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ABSTRACT

Colima volcano is situated at the western edge of the Mexican volcanic belt within 
the Colima rift zone. This contribution presents new geochemical and Sr-Nd-Pb-O 
isotope data for Colima volcano rocks and plutonic xenoliths found in prehistorical 
lava flows. Colima volcano magmas display strong subduction signatures (positive 
peaks of Ba, K, Pb, and Sr, and negative anomalies of Nb and Ti) and were generated 
in a depleted mantle source and emplaced at crustal levels (garnet-free zone), where 
they experienced fractional crystallization of plagioclase and pyroxene. Gabbroic and 
granitoid xenoliths found in prehistorical lava flows show evidence for partial melting 
and are considered to be representative of the basement beneath Colima volcano. At 
upper-crustal levels, Colima volcano magmas were contaminated by granitoids, like 
those of the nearby Cretaceous Manzanillo and Jilotlán Batholiths. Sr-Nd isotope 
ratios of these intrusives are nearly identical to those of Colima volcano lavas. For 
that reason assimilation of the granitic crust is not detectable in diagrams of these 
isotopic systems but can be clearly seen in a ε

Nd
 versus δ18O plot. In comparison to 

other large Mexican volcanic belt stratovolcanoes, Colima volcano lavas display the 
least evolved geochemical and isotopic signatures of this arc.

Keywords: Colima volcano, Mexican Volcanic Belt, isotope geochemistry, crustal 
contamination, xenoliths.
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INTRODUCTION

Colima volcano (3850 m above sea level [a.s.l.]), located 30 
km north of the city of Colima, is considered to be the most active 
volcano of the Mexican volcanic belt and North America (Luhr 
and Carmichael, 1980; Medina, 1983; De La Cruz-Reyna, 1993; 
Robin and Potrel, 1993; Saucedo and Macías, 1999; Bretón-
González et al., 2002; Carmichael, 2002; Luhr, 2002; Saucedo 
et al., 2004). Colima volcano, also known as Volcán de Fuego, 
represents the youngest edifice of the Colima volcanic complex, 
a volcanic chain formed by three N-S–oriented andesitic strato-
volcanoes and alkaline scoria cones (Fig. 1; Cortés-Cortés et al., 
2005). The magmatism of Colima volcano has been related to 
the subduction of the Cocos and Rivera plates beneath the North 
America plate (Fig. 1; Luhr and Carmichael, 1980; Hochstaedter 
et al., 1996). However, extensive discussion exists regarding the 
position of the Rivera and Cocos plate boundary in front of the 
Colima rift zone (Fig. 1; Bandy et al., 1995). Colima volcano is 
located only ~150 km NE of the Middle America Trench, thus 
being the closest volcano of the Mexican volcanic belt to the 
trench.

The generation of contemporary subalkaline magmas (stra-
tovolcanoes) and alkaline magmas (cinder cones) at the Colima 

volcanic complex has been attributed to the superposition of 
subduction and rifting tectonic regimes (Allan and Carmichael, 
1984; Allan, 1986; Luhr and Carmichael, 1990; Luhr, 1997).

The historical record of Colima volcano shows two major 
explosive eruptions in 1818 and 1913. The latter event estab-
lished a 21-km-high eruptive column, which generated ash fall 
as far as the city of Saltillo, located 725 km northeast of the crater 
(Saucedo, 1997). During the last six years, the volcanic activity 
has been characterized by the formation of domes, lava flows, 
pyroclastic flows, and dome explosion events (Smithsonian Insti-
tution, 2002).

Several studies have been published on different aspects 
of the Colima volcanic complex, mainly focusing on the recent 
eruption cycle (Rodríguez-Elizarrarás et al., 1991; Saucedo and 
Macías, 1999; Saucedo et al., 2002), magmatic processes (Robin 
et al., 1987; Luhr, 2002; Mora et al., 2002), geochemistry (Luhr 
and Carmichael, 1980, 1982; Robin et al., 1987; Macías et al., 
1993; Luhr, 2002; Mora et al., 2002), and isotopic compositions 
(Moorbath et al., 1978; Carmichael and DePaolo, 1980; Verma 
and Luhr, 1993; Wallace and Carmichael, 1994; Luhr, 1997; 
Taran et al., 2002).

Regarding the last set of studies, Carmichael and DePaolo 
(1980) presented 87Sr/86Sr and ε

Nd
 data for Colima volcano and 
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the surrounding alkaline cinder cones that range from 0.7035 
to 0.7039 and from +6 to +3, respectively. They interpreted 
these isotope data as indicative of magmas derived from crust 
beneath island arcs or from a heterogeneous mantle. Moorbath 
et al. (1978) presented eight Sr isotope analyses from Colima 
volcanic complex andesites and suggested that the low 87Sr/86Sr 
ratios (0.7035–0.7040) reflected an insignificant sialic con-
tribution to their origin. Verma and Luhr (1993) reported Sr, 
Nd, and Pb isotope data for three samples from the 1913 and 
1982 eruptions and proposed that calc-alkaline andesites of the 
Colima volcano were derived from a less radiogenic strontium 
source, or had undergone a lower degree of crustal contami-
nation, in comparison to other andesites from the Mexican 
volcanic belt. In a preliminary stable isotope study, Taran et 
al. (2002) showed that hornblendes from Colima volcano are 
enriched in deuterium (δD from −17‰ to −15‰). The high δD 
values probably represent magmatic water in andesites from 
subduction-influenced settings. The combination of stable 
and radiogenic isotopic studies (e.g., δ18O versus 87Sr/86Sr) is 
particularly important, since it has been demonstrated to be a 
powerful tool for characterizing magmatic processes, such as 
crustal contamination (Taylor, 1980; James, 1981; Chivas et al., 

1982; Eiler et al., 2000; Vroon et al., 2001; Hansteen and Troll, 
2003; Bindeman et al., 2004).

