typically calc-alkaline; and (2) a younger, essentially
dacttic, composite edifice, the Nevado Cayambe, characterized by
lavas with adakitic signatures and explosive eruptive styles. The
construction of Viejo Cayambe began >1-1 Myr ago and ended at
~1-0Ma. The young and still active Nevado Cayambe grew afier a
period of quiescence of about 0-6 Myr, from ~0-4 Ma to Holocene.
Iis complex history s divided into at least three large construction
phases (Angureal cone, Main Summat cone and Secondary Summat
cone) and comprises large pyroclastic events, debris avalanches, as
well as periods of dome activity. Geochemical data indicate that
Jractional crystallization and crustal assimilation processes have a
lmuted role tn the genesis of each suite. On the contrary, field
observations, and mineralogical and geochemical data show the
increasing importance of magma mixing during the evolution of the
volcanic complex. The adakitic signature of Nevado Cayambe mag-
mas s related to partial melting of a basaltic source, which could be
the lower crust or the subducted slab. However, reliable geophysical
and  geochemical evidence indicates that the source of adakitic
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component is the subducted slab. Thus, the Viego Capambe magmas
are wmferred to come_from a mantle wedge source metasomatized by
slab-derived melts (adakites), whereas the Nevado Cayambe mag-
mas indicate a greater involvement of adakitic melts in thewr petro-
genesis. This temporal evolution can be related lo the presence of the
subducted Carnegie Ridge, modifying the geothermal gradient along
the Wadati—Benuoff zone and favouring slab partial melting.

KEY WORDS: adakites; 00077 Ar dating; Cayambe volcano; Ecuador;
mantle metasomatism; Andes

INTRODUCTION

The geothermal gradient along the Wadati-Benioff zone
is an essential parameter that controls the nature of active
margin magmatism (Martin, 1999 and references
therein). Generally, a low geothermal gradient allows
progressive dehydration of the subducted oceanic crust
before it reaches its hydrous solidus. Liberated fluids rise
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Fig. 1. (a) Geodynamic setting of the Ecuadorian arc, including the main oceanic features (modified from Gutscher et al., 1999). Dotted lines
correspond to the depth of the subducted slab. Andes Cordillera defined by 2000 m contour. The trench is defined by a toothed line, and active
volcanoes by open triangles. Black arrow corresponds to direction of subduction. GSC, Galapagos Spreading Centre; CVC, Cayambe Volcanic
Complex (represented by a black triangle). (b) Ecuadorian volcanic arc (modified from Litherland ez al., 1993). Names of the main edifices are: (1)
Mojanda-Fuya Fuya; (2) Pichincha; (3) Chimborazo; (4) Cayambe; (5) El Reventador; (6) Antisana; (7) Sumaco; (8) Chalupas caldera; (9) Cotopaxi;

(10) Tungurahua; (11) Sangay. Active faults from Egiiez e al. (2003).

through the mantle wedge, thus modifying its composi-
tion and decreasing its solidus temperature. The
‘classical’ arc calc-alkaline magmatism is the final product
of these processes. In contrast, when the geothermal
gradient along the Wadati-Benioff zone is high, the hyd-
rous solidus of the slab is reached before it completely
dehydrates, and adakitic magmas are generated.

Slab partial melting is favoured by a young slab age
(<20Ma) whereas an old slab (>20Ma) will be too
cool to melt (Martin, 1986; Defant & Drummond,
1990; Drummond & Defant, 1990; Peacock et al., 1994;
Maury et al., 1996; Martin, 1999; Defant et al., 2001).
However, adakitic magmatism may also be produced
in other contexts: (1) oblique or fast subduction
(Yogodzinski et al., 1995); (2) initiation of subduction
(Sajona et al., 1993; Maury et al., 1996); (3) occurrence
of slab tears, favouring slab edge melting (Abratis &
Woérner, 2001; Yogodzinski et al., 2001); (4) existence of
remnant slabs in an arc—arc collision setting (Maury et al.,
1996); and (5) flat slab induced by ridge subduction
(Gutscher et al., 2000; Beate et al., 2001). It has also been
proposed that melting of lower basaltic crust could

produce adakites in continental arcs constructed on a
thick crust (Atherton & Petford, 1993).

In Ecuador, the Northern Volcanic Zone of the Andes
(NVZ) results from the subduction of the 12-20Ma
Nazca Plate beneath the South American Plate. On the
basis of seismic and gravimetric data, the crustal thickness
in this region has been estimated to be >50 km (Feininger
& Seguin, 1983; Prévot et al., 1996; Guillier et al., 2001).
Moreover, the main part of NVZ developed facing the
Carnegie Ridge, which corresponds to the trace of
the Galapagos hotspot across the Nazca Plate (Fig. 1a).
Subduction of the ridge has been continuing since at least
6-8Ma (Gutscher et al., 1999), implying its presence
below the volcanic arc at the present day. However, the
subducted slab beneath the Ecuadorian arc is character-
ized by weak seismicity, making the definition of the slab
geometry difficult (e.g. Pennington, 1981; Gutscher et al.,
1999). More recently, Guillier ez al. (2001) concluded that
between 0° and 1°S, the slab plunges continuously and
reaches 100 km depth beneath the volcanic front. Unfor-
tunately, they could not determine the depth of the
subducted slab further eastward.
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Fig. 2. Shaded relief image (illuminated from the NW), representing the Digital Elevation Model (DEM) of the Cayambe volcanic complex.
Digital information, provided by M. Souris (IRD), was generated from 1:50 000 topographic maps of the Instituto Geografico Militar, Quito. The
geographical localities referenced in text are shown. Heavy lines represent main roads. C, Cayambe; A, Ayora; O, Olmedo; P, Pesillo. 1, Rio
(river) La Chimba; 2, San Marcos lake; 3, Rio Azuela; 4, Rio San Pedro; 5, Rio Guachala; 6, Rio Monjas; 7, Rio Blanco; 8, Rio Pulisa; 9, Rio
Granobles; 10, Nevado Cayambe Main Summit; 11, Nevado Cayambe Secondary Summit; 12, Cono La Virgen; 13, Angureal peak; 14, Hierba
Buena; 15, Las Antenas; 16, Pucara; 17, Mountain Refuge; 18, La Dormida; 19, La Chimba; 20, Planada de La Virgen.

The coexistence of ‘classical’ calc-alkaline and ‘adakitic’
lavas in the Ecuadorian arc has been demonstrated by
several workers (Monzier et al., 1997; Samaniego, 2001;
Bourdon et al., 20024, 2003). In addition, large edifices,
such as Cayambe (Samaniego et al., 2002), Pichincha
(Bourdon et al., 20024) and Mojanda-Fuya Fuya (Robin
et al., 1997, in preparation), illustrate an evolution from
an old calc-alkaline edifice to young, adakitic magmat-
ism. The aim of this study 1s: (1) to describe and discuss
the temporal magmatic transition in a single edifice; (2) to
propose and to test petrogenetic hypotheses that account
for the compositional evolution; (3) to establish the rela-
tionships between petrogenesis and geodynamics, in
order to constrain adakite genesis in the Northern Andes.

LOCATION AND STRUCTURE OF
THE CAYAMBE VOLCANIC
COMPLEX

In Ecuador, volcanoes of the NVZ are distributed in three
alignments: the volcanic front in the Western Cordillera,
the main arc in the Eastern Cordillera (Cordillera Real),
and the back-arc region in the Eastern foothills (Fig. 1).
In the northern part of the Eastern Cordillera, the

construction of the Cayambe Volcanic Complex (CVC)
has been controlled by regional faults, oriented N35°E,
the largest of which is the ‘La Sofia—Rio Chingual’ fault
(Tibaldi & Ferrari, 1992; Ego et al, 1996) (Fig. 1b).
The upper crust beneath the volcano mainly consists of
Triassic semi-pelitic schists, paragneisses and granites of
the Loja Division (Litherland ez al., 1993). The lower crust
in the Ecuadorian arc is largely unknown, as outcrops
and xenoliths are lacking. On the basis of xenoliths
hosted in late Cenozoic volcanic deposits of south-
western Colombia, Weber e al. (2002) suggested that
lower crust in this part of NVZ is basaltic in composition,
and that it is transformed into amphibolite- or granulite-
facies rocks.

