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ABSTRACT 

Osorno and Calbuco volcanoes, located respectively at 41 °05'S and 41 °20'S in the southern region of the Southern 
Volcanic Zone of the Andes (SSVZ; 37°-46°S), are Late Pleistocene-Holocene composite stratovolcanoes of contrasting 
che mi cal composition. While Osorno, like mostvolcanic centers ofthe SSVZ, is mainly basal tic, Calbuco is andesitic. Unlike 
Osorno, Calbuco is no! located along any major regionallineament and its basemen! exhibits deeper levels of erosiono In 
contras! to Osorno lavas, Cal buco lavas have higher Sr- and lower Nd-isotope ratios, comparatively higher AIPa and lower 
KP contents, and heterogeneous incompatible element ratios. However, the Osomo basalts and Cal buco andesites have 
similar rare earth element patterns. Integrated field, petrographic and geochemical observations suggest that the particular 
composition of the Calbuco lavas is the result of a significant crustal contamination of subcrustal basaltic magmas. The 
contaminan! of these magmas could be a liquid generated by melting of crustal amphibolite and/or pelitic schist. At lower 
pressures, Ihe Calbuco hybrid magmas evolved mainly by fractionation of olivine and clinopyroxene. Allhough plagioclase 
is Ihe most abundant phenocryst phase in the lavas of bolh centers, Calbuco lavas do not show any clear geochemical 
evidence of plagioclase fractionation. 

Key words: Geochemislry, Pelrogenesis, Qualernary volcanism, Soulhern Andes, Cenlral·soulh Chile. 

RESUMEN 

Contribución a la petrogénesis de los volcanes Osorno y Calbuco, Andes del Sur (41°00'-
41 °30'S): estudio comparativo. Los volcanes Osorno y Calbuco, ubicados respectivamente en las latitudes 41 °05'S 

y 41 "20'S de la región sur de la Zona Volcánica Sur de los Andes (ZVSS; 37°-46"S), son estratovolcanes mixtos, de edad 
pleistocena tardía a reciente y de composición diferente. El volcán Osorno, al igual que la mayoría de los volcanes de la 
ZVSS, es predominantemente basáltico, en cambio el Cal buco es andesítico. A diferencia del Osorno, el volcán Cal buco 
aparentemente no está ubicado en un lineamiento regional y su b~samento exhibe niveles más profundos de erosión. Al 
contrario de las lavas del Osorno, las del Calbuco tienen razones isotópicas de Sr más elevadas, de Nd más bajas, 
contenidos de AI20a más elevados y de KP más bajos y presentan razones entre elementos incompatibles heterogéneas. 
Sin embargo, los basaltos del Osorno son semejante a las andesitas del Calbuco en la abundancia de tierras raras. 
Observaciones de terreno, petrográficas y geoquímicas sugieren que la composición andesítica del volcán Calbuco es el 
resultado de una contaminación de magmas basálticos subcorticales con magmas generados a nivel cortical. El 
contaminante cortical de los magmas del Calbuco sería un líquido generado por fusión de anfibolita o de esquisto pelítico. 
A presiones más bajas, los magmas híbridos del Calbuco evolucionaron por fraccionamiento de olivino y clinopiroxeno. A 
pesar de que la plagioclasa es el fenocristal más abundante en ambos centros volcánicos, las lavas del Cal buco no 
presentan evidencias geoqufmicas claras de fraccionamiento de plagioclasa. 

Palabras claves: Geoqufmica, Pelrogénesis, Volcanismo cualernario, Andes del Sur, Chile cenlral·sur. 

Revista Geológica de Chile, Vol. 19, No. 2, p. 211·226, 7 Figs., 1 Table, December 1992. 
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FIG. 1. Simplified geological sketch map ofOsorno and Calbuco volcanoes, after Moreno etal. (1979); H. Moreno, J. Vare la, 
L. López-Escobar, F. Munizaga and A. Lahsen' ; A. Lahsen, H. Moreno, J. Varela, F. Munizaga and L. López­
Escobar2 • 

, 1985, Geologray riesgo volcánico del volcán Osorno y centros eruptivos menores. Proyecto Canutillar, ENDESA-Departamentode Geologra, Universidad de Chile. 