In this work, we present new δ18O data combined with Sr, 
Nd, and Pb isotopes on prehistorical and historical products of 
Colima volcano. We discuss the role of crustal contamination 
and other magmatic processes on the genesis of the andesitic 
rocks. We also contribute some new information on the nature 
of the continental crust beneath Colima volcano.

GEOLOGICAL SETTING

Colima volcano forms part of the Colima volcanic com-
plex, which is a N-S−aligned volcanic chain located inside the 
Colima rift zone (Fig. 1). The northernmost and oldest edifice is 
the dacitic-andesitic Cántaro volcano (2900 m above sea level 
[a.s.l.], K-Ar whole rock and hornblende ages from 1.7 Ma to 0.6 
Ma; Allan [1986]). Further to the south, the andesitic Nevado de 
Colima volcano (4260 m a.s.l.) initiated its activity at ca. 0.53 
Ma (Robin et al., 1987) and was active until ca. 8000 yr B.P. 
(Robin et al., 1990).

Robin et al. (1987) interpreted the caldera rim on the north-
ern flank of Colima volcano, emplaced farthest south, as a rem-
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nant feature of a volcanic collapse of the primitive volcano, 
which they called Paleofuego, dated at 9370 ± 400 yr B.P. How-
ever, Luhr and Prestegaard (1988) proposed a younger age for 
this event of 4280 ± 110 yr B.P., and Komorowski et al. (1993) 
suggested an even younger age for the collapse. Colima volcano 
(3850 m a.s.l.) was emplaced inside the horseshoe-shaped cal-
dera rim of Paleofuego volcano. The exact age of its formation 
is still unknown, and the oldest historical activity (1560 A.D.) is 
reported in Medina (1983) and De La Cruz-Reyna (1993). Maps 
of the Colima volcanic complex were published by Rodríguez-
Elizarrarás (1995), Luhr and Carmichael (1990), and Cortés-
Cortés et al. (2005), and a simplified map of Colima volcano is 
presented in Figure 2.

Geophysical investigations indicate that the crustal base-
ment beneath Colima volcano has a thickness of 28–35 km and 
is of a granitic-granodioritic nature (Urrutia-Fucugauchi and 

Molina-Garza, 1992; Bandy et al., 1995; Urrutia-Fucugauchi et 
al., 1999).

Colima volcano is partially surrounded by Cretaceous lime-
stones of the Tepames Formation (Smith, 1990), which is exten-
sively intruded by plutonic rocks (Fig. 3). The Manzanillo Batho-
lith, exposed to the southwest of Colima volcano, is composed of 
granodiorites and gabbros (Fig. 3; Rb-Sr isochron age of 69 ± 3 
Ma; Rb-Sr and K-Ar biotite and hornblende cooling ages 59.1–69.5 
Ma), and tonalites and gabbros of the Jilotlán Batholith are exposed 
to the east of Colima volcano (Fig. 3; Rb-Sr isochron age of 68 ± 12 
Ma; Rb-Sr and K-Ar biotite and hornblende cooling ages 55.2–60.3 
Ma; Schaaf [1990]). A granodiorite stock 45 km north of Cántaro 
volcano yielded a K-Ar biotite cooling age of 69.43 ± 1.14 Ma 
(Allan, 1986). Allan and Carmichael (1984) described the presence 
of granitic xenoliths up to 15 cm long in the phlogopite-bearing 
lamprophyres in the Colima graben walls.
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SAMPLE COLLECTION

A total of 17 samples were collected from Colima volcano, 
together with a granodioritic sample from the Manzanillo Batho-
lith (MZ-2). These samples are: three prehistorical lava flows 
previously described by Luhr and Carmichael (1980) from the 
northern and southern Colima volcano slopes, four lavas from 
the 1869, 1962, 1975, and 1998 events, a dome sample from 
Los Hijos del Volcán on the southern flank of Colima volcano, 
two pumice samples from historical (probably) 1818 and 1913 
Plinian fallouts, one scoria fragment from the 1913 pyroclastic 
flow deposit, the November 2001 crater spine, and the January-
February 2002 dome. Additionally, we sampled three xenoliths 
(one microgabbro and two granodiorites) hosted in prehistorical 
andesitic lava flows on the southern flank of Colima volcano. 
Sample locations are shown in Figure 2 (Colima volcano) and 
Figure 3 (MZ-2), and sample coordinates are given in Table 1.

PETROGRAPHY

Eleven samples were studied in detail under the petrographic 
microscope.

Andesitic rocks (lavas, pumice, scoria, and dome samples) 
of Colima volcano are densely porphyritic (24–50 vol% pheno-
crysts; Table 2) with a mineral assemblage represented by pla-
gioclase + pyroxene (augite + hypersthene) ± hornblende ± Fe-Ti 
oxides, and accessory apatite. These minerals are set in a pilot-
axitic to hyalopilitic matrix composed of brown glass and micro-
lites of the same minerals. Hornblende was not observed in the 
matrix, as previously reported by Luhr and Carmichael (1980).

Prehistorical and historical lavas show ~1.5 mm olivine 
xenocrysts, frequently mantled by reaction rims composed of 
symplectitic titanomagnetite, pyroxene, and plagioclase. These 
observations confirm the findings of Luhr (2002) in historical 
lavas. The hornblende-rich dome sample Col-14B (Los Hijos del 
Volcán) shows accumulation of aggregates composed of up to 
2 mm augite crystals and evidence of intensely melted clinopy-
roxene, replaced by brown glass and plagioclase. Sample Col-20 
shows two zones with different contents of brown glass: a glass-
rich zone with corroded plagioclase rims and a zone with less 
abundant glass and uncorroded plagioclase (Fig. 4A). Some pla-
gioclase crystals show sieve textures with brown glass inclusions 
and dusty corrosion rims. Reddish hornblende (oxyhornblende) 
is a common phase in Col-14B and Col-21 (lava) samples. Horn-
blende has dark reaction rims composed of fine-grained magne-
tite (opacite), pyroxene, and plagioclase. Sometimes hornblende 
presents inclusions of pyroxene, resulting in a poikilitic texture.