The CVC has a rectangular shape (24km E-W and
18 km N-S, Fig. 2); its base is about 3000 m in elevation
on the western side, and 3400-3800 m on the eastern
side. The upper part of the complex is elongated
WSW-ENE, with two western and eastern summits, only
1-5km apart, which culminate at 5790 and 5487 m.
Above 4900m, an ecnormous glacial cap, at least
30-50m thick, covers the upper part of the complex.
From this ice cap, glaciers extend down the slope to
4200-4400 m on the wet, eastern Amazonian side, but
only to 4600-4800 m on the drier, western side.
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The western side of CVC displays regular gentle slopes
(5-10°), carved by U-shaped, radially oriented glacial
valleys, contrasting with the other sides, which show
an uneven topography and dip slopes (Fig. 2). Such a
morphological contrast is related to different lithologies,
eruptive dynamics, and ages: the western side is mainly
made of old thick lava flows, whereas the eastern side
mainly consists of younger lava flows and domes. As the
domes exposed on the northern side have been active in
recent times, the upper part of this flank i1s abrupt, and
differs from the gentle and regular southern side. More-
over, the upper western part of the complex exposes a
horseshoe-shaped structure open to the west. Several
high points define this structure, the main one being the
Angureal peak (4815 m). This structure results from a
large collapse event that has affected volcanic units of
different ages: the southern wall consists of lava flows
from the old edifice, whereas the lavas to the north of
the Rio Blanco valley are more recent.

The CVC comprises two main volcanoes (Figs 2 and 3):
(1) a basal, mostly effusive, stratovolcano, largely dissec-
ted by erosion and called the ‘Viejo Cayambe’ (VCAY);
(2) a younger, more explosive, composite edifice, the
‘Nevado Cayambe’ (NCAY), constructed over the central
and eastern ruins of VOAY. The NCAY volcano consists
of three edifices: the Angureal cone (NCAY-ANG),
the Main Summit edifice (NCAY-MS), and the more
recent Secondary Summit (NCAY-SS), developed on
the castern side of the main summit. On the eastern
flank, a satellite vent, named ‘Cono La Virgen’ (CLV),
has developed during the Late Holocene.

ERUPTIVE CHRONOLOGY

Sample preparation and *°Ar/*?Ar dating
method

Six lavas have been dated by the **Ar/*’Ar method on
whole-rock bulk samples. Thin slabs (350 wm) were cut
and fragments without phenocrysts were hand picked
under a binocular microscope. Weights of between 160
and 260 mg of rock were wrapped in copper-foil packets
and irradiated for 1 h with cadmium shielding in the 5C
position at the nuclear reactor of McMaster University
(Hamilton, Canada). The samples were associated with
the Fish Canyon sanidine (FCS) as a neutron flux monitor
of the reactor (J-value determination) assuming an FCS
age of 28-02 Ma (Renne ¢t al., 1998).

Age determinations (Table 1) were performed in the
Laboratory of Geochronology of UMR Géosciences
Azur at the University of Nice, France. Step-heating was
performed in a double-vacuum, high-frequency heated
furnace, and the samples were analysed with a mass
spectrometer composed of a 120° M.A.S.S.E tube, a
Bauer-Signer GS98 source, and a Balzers electron
multiplier. Heating lasted 20 min for each temperature

step, followed by 5min for clean-up of the released gas,
before introducing the gas into the spectrometer. Argon
isotopes were of the order of 100-2000, 100-1000 and 2—
200 times the blank levels for masses 40, 39 and 36,
respectively. In some high-temperature steps, the meas-
ured *°Ar was near the blank level. Mass discrimination
was monitored by regularly analysing air pipette volume.

The criteria generally used in the laboratory for defin-
ing a ‘plateau’ age are the following: (1) it should contain
at least 70% of total *’Ar released; (2) there should be at
least three successive step-heating fractions in the plateau;
and (3) the integrated age of the plateau (weighted aver-
age of apparent ages of individual fractions comprising
the plateau) should agree with each apparent age of the
plateau within a 2 sigma (20) error. In this study, only two
samples provided plateaux with more than 70% of total
39Ar released; therefore, we consider also smaller plateaux
including only 48-57% of total *’Ar released.

Ages were calculated from measured isotope ratios
corrected for mass discrimination, system blanks and
interfering isotopes produced during irradiation. The
error on the **Ar*/ 39ArK ratio of the monitor is included
in the plateau age error bar calculation. Ratios of Ca/K,
determined from the measurement of argon isotopes
produced during irradiation from these elements, are
used in the identification of minerals that may have
contributed argon in each step-heating fraction.

Isochron ages were calculated using a reverse isochron
diagram, plotting **Ar/*°Ar versus ?Ar/*Ar, using the
least-squares method (York, 1969). This provides a check
on the initial "°Ar/36Ar ratio, which is generally near
atmospheric values.

Main volcanic units
Basal volcano or “Vigo Cayambe’ (VCAY)

The oldest volcanic units chiefly form the western part of
the complex. The radial distribution of shallow-dipping
lava flows shows that the first volcanic centre was located
near the central part of the complex, at an altitude of
about 4300-4400m. Assuming a 16-18km width and
1400-1600 m high cone, the estimated volume of the
VCAY edifice is 100-130 km®,

Older deposits consist of two-pyroxene andesitic lava
flows (57-61 wt % SiOy, normalized to an anhydrous
basis) and scarce interlayered breccias. In the Rio Blanco
valley, these deposits are 400-500m thick (VCAY]I,
Fig. 3). On the lower western slope of the complex
(e.g. Rio Pulisa), the lava pile overlies andesitic breccias.
Conversely, on the southwestern flank of the volcano (Rio
Monjas and Rio Guachala valleys), a 200 m thick series of
two-pyroxene dacitic lava flows (67-68 wt % SiOg) and a
40-50m thick sequence of reworked rhyolitic pumice
deposits (72-73 wt % SiOy) indicate periods of siliceous
and explosive activity during the late stages of VCAY
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Cono La Virgen (CLV)

- CLV: Proximal deposits and Planada de la Virgen lava flows

Nevado Cayambe (NCAY)
Secondary Summit (NCAY-SS) and Recent activity (< 4000 y BP)

. “.* . NCAY-SS2: Recent lava flows and domes NCAY-SS3: Recent pyroclastic flow
(andesites and dacites) ﬂ depositgy

|:| NCAY-SS1: Lower lava flows (mainly andesitic) and summit dome complex (dacitic)

Main Summit (NCAY-MS)
NCAY-MS5: Second episode of construction: lava
flows [e.g. Las Antenas and La Dormida Y b . Lo .
lava flows], domes and related pyro- NCAY-MS6: Rio La Chimba ignimbrite
clastic deposits (andesites and dacites)

%74 NCAY-MS3: Rio Granobles debris flow deposit m NCAY-MS4: R|’0|SanhPegro dg?ris
B avalanche deposi

NCAY-MS1: First episode of construction: lava
flows, domes and scarce pyroclastic
deposits (andesites and dacites)

Angureal cone (NCAY-ANG)

NCAY-ANG: Lava flows and breccias
Viejo Cayambe (VCAY)

m VCAY3 : Rio Guachala pyroclastic sequence

NCAY-MS2: Hierba Buena Ignimbrite

VCAY2 : Dacitic lava flows

VCAY1: Lava flows and breccias
(mainly andesites)

Fig. 3. Simplified geological map of the Cayambe volcanic complex. Bold curves represent collapse rims, in some cases buried (dotted curves).
Contour interval is 200 m. New "Ar/*%Ar age dates are indicated (see also Table 1).

(units VCAY?2 and 3, Fig. 3). These deposits, together Two *Ar/*Ar ages have been obtained on VCAY
with the arc-shaped southern wall of the Rio Blanco rocks (Table 1; Fig. 3). A lower andesitic lava flow
valley, reveal that the evolution of the VCAY edifice (VCAY! unit) yielded a plateau age of 1108 £ 11 ka,
ended in a large caldera-forming eruption. and a dacitic lava flow from VCAY2 unit gave a plateau
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M1732
M1721
M1731
M1723
M1733
M1753

Lab

Weight
“(mg)
230-5
210-9
260-3
197-2
219-1
164-8

Northing
99949
99984
99056
00007
99972
00085

UTM coordinate*

Easting
08264
08287
08284
08312
08348
08360

60-19
66-89
63-63
63-60
65-40
63-62

Si0,
(wt %)

Map (Fig. 3)
label

VCAY1
VCAY2
NCAY-ANG
NCAY-MS1
NCAY-MS5
NCAY-MS5

& rock type

Basal lava flow

Dacitic lava flow
Angureal lava flow
‘Refuge’ lava flow

‘La Dormida’ lava flow
‘Las Antenas’ lava flow

Table 1: *°Ar/? Ar ages for rocks from Cayambe volcanic complex
Volcanic unit

*Locations are given to 100 m using the UTM metric grid (1956, Provisional South America, zone 17), which is shown on Instituto Geografico Militar maps.

Sample
number
CAY151
CAY82
CAY103
CAY23
CAY179A
CAY14
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age of 1050 =£ 5 ka. Thus, the development of the VCAY
edifice lasted at least 100 kyr, between >1-1 Ma and «.
1-0 Ma.