Informe Técnico (Unpublished report), 212 p, 

, 1985. Geologra y riesgo volcánico del volcán Calbuco y centros eruplivos menores. Proyecto Canutillar, ENDESA-Departamento de Geologra, Universidad de 

Chile, Informe Técnico (Unpublished report), 215 p. 
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INTRODUCTlON 

The Seuthern Volcanic Zone of the Andes (SVZ) 
is the resutt of the subduction of the oceanic Nazca 
plate under the continental South American plate. 
This volcanic are extends from latitude 33-46°S, 
being bounded by the intersection of the Juan 
Fernández ridge with the continental margin at ca. 
32°S and fhe Chile Rise triple junction at ca. 4]oS. 
At present. the SVZ of the Andes is the subject of 
numerous geochemical and petrological studies 
aimed at characterizing its products and determining 
their petrogenesis. 

On the basis of petrographic, geochemical and 
tectonic considerations (López-Escobar, 1984, 
Hildreth and Moorbath, 1988; López-Escobar et al., 
1991; Tormey et al., 1991) the Ouaternaryfront of the 
SVZ ofthe Andes is currently divided intothree main 
regions: the northern (NSVZ; 33°-34°30'S), transi­
tional (TSVZ; 34°30'-3]oS) and southern (SSVZ; 
37°-46°S). In the NSVZ, where the thickness of the 
continental crust is 55-60 km, the predominant 
products ~e andesites and dacites. In the TSVZ, 
where the continental crust decreases in thickness 
from 55 km at 34°30'S to about 35 km at 37°S, 
andesites and dacites continue predominating, but 
basaltic rocks become increasingly important (Tormey 
et al., 1991; Fergusson et al., 1992). In the SSVZ, 
where the :ontinental crust has a thickness of ~ 30 
km, the vol:anic products are predominantly basalts 
and basal:ic andesites. This general correlation 
between ti-e crustal thickness and the composition 

of the Southern Andean Ouaternary volcanic front is 
broken byCalbuco volean o, which is andesitic, despite 
being located (41 °20'S) in a zone where the conti­
nental crust is relativelythin and mostvolcanic centers, 
including its neighbour Osorno, are dominantly 
basaltics. 

The main objective of this paper is to compare ths 
geochemistry of Osorno and Calbuco lavas, their 
geological setting and petrography with the ultimate 
goal of getting a better understanding of the causes 
of their contrasting chemical composition. 

On the basis of previous experience (Moreno, 
1974; Moreno et al., 1979; López-Escobar et al., 1988), 
two groups of Osorno lavas have been presently 
selected to carry out the aboye comparison: those 
belonging to the so called unit Osorno-3 and those of 
the youngest parasitic eones, located on the western 
flan k ofthe volcano. The reasons for selecting Osorno-
3 are: a- the unit has the largest area of exposure; 
b- is the best sampled; c- has the largest com­
positional range. Osorno-3 has a bimodal distribution 
of compositions (López-Escobar et al., 1988). As the 
other units of Osorno stratovolcano, and most lavas 
of the SSVZ centers, Osorno-3 is mainly basaltic, but 
a small volume of dacitic lavas is also present. 
Osorno young parasitic eones lavas are also basaltic, 
but, as it will be discussed later, these lavas are 
different, in many respects, from the stratovolcano 
lavas, represented by the Osorno-3 lavas. No 
andesites have been yet found at Osorno. 

GEOLOGICAL SETTING 

OSORNO VOLCANO 

Osorne volcano is a Late Pleistocene to Recent 
composite stratovolcano. It has an almost perfect 
cone shape and consists mainly of aa type lava flows 
interbedded with pyroclastic material. Its summit is 
located just 27 km NNE from the summit of Calbuco 
volcano (Fi;¡.1). Osorno comprises three units, named 
Osorno-1, -2, and 3, which represent the volcanic 
activity developed since the Late Pleistocene up to 
the Recert (Moreno, 1974; Moreno et al., 1979; 
Moreno et al.' ; López-Escobar et al., 1988). On the 
western and eastern flanks of this center there exist 

several parasitic eones (Fig.1). AII Osorno units, 
including the parasitic eones, are mainly basaltic in 
composition. 