Several petrological studies on historical lavas have been 
carried out (Luhr and Carmichael, 1980; Robin et al., 1987; 
Luhr, 2002; Mora et al., 2002). These studies have pointed out 
a decreasing trend of hornblende contents from older to mod-
ern eruptions. The other mineral phases (plagioclase + augite 
+ hypersthene ± Fe-Ti oxides and apatite) are present in lavas 
of all ages.

Sample Col-20 of the andesitic prehistorical lavas exposed 
on the southern flank of Colima volcano contains 1–2-cm-long 
xenoliths. They show quenched textures with randomly oriented, 
interlocking columnar or acicular crystals of plagioclase + ortho-
pyroxene ± hornblende, with brown interstitial glass and vesicles 
(Fig. 4B). The rims of these xenoliths show evidence of melting, 
abundant brown glass, and sieve-textured plagioclase crystals.

The gabbroic xenolith (Xen-B; plagioclase + clinopyroxene 
+ orthopyroxene + titanomagnetite + glass ± hornblende) displays 
evidence of partial melting of clinopyroxene, where large crys-
tals are replaced by short tabular plagioclase and brown glass. 
Throughout the xenolith, veins of brown glass are commonly 
present together with tabular plagioclase crystals (Fig. 4C).

Pink to light-green, 5–15-cm-long porous xenoliths (e.g., 
samples Xen-C and Xen-1810) were found in scoriaceous andes-
itic prehistorical lavas of Colima volcano. They have rounded to 
angular borders with the host rock (Fig. 5A−B). These xenoliths 
have a microgranular texture and, together with the remnant min-
eralogy, a plutonic origin is suggested. The mineral association 
is plagioclase + pyroxene ± K-feldspar >> quartz and glass, and 
vesicles are present (which is discussed later in detail).

Sample Xen-1810 is vesicular and contains abundant col-
orless to pale-brown glass. Quartz is rare and frequently shows 
intense melting resulting in the formation of pale-pink glass, 
irregular borders, and embayments (Fig. 5C−D). Microcline 
crystals, displaying corroded borders and typical twinning bars, 
are also present. The remnant mineralogy suggests that the origi-
nal rock was an intermediate to felsic intrusive rock, possibly of 
granodioritic composition.

In conclusion, clinopyroxene phenocrysts in the xenoliths 
are often intensely corroded and show fritted textures together 
with the accumulations of short tabular plagioclase crystals. 
Interstitial colorless to pink glass in quartz could be interpreted 
as the result of partial melting due to reheating of the xenoliths as 
documented by Harris and Bell (1982), Heliker (1995), and Costa 
et al. (2002) in xenoliths from Ascension Island (South Atlantic), 
Mount St. Helens (USA), and San Pedro volcano (Chile).

ANALYTICAL METHODS

A total of 3−4 kg of rock sample and ~100–300 g of xeno-
liths, previously examined for freshness, were broken in a jaw 
crusher, aliquotized, and finally pulverized with a steel mill set.

Chemical analyses were obtained using several analyti-
cal techniques. Whole-rock major-element concentrations were 
determined via X-ray fluorescence on fused glass disks. These 
were prepared by mixing dry sample powder with Li

2
B

4
O

7
-

LiBO
2
 flux mixture (50:50 wt%), with melting achieved in Pt 

crucibles. Major elements were analyzed with a sequential Sie-
mens SRS3000 spectrometer at the Laboratorio Universitario de 
Geoquímica Isotópica (LUGIS, Instituto de Geología, Universi-
dad Nacional Autónoma de México [UNAM]). The calibration 
curves were performed using 35 international reference stan-
dards. In another set of samples, major-element concentrations 
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TABLE 2. MODAL ANALYSES (VOL%) FOR COLIMA VOLCANO SAMPLES OBTAINED
FROM POINT-COUNTING (800 POINTS) OF REPRESENTATIVE THIN SECTIONS

Eruption date: 1869 1962 1913 1998 2001 2002 1818 1913 Prehistorical
Rock type: Andesite Andesite Andesite Andesite Andesite Andesite Andesite Andesite Andesite
Sample ID: Col-1 Col-2 Col-3 Col-4 Col-5 Col-6 Col-9 Col-12 Col-14B
Eruptive products: lava lava pumice lava dome dome pumice scoria dome

Phn-Plagioclase 20.8 36.1 12.6 26.3 29.3 21.8 15.6 11.1 20.1
Mph-Plagioclase 3.9 5.4 2.3 1.5 2.9 4.0 3.1 4.3 8.4
Phn-Hypersthene 1.0 2.0 1.4 3.4 5.0 5.0 3.0 4.5 1.4
Mph-Hypersthene 1.3 2.6 1.5 2.0 2.1 3.0 3.5 0.9 2.9
Phn-Augite 0.4 1.5 2.8 1.6 3.5 2.6 0.1 2.0 0.0
Mph-Augite 0.5 1.3 1.6 1.0 0.9 1.5 0.4 0.0 1.4
Phn-Hornblende 1.8 0.0 2.6 1.0 0.0 0.1 0.0 0.1 6.3
Mph-Hornblende 0.0 0.0 0.6 0.0 0.0 0.0 0.0 0.1 0.3
Fe-Ti oxides 1.6 1.4 0.5 0.8 0.9 1.3 0.3 1.0 1.6
Phn-Olivine 0.0 0.0 0.1 0.0 0.0 0.0 0.0 0.0 0.0
Mph-Olivine 0.0 0.0 0.0 0.1 0.0 0.0 0.1 0.0 0.0
Crystals 31.1 50.3 26.0 37.6 44.5 39.3 26.1 24.0 42.3
Groundmass 68.9 49.8 74.0 62.4 55.5 60.8 73.9 76.0 57.8

Note: Phn—Phenocryst > 0.3 mm. Mph—Microphenocryst < 0.3 mm (after Wilcox, 1954).