The Angureal cone or intermediate edifice

Relics of the Angureal cone (NCAY-ANG, Fig. 3) overlie
the remnants of VCAY. They are represented by thick
lava flows and subordinate monolithologic breccias in
the upper valley of Rio Blanco, and form the volcanic
pile of Angurcal peak. Steep dips show that the vent of
NCAY-ANG was located 2 km east of the VCAY centre
(l.e. ~3km west of the actual main summit), at about
5200 m elevation. This edifice was affected by the sub-
sequent sector collapse, related to the horseshoe-shaped
scar of the upper Rio Blanco valley (Figs 2 and 3). The
NCAY-ANG lavas consist of amphibole =+ biotite-
bearing dacites (64-68 wt % SiOy), which clearly differ
from the VCAY two-pyroxene dacites. All the rocks are
characterized by hydrothermal alteration (including the
presence of sulphur minerals). The **Ar/*’Ar whole-rock
age for a lower lava from this edifice is given by a plateau
age of 409 £ 4 ka (Fig. 3). Thus, the volcanic activity
resumed after a period of quiescence of ¢. 600 000 years,
which is marked by an important erosive discordance.

The Nevado Cayambe Main Summat

To the east of the Angureal cone, the most voluminous
stratovolcano of the CVC (~130-170km”) forms the
main summit (NCAY-MS). This part of the volcano has
had a complex development and experienced various
eruptive styles during at least two construction stages.

First episode of construction (NCAY-MS1). The present main
summit was constructed by a series of andesitic and
dacitic (61-67 wt % SiOy) lava flows and domes, which
are well represented on the southern flank, around Ref-
uge and Pucara peaks (Figs 2 and 3). The mineral assem-
blage in these lavas is typical of NCAY rocks: Pl 4 Amph
+ Cpx + Opx + Mag (abbreviations after Kretz, 1983).
During this period, on the northwest flank, at the foot of
Angureal peak, block-and-ash deposits were emplaced
within a paleo-valley, suggesting that a summit dome
complex may have existed on this flank. Dating of a
dacite from the Refuge area yields a plateau age of 246
£ 13 ka (Table 1; Fig. 3).

The Hierba Buena ignimbrite (NCAY-MS?2). Large outcrops
of a 150-200 m thick welded ignimbrite sheet have been
found in the northwestern part of the complex. The
deposit shows prismatic jointing and bears decimetric
glassy blocks, is dacitic in composition (6667 wt % SiOy),
and 1s characterized by the mineral assemblage Pl +
Amph + Cpx + Opx + Mag. On the basis of petrological
and stratigraphic evidence, other welded or indurated
ignimbrite deposits preserved in the Rio Monjas and
Rio Pulisa valleys are believed to have formed during

39Ar included in the plateau age.
INumber of temperature steps included in the plateau versus total number of steps.

§(**Ar/*°Ar) initial ratio.
Mean square of weighted deviates.

tPercentage of total
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the same pyroclastic event. The Hierba Buena ignimbrite
represents an important explosive event, which probably
occurred during (or just after) the first stage of NCAY
construction (Fig. 3).

Debris avalanche deposits (NCAY-MS3, 4). Two debris
avalanche deposits have been recognized. A 10-20m
thick chaotic deposit, consisting of a clay-rich matrix
and blocks with typical jigsaw fractures, has been
observed in the Rio Granobles and Rio Guachala valleys
(NCAY-MS3, Fig. 3). The blocks are two-pyroxene
andesites, amphibole-rich andesites and dacites, often
with hydrothermal alteration. This deposit spread out
over the Gayambe plain, strongly suggesting a relation-
ship with the Rio Blanco collapse event. Given that the
collapse affected the block-and-ash deposits at the eastern
foot of Angureal peak, we propose that the sector collapse
occurred at the end of the first construction stage of
NCAY, and we estimate an age of <200 ka for this event.

A less voluminous and apparently less heterogeneous
(amphibole-bearing andesites, 61-63 wt % SiOy) debris
avalanche deposit was channelled by the Rio San Pedro
valley on the northern flank of the complex (NCAY-MS4,
Fig. 3). Downward, this deposit turns into a sequence
of lahars. Scarce outcrops of welded tuff suggest that
the avalanche was followed by the emission of dacitic
ignimbrites (66 wt % SiOy).

Second episode of construction (NCAY-MS5). On the north-
ern flank of Cayambe, this unit consists of at least three
100m thick lava flows of andesite, bearing amphibole
and pyroxene (61-63 wt % SiOy; the Las Antenas lava
flows, Fig. 3). These lava flows overlie the Rio San Pedro
debris avalanche deposits. Above 4600 m altitude, the
upper part of this series contains block-and-ash layers.
The blocks are of PI + Amph + Cpx + Opx + Mag + Bt
bearing dacite; this attests to the presence of new dacite
domes (64-65 wt % SiO») in the summit area.

On the southern flank, a 200-250 m thick sequence of
lava flows (e.g. La Dormida lava flows, Fig. 3) overlie
lavas from NCAY-MSI unit or directly rest on the meta-
morphic basement. They consist of amphibole-bearing
andesites and dacites (62-65 wt % SiOy). At 4300 m in
the La Dormida valley, three inclusion-rich lava flows
form a remarkable sequence. Within each flow, the size
(millimetric to decimetric) and percentage of the mag-
matic inclusions (5-50%) increase from the base to the
top in such a manner that the rock looks like a breccia
resulting from mingling processes. We interpret the lavas
as the result of mixing of a host porphyritic dacite (64 wt %
Si0y) and an aphyric andesitic magma (58-60 wt %
Si0,). Two *°Ar/*?Ar whole-rock dates obtained from
‘Las Antenas’ and ‘La Dormida’ lava flows give plateau
ages of 100 £ 4 and 95 £ 5 ka (Table 1; Fig. 3).

The La Chimba ignimbrite (NCAY-MS6). A welded deposit,
60-80 m thick (Fig. 3), containing blocks of amphibole-
rich dacite (6465 wt % SiOg) is found on the
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northwestern flank of the complex, partially filling the
La Chimba valley. This deposit ends the second period of
dome construction and is covered by large moraines
emplaced during the last glacial maximum (11-14 ka;
Clapperton, 1993).

The Nevado Cayambe secondary summit (NCAY-SS)

and the recent activity

The younger edifice of CVC is a small (~10 km®) strato-
cone, capped by a summit dome complex (NCAY-SS). It
grew on the eastern flank of NCAY-MS cone and its
deposits are free of glacial erosion, suggesting a Holocene
age. This edifice (NCAY-SS1; 58-66 wt % SiOy) is char-
acterized by andesitic effusive activity, which turned to
more explosive activity, related to the dacitic summit
dome complex. Recent eruptive activity appears restric-
ted to the last 4000 years. Three periods of strong
pyroclastic activity were separated by quiescent episodes
of 600-900 years (Samaniego et al., 1998). At least four
notable block-and-ash flow sequences were generated,
which are related to recent domes (NCAY-SS2, NCAY-
SS3, Fig. 3). Light and dark grey banded blocks and
bombs from these units have a large compositional
range, from andesite to dacite (59-66 wt % SiO) and
contain Pl + Amph + Cpx + Opx + Mag + Bt.

The “Cono La Virgen’

This satellite cone (1-5km in diameter and 400 m high) 1s
located 8 km from the main summit, on the lower eastern
slope of the complex. As it lacks evidence of glacial ero-
sion, its activity may have been contemporancous with
that of the present summit dome complex. This cone
emitted a 250-300m thick sequence of lava flows
(CLV, ‘Planada de La Virgen lava flows’, Fig. 3), the
estimated volume of which is about 3-4km’. These
rocks are porphyritic andesites (59-60 wt % Si10,), with
a mineralogy consisting of Pl + Amph + Opx + Cpx +
Bt + Ol + Mag.

CHARACTERIZATION OF CAYAMBE

VOLCANIC ROCKS

Mineralogy

Mineral compositions of 30 rocks have been analysed
by electron microprobe at the Laboratoire Magmas et
Volcans, Université Blaise Pascal, Clermont-Ferrand,
France (13 sections using a CAMECA Camebax
and 17 sections with a CAMECA SX-100). In both
cases, the operating conditions were 15kV accelerating
voltage, 10-12nA beam current and 10 s counting time.
Tables 2-5 present selected phenocryst compositions for
representative rocks from the different volcanic units.
The complete dataset is available for downloading
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SAMANIEGO et al.