According to Moreno et al. (1979) and López­
Escobar et al. (1988), Osorno-1 is the remnant of the 
most primitive Osorno volcano, which grew during 
the interglacial period Riss-Würm and generated 
abundant laharic material and columnar basalts. 
This unit is almost completely covered by youngest 
lavas. Small outcrops are observed on the western 
flank of the actual edifice. Osorno-2 comprises those 
products erupted at the beginning of the post-Würm 
glaciation periodo They consist mainly of basaltic 
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lavas and scarce pyroclastic material of basaltic 

composition. Osorno-2 forms the base of the actual 
cone and is affected by glaciation. Osorrrn-3 includes 
those products erupted after the Würm glaciation 
periodo Although this unit is also mainly basaltic, it 
also includes dacitic material, represented by two 
small domes located on its NW and SSE flanks. The 
products of this unit cover most of the Osorno-2 unit. 
Between the second and third stage of Osorno the old 
parasitic eones were formed (Fig.1). During pre­
historie and historie times, the activity of Osorno 
volcano has been concentrated on the main cone 
and on the youngest parasitic eones located on the 
western and eastern flank of the edifice (Fig. 1 ),with 
exclusively basaltic products. The last eruption of 
this center ocurred in 1835through one ofthe western 
parasitic eones. 

Osorno volean o is located along a major N400E 
trending lineament , which has also controlled the 
location of neighboring basaltic centers such as La 
Picada, Puntiagudo and Cordón Cenizos (Moreno, 
1974; Moreno et al., 1979). Its basement includes 
Tertiary volcanic and sedimentary rocks intruded by 
Mioceneplutons (Moreno etal., 1979; H. Morenoetal.'; 
R. Thiele, E. Godoy, F. Hervé, MA Parada and J. 
Varela3

; López-Escobar et al., 1988; Munizaga et al., 
1988). Early Pleistocene volcanic rocks, belonging to 
La Picada volcano, are also observed atthe basement 
of Osorno. 

CALBUCO VOLCANO 

Calbuco volean o is also a young composite 
stratovolcano. It has a rough truncated-cone shape 
and consists mainly of blocky and aa type lava flows 
interbedded with pyroclastic rocks. The volcano 
comprises four units, named Calbuco-1, -2, -3 and -
4 (Fig.1}, which represent the volcanic activity 
developed since the Late Pleistocene up to the 
Recent (Moreno, 1974; Moreno, 1976; A. Lahsenet 
af.2). AII these units have andesitic composition. 

According to A. Lahsen et af.2, Calbuco-1 is the 
remnant of the ancient volcano that pre-dates the last 
glaciation (Würm) and consists mainly of porphyritic 
andesites. Calbuco-2 forms the main cone of Calbuco 
and its andesitic flow:s fill glacial valleys cut into 
Calbuco-1. Calbuco-2 suffered a violent eruption that 

triggered a debris-avalanche that flowed down to the 
NNW (Fig.1). Calbuco-3 andesites post-date the 
debris-avalanche and are interbedded with breccias 
andtuffs. A small dome, located on the northern flank 
of the volcano has also been assigned to this unit. 
Calbuco-4 consists of a young historie «dome-cone» 
and associated lava flows. The 1893-1894 plinian 
eruption probably finished with a dome extrusion, 
which grew and evolved to a dome-cone through the 
1917,1929 and 1961 eruptions (Moreno, 1974). 

Calbucovolcano mainly overlies Upper Paleozoic 
(?) metasedimentary rocks (Parada et al., 1987), 
Upper Tertiary (16 to 10 Ma) plutonic rocks (Parada 
et al., 1987; Munizaga et al., 1988), and Early 
Pleistocene volcanic and volcanoclastic sequences 
(A. Lahsen et af.2). The plutonic rocks underlying 
Calbuco are part of an extensive Miocene plutonic 
belt of the Northern Patagon ian Batholith, that extends 
to the north to latitude 39°S. In the Calbuco volcano 
area, the different lithologies of plutonic rocks (gabbros 
to granodiorites; Parada et al., 1987) have been 
grouped into the Ralún superunit (Carrasco et al., 
1991). These plutonic rocks wholly crystallized at 
approximately 3 kbar (R.L. Hickey-Vargas, M.J. 
Abdollahi, M. A. Parada, L. López-Escobar and FA 
Frey)4. The Early Pleistocene volcanic sequence is 
represented bythe Hueñuhueñu strata, which arethe 
remnant of an old stratovolcano (1.4 Ma; A. Lahsen 
et af.2) that was located few kilometers to the east of 
Calbuco volcano. These strata consist of volean 0-