Figure 4. Photomicrographs in transmitted plane light. (A) Prehistorical lava flow (Col-20). The glass-rich groundmass zone encloses the lower pla-
gioclase crystal, which has corroded rims, while plagioclase (Plg) above is unaffected. (B) Xenolith hosted in Col-20 lava flow, with quenched textures 
evidenced by acicular crystals of randomly oriented pyroxene set in brown glass. (C) Mafic xenolith (Xen-B) showing pyroxene crystals corroded by 
brown glass and abundant Fe-Ti oxides. Equidimensional plagioclase crystals form aggregates in brown glass. (D) Xenolith hosted in the 1998 lava flow 
(Col-4) showing corroded pyroxene crystals in the upper left part and rounded crystals in the central part. Note the acicular plagioclase crystals in intersti-
tial brown glass and the stout prismatic plagioclase with less-abundant interstitial glass in the central part of the section. Xenoliths shown in B and D were 
only analyzed petrographically. Plg—plagioclase; Hbl—hornblende; Cpx—clinopyroxene; Opx—orthopyroxene.
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were determined by fusion inductively coupled plasma−emission 
spectrometry (ICP-ES) at Activation Laboratories in Canada. 
Trace-element concentrations of all samples were determined by 
fusion inductively coupled plasma−mass spectrometry (ICP-MS) 
at the same laboratory.

Isotope ratios of 87Sr/86Sr, 143Nd/144Nd, 206Pb/ 204Pb, 207Pb/204Pb, 
and 208Pb/204Pb were determined in 15 selected samples from 
Colima volcano (Pb isotopes were measured from only 11 sam-
ples). Powdered whole-rock aliquots (150 mg) were leached in 
Teflon bombs with 6N HCl for 2 h at a constant temperature of 
90 °C to remove possible ambient Pb and then dissolved in a HF-

HNO
3
 (3:1) mixture. Pb was separated using small Teflon tube 

columns filled with DOWEX anion-exchange resin. Sr and rare 
earth elements (REEs) were separated using quartz-glass col-
umns filled with DOWEX cation-exchange resin. Nd was further 
separated using small quartz columns filled with Teflon powder 
coated with hydrogen diethylhexyl-phosphate (HDEHP). All 
samples were analyzed on a Finnigan MAT-262 thermal-ioniza-
tion mass spectrometer, equipped with a variable multicollector 
system (8 Faraday cups) in static mode at LUGIS, Instituto de 
Geofísica, UNAM. Results were corrected for mass fractionation 
by normalizing to 87Sr/86Sr = 0.1194 and 143Nd/144Nd = 0.7219. 
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Plg
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0.2 mm

C)

QzPlg

Glass

Opx
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Figure 5. Granodioritic xenoliths: (A) Hand specimen of a granodioritic pink-green xenolith (Xen-1810) with rounded borders, hosted in a pre-
historical andesite talus block. The coin diameter is 2 cm. (B) Hand specimen of a granodioritic xenolith (Xen-C) hosted in a prehistorical lava 
flow near the 1998 lava flow front. Coin size is ~3 cm. (C) Photomicrograph of xenolith Xen-1810 in transmitted plane-polarized light showing 
corroded quartz (Qz) with glass embayments, dusty plagioclase (Plg) near the left border of the microphotograph, and apatite (Ap) crystals in the 
center. (D) Same field as C in transmitted cross-polarized light; Opx—orthopyroxene.
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The fractionation factor for Pb isotope ratios was determined by 
comparison with the mean value of the Pb NBS 981 standard 
(see Table 3).

Oxygen isotopes were performed with a stable isotope mass 
spectrometer SIRA12 (Micromass, UK) coupled with a CO

2
 

laser-BrF
5
 fluorination technique at the Institute for Study of the 

Earth’s Interior (ISEI), Okayama University at Misasa, Japan 
(Kusakabe et al., 2004). All δ18O values were referenced to the 
Vienna standard mean ocean water–standard light Antarctic pre-
cipitation (V-SMOW-SLAP) scale. We obtained δ18O values of 
9.30‰, 5.01‰, and 5.72‰ for NBS-28 quartz, NBS-30 biotite, 
and UWG2 garnet standards, respectively. All isotopic results are 
presented in Table 3.

MAJOR- AND TRACE-ELEMENT GEOCHEMISTRY

Major- and trace-element concentrations are given in Table 
1. Prehistorical lavas show whole-rock silica contents from 58.05 
to 60.6 wt%. Lava flow Col-19 shows the lowest SiO

2
 concentra-

tion, whereas the highest value is observed in the Los Hijos del 
Volcán dome sample Col-14B. MgO ranges from 3.4 to 4.2 wt%, 
with sample Col-19 displaying the highest content. SiO

2
 in his-

torical lavas varies from 58.2 to 61.4 wt%, and MgO contents are 
between 2.8 and 4.5 wt%, with the highest value corresponding 
to scoria sample Col-12. Both prehistorical and historical lavas 
are andesitic in composition.

The mafic xenolith (Xen-B) has 46.2 wt% SiO
2
 and 4.8 wt% 

MgO, whereas the intermediate to felsic xenoliths (Xen-C and 
Xen-1810) have 61.7 and 65.1 wt% SiO

2
, and 1.93 and 1.25 wt% 

MgO, respectively. Xen-B has a gabbroic composition, whereas 
Xen-1810 and Xen-C have granodioritic compositions.

Different major and trace elements are plotted versus SiO
2
 in 

Figure 6. In both prehistorical and historical lavas, MgO, TiO
2
, Ni, 

V, Co, and Cr (Fig. 6A−B) show negative correlations with SiO
2
, 

suggesting fractional crystallization of olivine, titanomagnetite, 
and pyroxene. Na

2
O and Al

2
O

3
 show inconsistent trends versus 

SiO
2
, probably as a result of plagioclase fractionation or accumu-

lation (Fig. 6A). On the other hand, CaO shows a well-defined 
negative correlation with increasing SiO

2
, probably due to the 

fractionation of pyroxene (Fig. 6A). P
2
O

5
 displays considerable 

scatter (not shown in Fig. 6), but a positive correlation with SiO
2
 

can be observed in the historical lavas. This positive correlation 
can be best explained by fractional crystallization of apatite, a 
mineral that was observed as an accessory phase in thin sections. 
In all Harker-type diagrams of Figure 6, the three xenoliths and 
the Manzanillo granodiorite are plotted for comparison.