TEMPORAL EVOLUTION OF MAGMATISM

Table 3: Selected pyroxene compositions (in wt %) for lavas of CVC

Edifice: VCAY NCAY-ANG  NCAY-MS NCAY-SS cLv
Sample: CAY56 CAY48 CAY66 CAYT7A CAY168D CAY448B CAY44C CAY45C

c [ R c R c R c R c R c R c R c R
S0, 5166 5029 51-16 5088 51-68 50-72 50-05  51-36  52:65 5069 50-22 51-19 4911 4827 5150 5372 52:90
TiO, 0-69 0-67 0-85 0-68 0-55 0-63 0-63 0-67 0-37 050 0-67 0-37 0-89 0-81 0-37 0-21 0-46
AL,O; 221 236 250 249 407 314 214 408 187 344 384 409 624 576 242 107 109
Cp0; 000 005 000 006 019 034 000 030 017 085 043 052 000 007 015 069 0-04
FeO* 1042 1243 1063 1297 7-01 1125 1404 851 779 680 765 705 870 904 771 309 498
MnO 0-26 0-36 0-22 0-28 0-16 027 0-32 0-18 021 0-15 0-19 0-20 0-14 0-13 0-17 0-11 0-12
MgO 1613 1445 15-31 1267 16-14  14-34 1353 1466 1657 1593 1580 1521 1363 1376 1609 1825 16:85
NiO 000 002 001 002 001 002 000 005 000 003 000 023 007 000 003 005 000
CaO 1877 1861 1855 1839 19-66  19-39 1814 2020 2010 2003 19-80 1945 1959 1894 1957 2040 21-38
Na,O 0-34 0-45 0-37 0-563 0-38 0-47 0-48 0-50 028 041 0-29 0-57 0-51 0-47 0-37 0-37 0-19
K,0 000 000 002 000 001 000 000 000 000 000 000 000 000 002 004 002 000
Total  100-38 99569 99-61 98-97 99-85 100-57 99-33 100-49 100-01 98-43 98-89 98:89 98-8 9727 9842 9797 98:02
En% 4528 4135 4407 3802 4704 4125 3908 4302 4669 4653 4586 4572 4169 4232 4655 5259 48:02
Fs% 1685 2037 1756 22:32 1172 1859 2327 1434 1263 1141 1277 12:26 1519 1579 1278 513 816
Wo % 37-88 3828 3837 3966 4124 4016 3765 4264 4068 4206 4136 4203 4312 4189 4068 4227 4382
mg-no. 73:37 6762 7194 6352 80-42 6941 6319 7542 7911 8067 7864 7930 7337 7310 7887 9136 8579
Edifice:  VCAY NCAY-ANG NCAY-MS NCAY-SS cLv
Sample:  CAY56 CAY48 CAY31 CAY77A CAY168B CAY1A CAY44B CAY45C

c R C R C R c R c R C R c R c R

Si0, 5298 5370 5135 5249 52:64 5190 5445 5411 5155 5326 5407 54-01 5463 5332 5378 5423
TiO, 0-38 0-42 0-32 030 016 0-16 0-05 022 008 020 020 029 0-13 0-14 0-18 0-06
Al,05 1.48 157 140 094 115 071 272 262 088 213 250 203 226 311 092 065
Cr,03 0-05 0-05 0-08  0-02 0-05 0-03 0-65 024 002 012 022 007 0-25 0-29 0-00 0-00
FeO* 1909 1704 2579 2092 2171 2639 1143 1432 2194 1433 1301 1603 1447 1325 20-65  21-05
MnO 0-37 0-24 0-569 045 0-97 114 0-22 032 121 028 032 033 0-30 0-63 0-98 0-75
MgO 2415 2551 1899 2232 22.61 1892 2911 2704 2257 26:65 2747 2580 26:85 2755 2321 2425
NiO 0-01 0-04 0-01  0-00 0-00 0-04 0-05 0-07 000 0-04 0-00 0-06 0-03 0-04 0-00 0-01
ca0 1.93 227 171 167 08 08 176 156 063 202 147 126 184 141 071 064
Na,O 0-05 0-03 0-05  0-06 0-01 0-00 0-12 0-05 006 001 0056 0-01 0-17 0-29 0-00 0-04
K>0 000 000 000 000 000 001 000 002 004 000 000 005 000 008 000 000
Total 100-49 100-88 100-30 99:17 100-12 100-12 100-56 100-57 98-97 99-03 99-30 99-93 100-94 100-11 100-44 101-68
En % 66-25 ~ 69-24 5420 6285 62:93 5413 788 7430 6265 73-38 7627 7190 7364 7578 6470 6560
Fs % 2992 2631 4226 3377 3546 4420 1774 2260 36-11 22:60 20-78 2657 2274 2143 3388 33-15
Wo % 383 444 354 338 161 166 340 310 124 402 295 253 362 280 142 125
mg-no. 69-28 7273 5675 6553 6499 56:11 8194 7709 6470 76-82 79-01 74-16 7678 78:85 6670  67-21
C, core; |, interior; R, rim.
from http://www.petrology.oupjournals.org. The strik- .
ing mineralogical difference between the ancient and Plagioclase

the modern volcano is the ubiquitous presence of
amphibole in the NCAY rocks, which have the assem-
blage PI + Amph + Cpx + Opx + Mag, whereas
amphibole is accessory or absent in the VCAY rocks,
the mineral assemblage of which is dominantly Pl +
Cpx + Opx + Mag.

Plagioclase is the most abundant phenocryst phase in all
of the Cayambe rocks (10-25 vol. %). In VCAY lavas,
phenocrysts (Ang;_76; Fig. 4) are generally euhedral with
normal (e.g. Ansy 97, Anse 41; Table 2) and reverse (e.g.
Anyy 65 53) zoning. Some phenocrysts have dusty con-
centric zones. In NCAY rocks, the plagioclase phenocryst
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SAMANIEGO et al.

TEMPORAL EVOLUTION OF MAGMATISM

Table 5: Selected olivine and Fe—Ti oxide compositions (in wt %) for lavas of CVC

Olivine

Fe—Ti oxides

Edifice: NCAY-MS NCAY-SS CLV VCAY NCAY-ANG NCAY-MS NCAY-SS CLV
Sample: CAY169 CAY4C CAY45A CAY45C CAY56 CAY107 CAY89 CAY169 CAY2E CAY45C

C R C R C R C R C C c C C C C C C c C
Mineral: Ti-Mag Ti-Mag llm  Ti-Mag IIm  Ti-Mag Ilm  Ti-Mag Ilm  Ti-Mag llm
Si0, 39-32 3877 3834 3844 3993 3913 3996 3932 005 060 0-04 003 001 012 0-03 0-10 0-04 0-10  0-00
TiO, 0-00 0-00 0-02 0-00 0-03 0-04 0-00 0-00 12-47 1413 49-49 8-10 44-06 10-08 44-53 5-47 37-25 6-01 32:15
Al,O3 0-02 003 002 002 0-02 0-05 0-03 0-056 412 129 012 1-31 011 194 0-18 1.96 022 176 044
Cr,03 0-01 003 0-13 0-06 0-00 0-06 0-00 0-04 0-81 0-23 000 009 002 003 006 008 000 0-19 0-03
FeO* 15-16 18-98 22-87 2356 1270 1534 13-86 16-86 7437 75-74 48-18 83-71 52:30 78:568 51-16 85-20 58-06 82-94 59-67
MnO 0-25 033 027 032 021 0-25 0-27 0-37 0-31 014 062 034 055 0-28 0-39 057 0-51 0-38 028
MgO 44-84 4150 3855 38-10 46-92 4528 44.82 43-10 279  0-39 1-49 0-56 168 159 250 156 2:15 0-02 2-60
NiO 0-11 009 0-04 0-13 0-16 0-10 0-04 015 003 003 002 0-00 0-00 0-00 0-01 0-03 0-06 222  0-00
CaO 0-18 019 015 0-11  0-17 0-18 015 0-15 0-10  0:-01 0-06 002 001 0-16 0-00 0-47 0-06 0-01 0-00
Na,0 0-04 002 0-03 000 01 0-00 0-00 0-00 000 000 0-00 0-00 0-00 0-00 0-00 0-00 0-00 0-00 0-00
K0 0-01 0-00 0-03 0-04 0-01 0-00 0-00 0-00 0-00 002 0-01 000 0-03 003 0:00 0-10 0-06 0-03 0-03
Total 99-93 99-91 100-45 100-77 100-26 100-43  99-12 100-06 95-05 9256 99-91 94-16 98-68 92:80 98-86 95-54 98-41 93-66 95-2
mg-no. 84-05 79-568 75-02 74-24 86-81 84-02 8521 82-00

C, core; |, interior; R, rim.

composition has a similar range (Ang; 79), and textures
such as reaction rims and dusty concentric zones or cores
are abundant (maximum 30% of phenocrysts). The
composition of these dusty zones is generally more
calcic. Many phenocrysts are euhedral with normal (e.g.
Anyg 34, Angs 39) or reverse (e.g. Angy 71, Ang; go; see
arrows in Fig. 4) zoning, but some large phenocrysts
with oscillatory zoning (e.g. Anss g5 54 66 72) are also
observed. In CLV lavas, plagioclase (Ang; gg) is generally
euhedral, without alteration, and with normal zoning
(e.g. Angy 43, Anygg 33), though scarce reverse zoning
(e.g. Anyg ¢4) also exists. Although it has the same An
content, the plagioclase of the VCAY and CLV rocks has
higher Or contents than the NCAY plagioclase (Fig. 4),
probably because it crystallized from magma richer in K.