clastic material and porphyritic basalts. 
The presence ofT ertiaryvolcanic and sedimentary 

rocks at the Osorno basement but not at the Calbuco 
basement, together with the preservation at Osorno 
area of larger volumes of Early Pleistocene volcanic 
rocks than at Calbuco volcano area, has suggested 
that the degree of uplifting and unroofing at Calbuco 
has been larger than at Osorno (R.L. Hickey-Vargas 
et al.)4. Although no data on uplift have been obtained 
at the Osorno area, the calculated uplift rates of the 
Calbuco area is high and suggests an accelerating 
uplift during the last 12 Ma. In fact, on the basis of the 
hornblende crystallization pressure of the Miocene 
plutons underlying Calbuco (3 kbar) and their biotite 
K-Arages (12 Ma; Munizaga etal., 1988), R.L. Hickey­
Vargas et al.4 have estimated an average uplift rate 
of 0.9 mm/y during the past 12 Ma. Thiele et al. (1986) 

, 1985. Estudio geológico·estructural. regional y tectónico del área Petrohué·Canutillar. Proyecto Canutillar. ENDESA·Universidad de Chile. Informe Técnico. 
157 p . 

• 1992. Petralogy and geochemistry of crustal xenoliths from Calbuco volcano, Andean Southern Volcanic Zene. Geology Department, Florida International 
Universlly (Unpublished report) ,47 p. 
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found, in the Reloncaví 1iord (few kilometers southeast 
of Calbuco volcano), post-glacial shell deposits 
situated 30 m above sea level, suggesting an average 
uplift rate ot about 3 mm/y during the past 10,000 
years. Moreover, Barrientos et al. (1992) have 

concluded that the uplift rate at the Calbuco volcano 

latitude has been of 25 mm/y during the past 30 
years. The significance 01 this tectonic activity in the 
origin of Calbuco andesites is discussed below. 

PETROGRAPHIC OUTLlNE 

OSORNO VOLCANO 

The products 01 these volcanic center are mainly 
aphyric «1)% phenocrysts) and porphyritic (>10% 
phenocrysts) basalts and basaltic andesites (Moreno 
et al., 1979' H. Moreno et al.'; López Escobar et al., 
1988). Plagioclase (An4e.eo) is the most abundant 

phenocryst phase 101l0wed by olivine and 
cJinopyroxene. The groundmass has generally an 
intersertal texture, and consists 01 plagioclase, 
clinopyroxene, opaques and glass. Crystal clots 01 
plagioclase and olivine plus anhedral crystals of 
clinopyroxene, that could be xenocrysts, have been 
observed ir lavas 1rom the Osorno-3 and -4 units. 
The products 01 the parasitic cones are olivine 
basalts and basaltic andesites. The SSE dome is an 
hypersthene-bearing dacite with a hyalopilitic 
groundmass, showing some crystal cJots 01 

clinopyroxene, orthopyroxene and plagiocJase. 

CALBUCO VOLCANO 

Calbuco lavas are porphyritic, with phenocrysts 
01 plagioelcse, clinopyroxene and orthopyroxene, 
plagioclase being the most abundant phenocryst 
phase (Parada, 1990). Plagioclase phenocrysts are 
generally eJhedral, with inclusions 01 magnetite, and 
lesscommcn olivine (Foso)' Theircompositions range 
from Anea to An

90
, exhibiting subtle normal zonation 

patterns. Clinopyroxene and orthopyroxene 
phenocrysts have similar compositions and Mg-

numbers in the 0.50-0.59 range (Parada, 1990). 
However, the Mg-numbers 01 the orthopyroxene 
phenocrysts are slightly lower than those 01 the 
c1inopyroxene phenocrysts. Small amounts 01 edenitic 
hornblende phenocrysts were10und in samples 1rom 
Calbuco-3 unit (Parada,1990), andtschermakitic and 
Mg- hornblende xenocrysts were observed in samples 
1rom Calbuco-1 (R.L. Hickey-Vargas et al.)4. It is 
interestíng to notice that unlike edenite, tschermakitic 
hornblende appears to be stable under high pressure 
conditions in andesitic and basaltic liquids (Allen and 
Boettcher, 1978). 