In a multi-element diagram for prehistorical and histori-
cal lavas (Fig. 7), enrichments in large ion lithophile elements 
(LILEs) with respect to high field strength elements (HFSEs) are 
evident. Negative anomalies of Nb and Ti are present in all suites, 
indicating a typical subduction signature. Positive anomalies for 
Pb and Ba suggest contributions from subducted sediments, 
whereas those for K and Zr are possibly caused by the assimila-
tion of basement rocks from the Manzanillo Batholith. Xenoliths 
show depletions in LILEs (e.g., Cs, Rb, Ba, K) compared with 
the lavas.

Prehistorical and historical lavas display enrichments of 
light rare earth elements (LREEs) with a flat heavy rare earth 402-02

TABLE 3. STRONTIUM, NEODYMIUM, LEAD, AND OXYGEN ISOTOPE RATIOS
OF PREHISTORICAL AND HISTORICAL SAMPLES FROM COLIMA VOLCANO

Sample Eruptive event 87Sr/86Sr ±1!abs
143Nd/144N

d
±1!abs "Nd

206Pb/204P
b

±1!rel
207Pb/204P

b
±1!rel

208Pb/204P
b

±1!rel. #
18O

(‰)
!

Col-1 1869 0.703565 37 0.512961 20 6.30 18.571 0.062 15.562 0.069 38.288 0.087 5.81 0.07
Col-2 1962 0.703569 32 0.512964 19 6.36 18.577 0.049 15.570 0.055 38.315 0.065 5.69 0.11
Col-3 1913 0.703542 37 0.512975 21 6.57 18.585 0.035 15.587 0.041 38.361 0.048 5.68 0.00
Col-4 1998 0.703605 38 0.512931 23 5.72 18.571 0.030 15.564 0.030 38.285 0.032 5.81 0.13
Col-4R 1998 0.703561 41 0.512916 18 5.42 18.568 0.057 15.556 0.064 38.260 0.061 na na
Col-5 2001 0.703551 39 0.512929 24 5.68 18.573 0.031 15.568 0.032 38.298 0.034 6.09 0.10
Col-5R 2001 0.703595 36 na na na 18.560 0.067 15.548 0.064 38.238 0.066 na na
Col-6 2002 0.703564 40 0.512993 16 6.92 18.570 0.035 15.563 0.040 38.285 0.048 5.80 0.35
Col-9 1818 0.703535 39 0.512911 20 5.33 18.587 0.047 15.573 0.050 38.323 0.053 6.38 0.02
Col-12 1913 0.703570 38 0.512922 15 5.54 18.610 0.075 15.598 0.089 38.410 0.111 na na
Col-14B Prehistorical 0.703614 39 0.512927 18 5.64 18.583 0.042 15.571 0.040 38.320 0.042 6.16 na
Col-18 1975 0.703555 39 0.512947 16 6.03 18.586 0.037 15.580 0.039 38.346 0.038 6.84 0.10
Col-19 Prehistorical 0.703551 39 0.512936 25 5.81 18.567 0.059 15.565 0.061 38.288 0.063 na na
Col-20 Prehistorical 0.703581 39 0.512919 18 5.48 na na na 6.85 0.10
XENC 0.703874 39 0.512877 15 4.66 na na na 7.08 na
XEN1810 0.703937 40 0.512936 16 5.81 na na na 6.84 0.10
XENB 0.703931 38 0.512938 23 5.85 na na na 6.43 0.18

Notes: 1!abs. error refers to the last two digits. Laboratory values of NBS 987 Sr standard, the Nd La Jolla standard, and the NBS 981 Pb standard
are: 87Sr/86Sr = 0.710235 ± 18 (1!abs.; n = 275); 143Nd/144 Nd = 0.511877 ± 21 (1!abs.; n = 140); 206Pb/204Pb = 16.8926 ± 0.04% (1!rel.), 207Pb/204Pb =
15.4272 ± 0.06%, 208Pb/204Pb = 36.5090 ± 0.08% (n = 80). Total blanks during the run of these samples were 3.6 ng for Sr, 0.17 ng for Nd, and 233 pg
for Pb. Samples were loaded as chlorides on double rhenium filaments (Sr and Nd) or as silica gel-H3PO4 mixtures on single rhenium filaments
(Pb). Sixty isotope ratios were determined for Sr and Nd, and one hundred runs were performed for Pb. Data were not further corrected. Oxygen data
were analyzed two to four times, except samples Col-14B and Xen-C. Mean values and standard deviations are given. Na—not analyzed; R—
replicate analysis.
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Figure 6. Harker diagrams for major and trace 
elements showing the trends for prehistorical 
and historical lavas, xenoliths, and granodiorite 
MZ-2 from the Manzanillo Batholith. (A) Al

2
O

3
, 

TiO
2
, MgO, CaO, and Na

2
O versus SiO

2
; (B) 

Cr, V, Ni, and Co versus SiO
2
. Basement rock 

sample is from the Manzanillo Batholith (MZ-
2). Major-element values from Table 1 are nor-
malized on an anhydrous basis.
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element (HREE) pattern (Fig. 8). This nearly horizontal distribu-
tion of the HREE and low La/Yb ratios (<10) are consistent with 
the absence of garnet in the source rock. Low values of Sm/Yb 
(<3) are compatible with a low-pressure, pyroxene-dominated 
residual mineral assemblage, as observed by Kay et al. (1999) in 
the southern Central volcanic zone of the Andean arc, where the 
crustal thickness (30–35 km) is comparable to the area beneath 
Colima volcano. Xenoliths (Xen-C and Xen-1810) show simi-
lar LREE patterns, but significant depletion of the HREE with 
respect to the historical and prehistorical lavas (Fig. 8). Xen-

B also shows subhorizontal REE behavior, but interestingly, a 
HREE pattern nearly identical to the Manzanillo granodiorite 
(MZ-2). Both samples are significantly enriched in HREE with 
respect to the Colima volcano lavas.