Clinopyroxene

In VCAY andesites, clinopyroxene of augitic composi-
tion (Morimoto et al., 1988) is present in amounts up to
1015 vol. %, whereas it is an accessory phase or is absent
in the dacites (<2 vol. %). Typical augite phenocrysts
are cuhedral or subhedral with reverse zoning (e.g.
mg-number 64-80; Fig. 5a; Table 3) [mg-number =
100Mg/(Mg + Fe') in mol %, where Fe' is total iron,
as Fe’"]. Rare phenocrysts with normal or oscillatory
zoning have been also observed (e.g. mg-number 69-63;

mg-number 73-68-72). In NCAY lavas, clinopyroxene
(<1 vol. %) varies from diopside to augite and shows
reverse zoning (e.g. mg-number 73-78), but some norm-
ally zoned crystals (e.g. mg-number 79-73) or without
zoning also exist. Clinopyroxenes from CLV andesites
(2-3 vol. %) are augite and diopside, euhedral and norm-
ally zoned (e.g. mg-number 91-86).

NCAY clinopyroxenes show a narrower range in MgO
(mg-number 71-84) than VCAY pyroxenes (mg-number
61-82), and the most Mg-rich crystals are found in
the CLV rocks (mg-number 80-91). Additionally, some
NCAY and CLV clinopyroxenes are also CroOs-rich (up
to 1 wt %) compared with VCAY clinopyroxenes (CryOs5
<0-4 wt %). These high mg-numbers and CryO3 contents
suggest that these minerals crystallized from more prim-
itive magmas.

In addition, clinopyroxene from the CVC exhibits
a large range of Al,Os contents (Fig. 5a). In VCAY
clinopyroxenes, mg-number and AlyOs are positively
correlated. In contrast, NCAY clinopyroxene has a
maximum Al,Oj3 (67 wt %) at a mg-number of 70-73.

Orthopyroxene

Enstatite (Ensy 79) is common in all CVC rocks. In VCAY
lavas, most orthopyroxene phenocrysts (5-10 vol. %;
mg-number 56-82) are euhedral, without zoning, but
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Fig. 4. Composition of plagioclase in CVC rocks plotted as Or (mol %) vs An (mol %). Arrows represent strong core-to-rim inverse zoning in
plagioclases from the NCAY-SS and CLV edifices. Abbreviations are as in Fig. 3.
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Fig. 5. Composition of (a) clinopyroxene and (b) orthopyroxene plotted as Al,O3 wt % vs mg-number. Arrows represent strong core-to-rim inverse
(continuous line) or normal (dotted line) zoning in pyroxenes.
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Fig. 6. Amphibole classification (after Leake e al., 1997) expressed by Mg/(Mg + Fe?™) vs Si (a.p.fu., atoms per formula unit) diagram.

some phenocrysts are normally (e.g. mg-number 65-56;
Table 3) or reversely zoned (e.g. mg-number 57-66).
NCAY orthopyroxene (<10 vol. %) is of two composi-
tional types: a homogeneous Mg-poor group (mg-number
65-69), with unzoned crystals; and a more heterogeneous
Mg-rich group (mg-number 70-83), which exhibits
normal (e.g. mg-number 82-77) and reverse zoning
(e.g. mg-number 65-77). Crystals from both groups are
frequently present in the same rock, but individual min-
erals with zoning between these compositions are rare.
The CLV orthopyroxene (2-3 vol. %; mg-number 67-71)
is homogeneous.

As for clinopyroxene, orthopyroxene from the CVC
displays large variations in an Al,O3 vs mg-number dia-
gram (Fig. 5b). VCAY and most NCAY orthopyroxenes
show an AlyOs decrease correlated with mg-number
decrease; however, some NCAY orthopyroxenes are
Al-rich (4-5 wt %) at a mg-number of 70-78.

Amphibole

Amphibole appears as accessory phase in VCAY rocks
(<1 vol. %). When present, it consists of magnesium-
hastingsite or edenite crystals (Fig. 6; Leake et al., 1997)
with rounded rims. In NCAY rocks, and particularly in
dacites, magnesium-hornblende, with some tscherma-
kite and magnesium-hastingsite (Fig. 6), is the most

important mafic mineral, although it never exceeds 10
vol. %. It commonly occurs as transparent, euhedral
phenocrysts, but crystals with altered rims or completely
altered crystals are also abundant. CLV amphiboles (8—
10 vol. %) are magnesium-hastingsite, and are (except for
a few cores) completely altered. In contrast to pyroxenes,
mg-numbers for the rare VCAY and CLV amphiboles fall
in a narrow range (63-67 and 67-71, respectively) and
even in NCAY, the range of Mg-numbers in amphibole is
small (62-72).

Two alteration types were recognized in NCAY amphi-
bole: (1) most frequent is a ‘black-type’ of alteration, in
which amphibole is completely replaced by an aggregate
of Fe—T1 oxides and pyroxenes (opacite); and (2) a rare
(<5% total amphibole) ‘gabbroic-type’ of alteration,
characterized by replacement of amphibole by an assem-
blage of Opx 4 Cpx + Pl + Mag. Following Garcia &
Jacobson (1979), we suggest that these features reflect
either oxidation after lava emplacement (black-type) or
dehydration during magma ascent (gabbroic-type). Alter-
natively, Nixon (1988) suggested that amphibole can
decompose by ‘solid-state dehydration reactions’ induced
by superheating of low temperature magmas, when
evolved magma mixes with hotter (more mafic?) magma.

Two main amphibole compositional groups can
be distinguished (Table 4): (1) low Al (Na + K) and
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Ti amphiboles, corresponding to the magnesium-
hornblende of NCAY; and (2) high Al,, (Na + K)
and Ti amphiboles, corresponding to the magnesium-
hastingsite encountered in all units. A subordinate
group corresponds to the rare tschermakite crystals
observed in the NCAY rocks.

Buotite

Biotite phenocrysts characterize NCAY-ANG dacites
(<5 vol. %) and CLV andesites (1-2 vol. %). Some biotite
phenocrysts have Fe—T1 oxide reaction rims. CLV biotite
is Mg-rich and Ti-poor (mg-number 78-88; 2-0-4-6 wt %
TiOy; Table 4), compared with NCAY biotite (mg-
number 56-72; 4:2-5-3 wt % T10y).

Fe—Ti oxides

In all CVC rocks, Fe—Ti oxides appear as micropheno-
crysts and microlites within the matrix (<2-3 vol. %;
Table 5), as well as inclusions in other phases (pyroxenes,
amphibole or plagioclase). Magnetite is ubiquitous, wher-
eas ilmenite is an accessory mineral in the NCAY rocks.

Oliine

Olivine (<2 vol. %) is present in andesites from the
CLV cone, and occurs exceptionally in NCAY
rocks (<1 vol. %). CLV olivine phenocrysts (Fog; g7;
Table 5) are subhedral and do not show any zoning.
Most olivines from the NCAY rocks (Fo;4 g4) show dis-
equilibrium features, such as skeletal or resorbed crystals
and reaction rims (composed of pyroxene, plagioclase
and Fe-T1 oxides), suggesting that these crystals are
XENoCrysts.

Geochemical characteristics

Major and trace element concentrations in 178 whole-
rock samples were measured at the Laboratoire de
Pétrologie de I'Université de Bretagne Occidentale (Brest,
France). The method used was inductively coupled
plasma atomic emission spectrometry, except for Rb,
which was determined by atomic emission spectrometry
(see Cotten et al., 1995 for details). Sr and Nd isotopic
ratios were measured at the Laboratoire Magmas et
Volcans, Université Blaise Pascal (Clermont-Ferrand,
France) on 16 rocks (see Dosso et al., 1991 for the analyt-
ical method). A selection of these whole-rock analyses and
all isotopic determinations are presented in Table 6. The
entire dataset is available as an electronic appendix,
which may be downloaded from http://www.
petrology.oupjournals.org.

Major and trace elements

In CVC rocks, SiOy ranges from 57 to 69 wt % (Fig. 7).
The rocks define a single medium-K magmatic trend
in the KyO vs Si0y diagram (modified from Peccerillo

& Taylor, 1976). Basalts and basaltic andesite composi-
tions are absent, and only two samples from the older
VCAY edifice are rhyolites (72-73 wt % SiO,). CLV
lavas plot separately in the high-K andesite field,
contrasting with all other volcanic rocks from the com-
plex (Fig. 7).

VCAY consists of: (1) an andesitic group (57-3—
63-1 wt % SiOy), which is volumetrically significant, as it
mainly corresponds to the VCAY! sequence of lava
flows; and (2) a silicic group (64:8-72-8 wt % SiOy),
which is less significant in volume and corresponds to
late volcanic products (VCAY2 and 3). For VCAY
lavas, large ion lithophile elements (LILE), high field
strength elements (HFSE) and light rare earth elements
(LREE) are positively correlated with silica, but some
scattering is observed for HFSE and LREE. In contrast,
middle rare earth elements (MREE) and heavy rare
earth elements (HREE) show no correlation with silica,
although maximum values are observed for samples with
61-64 wt % SiO,. Ni, V and, to a lesser extent, Sr exhibit
negative correlations with silica (Fig. 7).

All NCAY lavas form a single series, without strong
differences between the three successive edifices, except
for a wide dispersion in NayO and REE for the NCAY-
ANG rocks. At a given SiOy content, NCAY lavas are
slightly enriched in MgO, Ni and Cr compared
with  VCAY rocks. Also, NCAY lavas have lower
KyO/NayO than VCAY rocks (Fig. 7; Tables 6 and
7). Trace elements emphasize the differences between
the older and younger edifices: NCAY lavas are system-
atically poorer in LILE, HFSE, LREE and especially
HREE. For all NCAY units, LILE, HFSE and LREE
concentrations increase with SiOy content (Fig. 7). Con-
versely, Sr, MREE, HREE and Y concentrations
decrease with SiOo, but to a smaller extent than Ni
and V. In Harker diagrams, Ni concentrations are scat-
tered (as well as Cr), with a wide range in Ni contents (up
to a factor of 7), suggesting a more complex petrogenetic
process than simple fractional crystallization.

The high-K CLV andesites (59-:3-59-9 wt % SiOs)
are slightly enriched in MgO and depleted in AlyOg
compared with other GVC rocks. Their most striking
characteristic is very high LILE and LREE contents,
whereas HFSE and HREE (and Y) concentrations are
in the same range of variation as other CVC rocks.

Plots of (La/Yb)x vs Yby and Sr/Y vs Y highlight
the differences between the NCAY and VCAY rocks
(Fig. 8; Table 7). These diagrams clearly separate (1) a
‘classical’ calc-alkaline series consisting of VCAY rocks,
and (2) an ‘adakitic’ series corresponding to the younger
NCAY volcano. In addition, as is typical for adakitic suites
where mafic rocks are absent (Defant & Drummond,
1990; Martin, 1999), basalts are absent in the CVC,
and the lavas are AlyOjs-rich (AlbO3 > 15 wt % for
Si09 = 70 wt %).
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Table 7: Geochemical characteristic of adakites compared with range of variation in CVC rocks

Adakites VCAY NCAY-ANG NCAY-MS NCAY-SS cLv

Si0, wt % >56 57-3-72-8 (62:2) 63-6—68-6 (66-0) 58-3—67-4 (63-5) 57-6—66-4 (63-0) 59-3-59-9 (59-6)
AlL,O3 Wt % >15 15-0—18-6 (17-0) 15-3—17-6 (165) 15-6—17-3 (16-4) 15-9-18-0 (16-8) 15-0—15-5 (15-2)
Na,0 wt % 3.5-7:5 3:1-4.5 (3-9) 3-6—4-5 (4-1) 3.8-4-6 (4-1) 3.9-4-6 (4-2) 36-37 (3-7)
K,0/Na,0 <05 0-4-0-9 (0-6) 0-5—0-7 (0-6) 0-4—0-7 (0-5) 0-3—0-6 (0-4) 0-8 (0-8)

Sr ppm >400—600 342656 (538) 441-625 (535) 490675 (566) 518—644 (569) 1250—1380 (1324)
Y ppm <18 13-6-27-0 (18:1) 7-6—19-0 (11.7) 7:0—12-4 (9-7) 8:9-19-0 (11-2) 16-2—17-0 (16-8)
Yb ppm <19 1-3—25 (1-5) 0-6—1-5 (0-9) 0-4—1-1(0-8) 0-7—1-4 (0-9) 1:0—-1-1 (1-1)
Sr/Y >40 18—41 (30) 24-70 (49) 42-79 (59) 32-63 (52) 77-81 (79)
La/Yb >20 10-25 (17) 19—47 (33) 17—57 (29) 10—-33 (22) 5963 (61)
873y /%8sy <0-7045 0-7043—-0-7045 0-7045 0-7044 0-7043—0-7045 0-7041
3Nd/Nd >0-5129 0-5126—-0-5127 0-5127 05128 0-5126—0-5128 05127

After Defant & Drummond (1990), Maury et a/. (1996) and Martin (1999). Averages are given in parentheses.
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Fig. 8. Discrimination diagrams for calc-alkaline and adakitic series
(Drummond & Defant, 1990).

Isotopic data

The Sr and Nd isotopic ratios of both edifices are
identical (*’Sr/*°Sr: 0-704310-0-704543; '"**Nd/'**Nd:
0-512617-0-512805; Fig. 9; Table 6). All (but one) of the
samples define a negative correlation in a "**Nd/'**Nd vs
878r/%°Sr  diagram. The only sample plotting out
of this trend is a CLV andesite (*’Sr/®Sr: 0-704084;
"PNd/'"Nd: 0-512704) with an apparently lower
878r/%Sr value than for other CVC rocks. However,
all samples are typical of the NVZ (Bourdon et al.,
2003), which is characterized by a large variation
in "Nd/'"™Nd, with a weak variation in *’Sr/®Sr
(Fig. 9a). CVC data partially overlap the field of Eastern
Cordillera volcanic rocks and extend this field towards
higher *’Sr/*Sr and lower '**Nd/"**Nd values (Fig. 9b).

(&

) (La/Yb)x vs Yby diagram (Martin, 1999). (b) Sr/Y vs Y diagram

Figure 9a shows that CVC rocks plot transverse to
the extension of the trend defined by MORB and OIB
of the East Pacific Rise, Galapagos Spreading Centre,
and the Galapagos hotspot (White e al, 1993 and
references therein). Figure 9a also shows the field for
the Western Cordillera basement, lower crustal xeno-
liths from southwestern Colombia, and the crustal
Eastern Cordillera basement. The relatively unradio-
genic Sr-isotopic composition of the CVC rocks pre-
cludes significant assimilation of western Cordillera
basement rocks. On the contrary, the field of lower
crustal xenoliths overlaps the isotopic data for
Cayambe (and all other NVZ volcanoes), indicating
that assimilation of such material by NVZ magmas
may have occurred. The Ecuadorian Nd-Sr isotopic
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Fig. 9. (a) "*Nd/"™*Nd vs *’Sr/%Sr diagram for CVC rocks, compared with published isotopic data for the NVZ (Bourdon et al., 2003). Fields
of isotopic data for the Galapagos Spreading Centre (GSC), East Pacific Rise (EPR) and Galapagos Islands (GAL) from White et al. (1993)
and references therein. Field for Central Volcanic Zone (CVZ), Southern Volcanic Zone (SVZ) and Austral Volcanic Zone (AVZ) from
Stern et al. (1984), Wilson (1989), Davidson et al. (1990) and Stern & Kilian (1996). Data for isotopic variation of upper crust basement from
Litherland et al. (1994), Kilian e al. (1995) and Reynaud et al. (1999). Isotopic composition of lower crust xenoliths from Weber et al. (2002).
(b) Detailed "*Nd/"™*Nd vs *’Sr/%Sr diagram showing the CVC data compared with data from Western Cordillera and Eastern Cordillera

volcanic rocks.

data partially overlap the SVZ and AVZ fields (Stern
et al., 1984; Stern & Kilian, 1996), but are clearly less
radiogenic in Sr than the CVZ lavas, for which crustal
assimilation of ancient crust is important (Davidson

el al., 1990).

PETROGENESIS OF CAYAMBE
VOLCANIC ROCKS

Mineral-liquid equilibrium and magma
mixing

Figure 10 indicates the mg-number of liquids in equili-
brium with pyroxenes (clinopyroxene and orthopyroxene)
versus the mg-number of their host rocks. The
mg-numbers of the theoretical liquids have been calcu-
lated using the composition of phenocryst minerals
and mineral-liquid partition coefficients (Ap). Typical
EYME are 025 (0-2-0-4, maximum-—minimum range)
for clinopyroxene and 0-3 (0-2-0-4) for orthopyroxene
(Grove et al., 1997; Gactani & Grove, 1998). Because
the host rocks represent mixtures of phenocrysts and
liquids, a shift to a higher mg-number of the host rock
indicates phenocryst accumulation. In contrast, bulk-rock
mg-numbers less than predicted (grey field in Fig. 10)

indicate that the phenocryst minerals cannot have
crystallized from a magma having the same composition
as their host rock. All VCAY compositions are low in
MgO, compared with those from the NCAY and CLV
edifices. Scattering could be explained by: (1) variation in
K}, values, which depends on pressure, temperature and
magma composition (Ulmer, 1989; Straub & Martin-del-
Pozzo, 2001); or, more likely, (2) crystallization of the
phenocrysts from a magma whose composition differs
from that of the host rock (Heath et al., 1998).