Sr-Nd-Pb-O ISOTOPE DATA

Sr, Nd, and Pb isotope ratios are listed in Table 3 and are 
plotted in Figure 9 (87Sr/86Sr vs. ε

Nd
) and Figure 10 (206Pb/204Pb 

vs. 207Pb/204Pb and 206Pb/204Pb vs. 208Pb/204Pb). The isotopic com-

Figure 7. Primitive mantle–normalized 
(Sun and McDonough, 1989) multi-ele-
mental diagram for prehistorical and his-
torical lavas, xenoliths, and granodiorite 
MZ-2 from the Manzanillo Batholith.
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position of the prehistorical Colima lavas is 87Sr/86Sr: 0.70355–
0.70361, ε

Nd
: +5.5 to +5.8, 206Pb/204Pb: 18.57–18.58, 207Pb/204Pb: 

15.56–15.57, and 208Pb/204Pb: 38.29–38.32. Historical Colima 
volcano products display 87Sr/86Sr from 0.70354 to 0.70361, ε

Nd
 

from +5.3 to +6.9, 206Pb/204Pb from 18.57 to 18.61, 207Pb/204Pb 
from 15.56 to 15.60, and 208Pb/204Pb from 38.28 to 38.41. The 
most recent product (2002 dome sample Col-6) shows the high-
est ε

Nd
 and lowest 206Pb/204Pb and 207Pb/204Pb values. For all sam-

ples, 87Sr/86Sr shows a very small variation with time. Previously 
published isotope data (Moorbath et al., 1978; Verma and Luhr, 
1993; Luhr, 1997; Lassiter and Luhr, 2001) are very similar to 
our new data.

Colima volcano isotope data are compared in Figure 9 with 
data from the Manzanillo and Jilotlán Batholiths (Schaaf, 1990) 
and data from deep-sea turbidites from the Middle America 
Trench (McLennan et al., 1990). Additionally, Sr, Nd, and Pb 
isotope data from Colima volcano published by Luhr (1997) 
and from Cocos plate basalts and sediments (Verma, 2000) are 
shown in Figures 9 and 10. Colima lavas have nearly identical 
ε

Nd
 parameters to the Manzanillo and Jilotlán plutonic rocks and 

plot within the 87Sr/86Sr data field of these Mesozoic intrusives. 
Colima volcano isotope data can be interpreted as a three-com-
ponent mixture of basalts, deep-sea sediments, and turbidites, as 
deduced from their intermediate position in Figure 9 with respect 
to these sources.

18O/16O ratios were obtained from 10 andesitic whole-rock 
samples and three xenoliths hosted in prehistorical lava flows 
(Table 3). Prehistorical lavas have δ18O values ranging from 
+6.2‰ to +6.8‰, whereas historical lava flows show slightly 
lower δ18O, between +5.7‰ and +6.4‰. Xenoliths display δ18O 
from +6.4‰ to +7.1‰. Oxygen isotope data for Colima volcano 
lavas are similar and typical of andesites erupted in island arcs 
and active continental margin regimes around the Pacific Ocean 
(McBirney et al., 1987). The δ18O isotope data are plotted ver-
sus 87Sr/86Sr ratios in Figure 11A and versus ε

Nd
 in Figure 11B, 

which also includes data from Paricutín volcano (McBirney et 
al., 1987), Manzanillo and Jilotlán Batholiths, and basalts east of 
Tecalitlán, Jalisco (Schaaf, 1990).

DISCUSSION

Colima volcano is located at the western front of the Mexi-
can volcanic belt, only 150 km NE of the Middle America 
Trench, where subduction of the Rivera-Cocos plate boundary 
has been taking place beneath the North American plate (Fig. 
1). This boundary is oriented N40E, extending from the El 
Gordo graben (Fig. 1) to at least 19.3°N to 103°W as proposed 
by Bandy et al. (1995). These authors concluded that diver-
gence along the boundary induces thermal convection, which 
heats the overlying mantle, causing uplift, thinning, and stretch-
ing of the overlying crust. They also proposed that the mantle-
crust boundary is located at a depth between 28 and 35 km. The 
geometry of the subducted Cocos plate was discussed by Pardo 
and Suárez (1995), emphasizing a dip of ~50° of the subduct-

ing slab and an overall depth of 100 km for the subducted plate 
beneath Colima volcano.

With this tectonic framework in mind, the following discus-
sion will address different aspects of magma generation at Colima 
volcano, such as the influence of the subducting slab, magma 
mixing, fractional crystallization, and crustal contamination.

Signals of the Subducting Slab

Subduction signatures in relatively evolved magmas such 
as the Colima volcano andesites are difficult to discern, since 
differentiation and crustal contamination processes disguise 
elemental and isotope ratios. However, lavas from Colima vol-
cano show positive peaks in Pb, Ba, K, and Sr in multi-element 
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Figure 11. (A) 87Sr/86Sr versus δ18O diagram for Colima volcano prod-
ucts. Data source for Paricutín volcano: McBirney et al. (1987); and 
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effects of crustal contamination indicated by an arrow pointing toward 
the Manzanillo and Jilotlán Batholiths.
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diagrams, normalized to primitive mantle values (Fig. 7), sug-
gesting involvement of sediment-derived fluxes from the sub-
ducting slab.