In summary, magma mixing in the CVC petrogenesis
is supported by:

(1) disequilibrium  between  pyroxene  phenocryst
compositions and host andesitic lavas in VCAY;

(2) macroscopic mingling and mixing textures in NCAY-
MS and NCAY-SS rocks;

(3) large plagioclase compositional ranges, with reverse
and complex zoning, especially in heterogeneous
samples belonging to the younger edifice;

(4) two populations of amphibole in dacitic rock of
NCAY;

(5) reverse zoning of pyroxenes in NCAY lavas, and
Mg-rich orthopyroxene, clinopyroxene and olivine
phenocrysts in NCAY dacites;
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Fig. 10. Plot of theoretical mg-number of liquids in equilibrium with
clinopyroxene (a) and orthopyroxene (b) vs mg-number of their host
rocks. The theoretical mg-number of the liquids was calculated using
Kp values from the literature (Gaetani et al., 1993; Grove et al., 1997)
and the observed composition of pyroxenes in the lavas. The grey fields
correspond to host rocks with composition too low in magnesium to be
in equilibrium with their Mg-rich pyroxenes.

(6) the presence of Mg-poor and Mg-rich orthopyroxene
and clinopyroxene in the same NCAY lavas;

(7) the presence in some NCAY-MS and NCAY-SS
rocks of high-Al,O5 pyroxenes;

(8) the strongly linear correlations in Harker diagrams
for NCAY-SS rock compositions.

Fractional crystallization in VCAY and
NCAY lavas

Normally zoned minerals, as well as different frac-
tionating phases in each series, indicate that fractional
crystallization could have occurred during the petro-
genesis of CVC rocks. In the VCAY edifice, fractionation
of observed phases (Pl + Cpx + Opx + Mag) does not,
however, account for the trace element variations. For
example, elements usually positively correlated with silica
(HFSE, HREE; Fig. 7) remain constant with increasing

20

silica (or another differentiation index, e.g. Rb), and
trace element ratios (e.g. La/Yb, La/Sm, Th/Y; Iig. 11)
exhibit significant variations, which cannot be explained
by fractionation of observed minerals. Likewise, VCAY
dacites cannot be derived from andesites by simple frac-
tional crystallization, because the dacites have higher
contents of Mg, Ni and Cr than the andesites (IFig. 7).

In the NCAY suite, fractionation of an amphibole-rich
assemblage (Pl + Amph + Mag + Cpx + Opx) could
explain the HREE depletion of these magmas and their
pseudo-adakitic signature (see Castillo et al., 1999). How-
ever, in intermediate and felsic magmas, amphibole
fractionation produces depletion in both MREE (e.g.
Sm) and HREE (e.g. Yb), resulting in high La/Yb and
La/Sm but almost constant Sm/Yb values. This is not
the case for the NCAY rocks, which have wide variations
in trace element ratios (Fig. 11). Particularly, NCAY
magmas display La/Yb and Sm/Yb variations, pointing
to garnet involvement in their petrogenesis.

Crustal assimilation

Assimilation of crustal material, especially during the
petrogenesis of the NCAY rocks, is supported by good
correlations between Nd-Sr isotopic ratios and SiOs,
Th, Rb, La and other trace element ratios (e.g. Rb/Sr;
Fig. 12). In order to test this hypothesis, an AFC model
(DePaolo, 1981) has been applied, assuming an andesitic
parental magma (CAY44B) and two potential crustal
contaminants: (1) a granite representative of highly
radiogenic upper crust (the Tres Lagunas granite;
8781 /%8r: 0-7187-0-7304 and "Nd/'"*Nd: ~0-5121;
Litherland et al., 1994); and (2) an amphibolite xenolith
from Colombia (¥Sr/®Sr: 0-70412-0-70495 and
NA/MINd: 0-51309-0-51245; Weber et al., 2002).
Calculations account for the Nd-Sr isotopic and some
trace element characteristics of the NCAY rocks (Fig. 12),
with two distinct degrees of assimilation, according to the
choice of contaminant. In one model, the isotopic data
are reproduced by an upper crustal AFC process with
variable assimilation/crystallization rates (r ~ 0-05-0-4).
This model suggests small amounts of assimilation of high
87Sr/%Sr granite (c. 3-13%)—an estimate similar to that
calculated by Bourdon ez al. (2002b) for Antisana volcano.
On the other hand, assimilation of lower basaltic crust
(amphibolite) by AFC processes requires larger degrees of
assimilation (c. 10-30%; r ~ 0-2-0-6), which approach
the estimation of Hammersley & DePaolo (2002) for
Chalupas caldera.

In summary, crustal assimilation reproduces trace
element enrichments (e.g. Rb and La), but depletion in
HREE and Y (one aspect of the adakitic signature of
CVC magmas) is not explained by AFC models. Finally,
the lack of isotopic contrast between the VCAY and
NCAY lavas indicates that the differences in mineral
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assemblage and major and trace element chemistry can-
not be explained by different degrees or type of crustal
contamination.

The origin of the adakitic component:
lower crust melting versus slab melting

In an overview of Quaternary NVZ magmatism, Monzier
etal. (2003) pointed out the high MgO, Ni and Cr (and, to
a lesser extent, NayO) contents of the lavas and their
strong depletion in Y and HREE. Moreover, Nb contents
show a wide and systematic range of variation from low-
Nb volcanic front lavas to mid- to high-Nb rocks in the
main arc (e.g. Gayambe volcanic complex) and very high
Nb contents in back-arc volcanic rocks (see also Barragan
et al., 1998; Bourdon et al.,, 2003). In addition to these
across-arc variations, lavas from the volcanic front dis-
play the strongest adakitic characteristics, as well as the
lowest %’Sr/"Sr and highest 'Nd/"**Nd ratios,
whereas volcanic rocks from the main arc have more
‘classic’ calc-alkaline signatures (with the exception of

the Nevado Cayambe volcano) and higher #/Sr/#Sr
and lower "*Nd/'"**Nd. Thus, Nd-Sr isotopic variations
across the Ecuadorian arc may suggest either an increase
of crustal involvement in arc magma genesis from west
to east, or, more likely, a different isotopic composi-
tion between the younger, less evolved crust below the
Western Cordillera and the older, more siliceous crust
under the Eastern Cordillera.

Adakites are believed to form by melting of a basaltic,
MORB-like source, leaving an eclogitic or garnet-bearing
amphibolitic residue (Defant & Drummond, 1990;
Martin, 1999). The geological and geodynamic setting
of the Ecuadorian arc is consistent with either the melting
of the lower crust (whether formed by accretion of mafic
terranes or by basalt underplating; Kilian et al., 1995;
Monzier et al., 1997; Arculus et al., 1999) or slab melting
(Samaniego, 2001; Bourdon et al., 2002a, 20025, 2003).
In either case, experimental studies imply that adakitic
magmas can only be produced if the basaltic source
1s water-rich, and at a sufficient depth to allow garnet
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stability (Rapp et al., 1991; Sen & Dunn, 1994; Rapp &
Watson, 1995; Prouteau et al., 1999). In addition,
Prouteau et al. (2001) proposed that because free water
is available in the subducted slab, fluid-present melting
reactions occur there and generate siliceous, trond-
hjemitic melts. This requirement supports an origin of
adakitic magmas in the subducted slab, where excess
water would be supplied by dehydration of hydrous
phases from the slab (Schmidt & Poli, 1998) or serpentine

m the NCAY series. Trends for simple fractional crystallization and bulk

breakdown in the mantle underlying the oceanic crust
(Ulmer & Trommsdorff, 1995). In addition, the MgO, Ni
and Cr contents of adakites are higher than those of
liquids produced by experimental melting of basalts.
Such enrichments would reflect interactions between
the slab-derived adakitic liquids and peridotite during
their ascent through the mantle wedge (Rapp et al.,
1999; Smithies, 2000; Prouteau et al., 2001; Martin &
Moyen, 2002).
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Partial melting of garnetiferous lower crust is an altern-
ative way to explain adakitic magmatism in a tectonically
thickened continental crust. Melting of the lower crust
occurs through delamination (Kay & Kay, 1993) or
basaltic underplating (Atherton & Petford, 1993; Annen
& Sparks, 2002). Lower crust melting via delamination
produces crustal uplift and extension, changes in stress
regime and variations in mantle-derived magmatism. No
evidence for any of these processes is found in the Ecua-
dorian Andes. In addition, Weber e al. (2002), on the
basis of petrological data on crustal xenoliths from south-
western Colombia, concluded that the lower crust in this
part of the NVZ was formed by ‘lateral crustal growth,
involving subduction—accretion of heterogeneous mater-
ial from the subducting slab’, contending that limited
vertical accretion occurred (i.e. underplating).