As a consequence of the oblique subduction of the Cocos 
and Rivera plates beneath the North America plate, in the Colima 
area (western Mexican volcanic belt; Fig. 1) relatively young and 
hot oceanic lithosphere is being subducted. In contrast, beneath 
the central and eastern Mexican volcanic belt, the subducting 
slab is composed of older and cooler material. These effects 
can contribute to different amounts of volatile elements, such as 
Cs and Rb, along the Mexican volcanic belt, corresponding to 
different thermal structures of the slab, as proposed by Gómez-
Tuena et al. (2004). For the case of Colima volcano samples, we 
observe slightly lower Cs and Rb values (60–100 times primitive 
mantle values; Fig. 7) in comparison to central Mexican volcanic 
belt Popocatépetl lavas (110–120 times primitive mantle values; 
Schaaf et al., 2005), which can confirm the arguments of these 
authors emphasizing the importance of slab-derived fluids in 
magma generation, but can also be explained by different mix-
tures of a heterogeneous upper mantle and different lithologies in 
the continental crust.

Regarding the isotope data displayed in 87Sr/86Sr versus ε
Nd

 
and 206Pb/204Pb versus 207Pb/204Pb and 208Pb/204Pb diagrams (Figs. 
9 and 10, respectively), Colima volcano samples are placed in an 
intermediate position between mid-ocean-ridge basalts (MORB) 
and Cocos plate sediments, signifying both as possible source 
materials in parental melt generation.

Magma Mixing

Magma mixing was probably an important process during 
Colima volcano evolution and was discussed in detail by Luhr 
and Carmichael (1980), Robin et al. (1991), and Mora et al. 
(2002). During the 1818–1913 events, Robin et al. (1991) pro-
posed a mixing stage between a differentiated magmatic body 
and a new “mafic input.” They suggested that the long effu-
sive/extrusive phases correspond to the ensuing differentiation 
stage of the new magmatic body. Luhr and Carmichael (1980) 
discussed magma mixing processes as a result of anomalous 
enrichments of compatible trace elements in the hornblende and 
olivine andesites from Colima volcano. They also focused on 
textural evidence for mixing in andesites, like the presence of 
glass inclusion–riddled plagioclase cores surrounded by sodic, 
inclusion-free rims, and reverse zoning of orthopyroxene and 
clinopyroxene. Mora et al. (2002) proposed mixing between 
two andesitic magmas with different silica contents, degrees of 
evolution, and crystal contents.

We observed olivine xenocrysts (e.g., in the 1913 fall 
deposits) frequently mantled by reaction rims composed of sym-
plectitic titanomagnetite, pyroxene, and plagioclase, suggesting 
disequilibrium with the andesitic matrix and a mafic origin for 
such xenocrysts. However, the striking isotopic homogeneity 
of the Colima volcano andesites doesn’t allow the identification 
of individual mixing components. On the other hand, olivine 

xenocrysts are relatively rare (~0.1%, Table 2) in comparison to 
other Mexican volcanic belt stratovolcanoes (e.g., Iztaccíhuatl 
[Nixon, 1988]; Popocatépetl [Schaaf et al., 2005]), and together 
with the homogeneous Sr-Nd-Pb isotope ratios, we suggest that 
mixing processes are not dominant in the evolution of Colima 
volcano magmas.

Fractional Crystallization

Fractional crystallization played an important role during the 
differentiation of the Colima volcano andesites. Evidence is given 
by the petrography of the lavas (e.g., the presence of plagioclase 
and pyroxene phenocrysts) and some elemental trends (e.g., high 
content of Fe-Ti oxides) as discussed herein. Sr isotope data also 
emphasize the importance of fractional crystallization during 
magma genesis regarding the horizontal and very homogeneous 
distribution of 87Sr/86Sr ratios in a 1/Sr versus 87Sr/86Sr diagram, 
which is not shown here.

The discussion of whether Colima volcano magmas frac-
tionated in a closed or open system can be partly resolved when 
looking at oxygen isotope variations. Taylor and Sheppard (1986) 
showed that in a closed fractional crystallization system, the δ18O 
of the final melt can never deviate appreciably from the initial 
δ18O of the melt. In this case, only slight increments (<0.2–0.8‰) 
during differentiation are observed. The authors concluded that 
as a general principle, variations larger than 1‰ would neces-
sarily imply other processes in addition to crystal fractionation, 
which is the case of Colima volcano magmas, displaying δ18O 
variations up to 1.17‰ (Table 3).

Our Colima volcano samples do not show a systematic cor-
relation between 87Sr/86Sr ratios and SiO

2
. Calc-alkaline basalts 

from surrounding areas, such as Tezontal volcano southeast of 
Ciudad Guzmán (Luhr, 1997) and to the east of Tecalitlán, Jalisco 
(Fig. 3) (Schaaf, 1990), which can be considered as primitive 
parental magmas for Colima volcano, show 87Sr/86Sr ratios iden-
tical to those of Colima volcano andesites (Fig. 12).

This points to Assimilation and Fractional Crystallization 
(AFC) processes that involve assimilants having little isotopic 
contrast with the magma, which makes the distinction between 
upper- and lower-crustal contributions ambiguous. In the case of 
the Colima volcano magmas, the physical evidence for crustal 
contamination is strongly supported by the presence of partially 
melted granitoid xenoliths. For this reason we address our atten-
tion to crustal contamination as an important open-system pro-
cess involved in the genesis of the Colima volcano magmas.

Crustal Contamination

Considering that the crust beneath Colima volcano is between 
28 and 35 km thick, and using the existing geological informa-
tion for this crust, (granodioritic basement, ca. 69 Ma; Allan, 
1986; Schaaf, 1990), we discuss the role of crustal contamination 
during the generation of Colima volcano andesites, based on field 
observations, petrography, and geochemical evidence.
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Figure 12. SiO
2
 versus 87Sr/86Sr diagram for Colima volcano lavas. 

Dashed area includes basalts from Tezontal volcano (Luhr, 1997) and 
east of Tecalitlán (Schaaf, 1990), considered to represent primitive pa-
rental Colima volcano magmas. Symbols are as in Figure 11.