On the contrary, beneath the CVC, the lack of
seismic events deeper than 100 km could be considered
as reflecting an anomalously hot slab (see Stern, 2002),
which, in turn, may favour its partial melting. Also,
the Mg- and Nb-rich compositions of the Ecuadorian
magmas Imply interactions between the adakitic mag-
mas and mantle peridotite, that obviously argue in
favour of an origin of adakites through melting of a
subducted slab rather than of lower crustal rocks. The
higher geothermal gradients along the Wadati-Benioff
zone needed to explain slab partial melting can be
related to the presence of the Carnegie Ridge under
the volcanic arc (Gutscher et al., 1999). The effect of
ridge subduction would be to increase the rate of shear
heating and to increase the geothermal gradient along
the subduction plane (Peacock et al., 1994). Slab melt-
ing has been tested for the adakitic-like rocks of the
NCAY series. Mass-balance calculations based on
major element abundances (Bryan et al., 1969) provide
an estimation of the mineralogical composition of the
residue, which is presumed to be eclogitic. Theoretical
trace-element abundances were computed using a
batch partial melting model (Shaw, 1970), for an E-
MORB source (Sun & McDonough, 1989), considered
representative of the Carnegie Ridge basalts. The com-
puted slab melt compositions are not in perfect agree-
ment with NCAY compositions (see below, curve 4 in
Fig. 14a, and Fig. 14b), thus indicating that this simple
model is inadequate.

Mantle participation and

petrogenetic model

Interactions between slab melts and mantle peridotite
can occur by: (1) metasomatism of the mantle wedge by
slab melts, followed by remelting of the metasomatized
mantle peridotite (Schiano et al., 1995; Yogodzinski et al.,
1995; Rapp e al., 1999; Prouteau e al., 2001); (2)
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contamination of adakitic melts by peridotite during
their ascent through the mantle wedge, as proposed for
the adakites of Austral Volcanic Zone of the Andes (Stern
& Kilian, 1996); and (3) mixing between adakitic magmas
and mantle-derived magmas, as envisaged for Aleutian
adakites (Yogodzinski & Kelemen, 1998).

Enrichment of the peridotitic source can be estimated
using the composition of the most primitive lavas nor-
malized to N-MORB (Pearce & Parkinson, 1993). HFSE
and HREE (Nb, Zr, Ti, Y and Yb) have £jyne/uid 5,
and are not mobilized by aqueous fluids (Keppler, 1996).
Thus, curves connecting these elements (e.g. the Nb-Yb
curve, Fig. 13) should represent the mantle composition
prior to metasomatism by slab-derived fluids. In this
figure, the most primitive CVC rocks display a negative
slope as a result of lower degrees of melting (Barragan
et al., 1998). Moreover, compared with N-MORB, values
of >1 (especially for Nb) point to mantle enrichment that
could be related to an OIB component (Stern & Ito,
1983) or to a slab-derived metasomatic agent different
from aqueous fluids (Ringwood, 1974). On the basis of
the trace element and isotope characteristics of the lavas,
participation of an OIB-type component has been
excluded for other Ecuadorian volcanoes: Antisana East-
ern Cordillera) and Sumaco (back-arc) (Barragan et al.,
1998; Bourdon et al., 2003). Conversely, the hypothesis of
an adakitic metasomatism is supported by the Nb enrich-
ment of Eastern Cordillera and back-arc volcanic rocks,
given that slab-derived melts are able to transfer Nb from
the slab into the mantle wedge (Defant & Drummond,
1990; Maury et al., 1996; Sajona et al., 1996).

In addition, HREE and Y have MORB-normalized
values lower than 1, and NCAY andesite (CAY168D) is
poorer in HREE than VCAY (CAY56) and CLV
(CAY45C) andesites. Because garnet is the only phase
able to incorporate large amounts of HREE under upper
mantle conditions (& garnet/liquid 1), depletion of these
elements in a magma reflects a garnet-bearing mantle
source.

Melting of a garnet-bearing mantle source enriched by
slab melts (adakite-metasomatized mantle—AMM) 1is
modelled in Fig. 14a. First, the composition of this
AMM has been calculated using a bulk mixing process
(Fig. 14c) between a depleted mantle (97%) and an ada-
kitic magma (3%). Both lherzolitic (Ol + Cpx + Opx)
and garnet-bearing lherzolitic (Ol 4+ Cpx + Opx + Grt)
residues can account for the origin of CVC andesites
(curves 1, 2 and 3 in Fig. 14a; Fig. 14d and ¢). However,
NCAY andesites are accounted for only when garnet is a
residual phase. Residual garnet during peridotite melting
in arc settings requires at least two conditions: (1) a depth
of >75km (Tatsumi & Eggins, 1995) and (2) low degree
of melting (<15%), as garnet is one of the first phases
consumed by melting (Pearce & Parkinson, 1993).
Experiments on siliccous melt—peridotite interactions
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show that the resulting metasomatized peridotite consists
of pyroxene + garnet + amphibole + phlogopite (Carroll
& Whyllie, 1989; Sen & Dunn, 1995; Rapp et al., 1999;
Prouteau et al., 2001). During subsequent melting of this
assemblage, amphibole melts first, producing garnet and
clinopyroxene in a ratio of 3:1 (Francis & Ludden, 1995;
Dalpé & Baker, 2000; Calmus et al., 2003). In this case,
garnet is stable over degrees of melting sufficiently great
to generate HREE-depleted magmas. Figure 14 shows
that the genesis of the primitive andesites of the CVC can
be explained by the partial melting of a mantle peridotite
metasomatized by slab melts, and leave a garnet-bearing
residue. However, this process (and subsequent fractional
crystallization and crustal assimilation) cannot account
for the genesis of all the lavas, and especially of the
NCAY dacites. In the previous discussion, we demon-
strated that these dacites are not pure slab melts (curve 4
in Fig. 14a, and Fig. 14b). In the same figure, the com-
position of liquids generated by the mixing between pure
slab melt (ADK) and metasomatized mantle melts are
shown (curve 5 in Fig. 14a). The mixing hypothesis is
consistent with field observations and mineralogical evid-
ence for magma mixing being important in the genesis of
the NCAY dacites. Therefore, mixing between adakitic
and andesitic end-members explains best most of the
chemical characteristics of the NCAY and the dacitic
compositions from the VCAY edifice which are not
explained by fractional crystallization processes (curve 6
in Fig. 14a).

CONCLUSION: TEMPORAL
EVOLUTION OF MAGMATISM

In the Cayambe area, Pleistocene magmatism is char-
acterized by the evolution from an old, mostly effusive
volcano (VCAY) to young explosive edifices, which con-
stitute the NCAY. Volcanic activity that led to construc-
tion of VCAY initiated before 1-1 Ma and ended
around 1-0 Ma. After a period of quiescence of some
0-6 Myr, marked by an important erosive discordance,
volcanic activity resumed with NCAY-ANG construc-
tion at ¢. 0-4Ma, but the most important activity
developed during the last 250 kyr (NCAY-MS and
NCAY-SS edifices).

The volcanic evolution 1s accompanied by a drastic
decrease of Y with time (and HREE) (from 14-27 ppm
for VCAY to 7-19 ppm for NCAY), accompanied by a
weak but significant decrease in incompatible element
concentrations. These geochemical differences, and the
ubiquitous presence of amphibole in the NCAY lavas,
reflect the transition from calc-alkaline to adakite-like
magmatism in this part of the arc.

Fractional crystallization is unable to explain the diver-
sity of both series and also the evolution from VCAY to
NCAY magmas. Assimilation of crustal rocks is needed to
explain the Nd-Sr isotopic signature of the Cayambe
rocks, but trace element concentrations and ratios pre-
clude assimilation and crystallization from being the
principal mechanism relating the different magmas.
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The source of the VCAY magmas is an enriched
mantle source metasomatized by slab-derived melts. Par-
tial melting of such a source, leaving a garnet-bearing
residue, accounts for the genesis of the NCAY andesites,
whereas mixing between adakitic magmas and mantle
melts generates the NCAY dacites. During the VCAY
construction, slab melts were consumed in reactions
with peridotite, which produced the AMM enriched
mantle that subsequently remelted. During NCAY
activity, melts derived from the mantle wedge mixed
with primary adakite magma, resulting in increasingly
adakitic signatures with time. This evolution is probably
a result of the arrival of the Carnegie Ridge at the
subduction zone, which modified the geothermal gradi-
ent along the Wadati-Benioff zone, favouring slab par-
tial melting.
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