The presence of mafic and intermediate vesicular intrusive 
xenoliths hosted in some prehistorical andesitic magmas (like 
sample Col-20) offers evidence of magma-crust interaction dur-
ing magma evolution. Similar plutonic clasts were found in the 
2001 pyroclastic flow deposit. Petrographic evidence of partial 
melting in these xenoliths is shown in Figures 5C and 5D, and 
includes of the presence of brown to colorless glass, melted 
quartz, corroded pyroxene partly replaced by glass, and plagio-
clase recrystallization. The presence of glass suggests that the liq-
uid formed at the xenolith rims was quenched (Cox et al., 1979). 
During the ascent of the andesitic magma, short tabular plagio-
clase crystals formed, as signified by pockets of crystals in brown 
glass (Fig. 4C–D), suggesting that these xenoliths were engulfed 
by andesitic magma at a temperature above the xenolith solidus 
temperature.

Based on existing work and on our new geochemical data 
for Colima volcano, we propose that partial melting of the man-
tle wedge for Colima magmas occurred in a garnet-free zone, 
where a first accumulation of primitive magma was stored. The 
most significant evidence for this is the inherited REE distri-
bution from the garnet-free source. During magma ascent, the 
already differentiated magma was stored in a shallow-level res-
ervoir, hosted in an intrusive complex beneath Colima volcano. 
As shown by the xenolith samples (Xen-C, Xen-1810), blocks of 
plutonic host rocks were dropped into the magma chamber and 
were incompletely assimilated (Fig. 5A–B). If the residence time 
of these xenoliths in the magma chamber had been sufficiently 
long, assimilation processes would have occurred. In the case of 
Colima volcano, we suggest that the plutonic basement is formed 
by the Manzanillo and Jilotlán Batholiths (Fig. 3). Following 
this idea, Colima volcano magmas underwent intense fractional 
crystallization and were “contaminated” with a plutonic base-
ment with similar isotopic signatures (87Sr/86Sr: 0.7035–0.7048; 

ε
Nd

: +3.1 to +7). For this reason, no major isotopic differences 
between the Colima volcano magmas and the contaminant crust 
are identifiable. It is worth mentioning that isotopically, the Man-
zanillo and Jilotlán Batholiths represent the most primitive plu-
tonic rocks of the Mexican Cordillera (Schaaf, 1990).

Our interpretations are generally in accordance with those of 
Lassiter and Luhr (2001), who proposed on the basis of Os iso-
tope data that only small quantities of lower-crustal assimilation 
is required to produce the observed isotopic range in the Mexican 
volcanic belt samples. They also emphasized that such contami-
nation would produce only minor changes in the Sr, Nd, and Pb 
isotopic compositions of the magmas.

In contrast to the Sr and Nd isotopic systems, oxygen iso-
topes differ substantially if we compare the Colima volcano 
andesites with the Manzanillo and Jilotlán intrusives (Fig. 11A). 
Only three gabbros from both complexes plot within or near the 
Colima volcano field (δ18O from +6.0‰ to +7.0‰). The other 
gabbros, tonalites, and granodiorites have significantly higher 
δ18O values (+7.7‰ to +9.1‰; values from Schaaf [1990]). For 
comparison, we have also plotted in Figure 11A the 87Sr/86Sr 
ratios and δ18O values for two samples of basaltic composition 
found east of Tecalitlán (Fig. 3). These samples can be regarded 
as representative of a nearly undifferentiated, primitive upper 
mantle and have lower δ18O and 87Sr/86Sr than the Colima vol-
cano samples. Colima volcano andesites are situated on a mixing 
line between basaltic and plutonic end members in Figure 11A. 
The Colima volcano data do not show a correlation between 
87Sr/86Sr and δ18O, as would be expected for the case of crustal 
contamination with the Manzanillo and Jilotlán Batholiths (Fig. 
11A), but rather they show constant 87Sr/86Sr ratios with respect 
to δ18O. The oxygen variations could reflect fractional crystal-
lization ± crustal contamination, since the δ18O variations are 
of the order of 1.17‰ (Taylor and Sheppard, 1986). On the 
other hand, Colima volcano data show a well-arranged negative 
correlation between the ε

Nd
 and δ18O values (Fig. 11B), with a 

decrease in ε
Nd

 with increasing δ18O values toward the Manza-
nillo and Jilotlán Batholiths, which confirms that crustal con-
tamination took place.

CONCLUSIONS

Colima volcano is geochemically and isotopically character-
ized as the most primitive andesitic stratovolcano of the Mexican 
volcanic belt. In comparison to Nevado de Toluca, Popocatépetl, 
La Malinche, and Pico de Orizaba volcanoes, Colima volcano 
displays the lowest 87Sr/86Sr and 206Pb/204Pb ratios and most ele-
vated ε

Nd
 values (Schaaf et al., 2004; Table 4). Although varia-

tions in these parameters can be interpreted as consequences of 
different contributions from the subducted slab, we emphasize 
the importance of lithologically different basement domains 
as an important factor in magma-generation processes beneath 
these volcanoes.

A characteristic feature of Colima volcano magmatic prod-
ucts is their homogeneous isotopic compositions for all four mea-
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sured systems (Sr, Nd, Pb, O). This suggests a relatively homo-
geneous magmatic source, but more analyses for prehistorical 
Colima volcano, Nevado de Colima, and Cántaro volcanoes are 
necessary to confirm this observation.

Colima volcano magmas were generated in a depleted mantle 
source and subsequently stored at crustal levels, where fractional 
crystallization was the most important magmatic process. Dur-
ing ascent, at higher-crustal levels, the magmas of Colima vol-
cano were “contaminated” with Mesozoic gabbroic-granodioritic 
host rocks, comparable or identical to those of the Manzanillo 
and Jilotlán Batholiths, which display Sr and Nd isotope ratios 
similar to those of the Colima volcano andesites. The δ18O values 
of Colima volcano and basement rocks differ substantially and 
show Colima volcano in an intermediate position between the 
surrounding primitive basalts from Jilotlán and the plutonic rocks 
(Fig. 11). This observation confirms that crustal contamination 
was important during the evolution of Colima volcano magmas, 
and it also shows that the O isotopic system is more sensitive 
with respect to these magmatic processes.
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