Tschermakitic and Mg-hornblendes are euhedral 
and may exhibít either single or double reactions rims 
(R.L. Hickey-Vargas et al.)4. Single rims consist 01 a 
crystal association 01 plagioclase, clinopyroxene and 
magnetite. In the case of double rims, the external 
one consists of just clinopyroxene, and the mineral­
ogy of the internal rim ís similar to that 01 the single 
rims. A complete transition from tschermakitic 
hornblendes, surrounded by either single or double 
rims, to crystal clots of plagioclase + elinopyroxene 
+ magnetite, preserving the original shape of the 
amphibole, suggests that crystal clots are breakdown 
products of tschermakitic and Mg-hornblendes 
(Parada ,1990). 

Gabbroic and pyroxenitíc microinclusions are 
common in lavas from Calbuco-3, and gabbroics and 
granulitic xenoliths, the latter with oceanic affinities, 
are included in the 1961 lava flow (Calbuco-4; R.L. 
Hickey-Vargas et al.4

). 

GEOCHEMISTRV 

Major and trace element compositions 01 
representatlve samples 1rom Osorno-3, Osorno young 
parasitic eones and Calbuco volcano units 1-4 are 
shown in Table 1. This table also ineludes data of 

Klerkx (1968) and Oeruelle (1982). Plots in figures 2, 
3 and 4 also include data 1rom Calbuco taken 1rom L. 
López-Escobar, M.A. Parada, F. Frey, R.L. Hickey­
Vargas and H. Morenos. 

, 1992. Contrasing orlgln 01 andeslUe and basaltic volcanlsm in the Southern Andes: ease 01 Calbuco volcano and nearby minor eruptive centers assoelated 

w~h the Liquiña-O!qui !auM zone, 41°-42°8. Universidad de Chile, Departamento de Geologra (Unpublished report), 33 p. 



TABLE 1. SELECTEO CHEMICAL ANO ISOTOPIC COMPOSITIONS OF OSORNO ANO CALBUCO VOLCANIC ROCKS 

Osorno-3 Osorno young parasitic canes 

250281-03 230483·01 250281·01 161282·08 230483·03 080385·04 040976·04 020976·02 161282·07 151282·06 151282·08 161282·04 
161282·13 161282·09 DOME 

SiO, 51.43 51.91 54.17 54.65 63.09 6B.48 50.04 51.50 51.91 52.06 52.36 52.36 
TIÜ, 0.99 0.92 1.40 1.42 0.79 0.56 0.46 0.60 0.80 0.80 0.89 0.89 
AJp. 16.96 17.48 16.00 16.07 16.31 14.45 21.30 20.48 20.28 20.58 19.82 20.45 
Fep. (T) 10.29 9.55 11.72 11 .38 6.59 4.69 9.99 9.73 8.32 8.09 8.57 8.15 
MnO 0.17 0.17 0.17 0.19 0.12 0.08 0.13 0.13 0.14 0.15 0.15 0.14 
MgO 6.48 6.27 3.79 3.75 1.72 1.10 3.11 3.68 4.51 4.08 4.04 4.09 
CaO 9.99 10.00 7.86 7.89 5.10 3.51 11.96 10.62 10.93 10.81 10.41 10.63 
Nap 2.77 3.03 3.67 3.87 4.53 4.36 3.12 2.78 2.87 3.03 3.11 3.24 
Kp 0.50 0.51 0.82 0.85 1.45 2.12 0.40 0.41 0.43 0.42 0.48 0.48 
pps 0.15 0.17 0.26 0.21 0.25 0.16 0.15 0.14 0.11 0.14 0.15 0.17 
LOI 0.08 0.20 0.27 0.29 0.33 0.54 0.77 0.16 0.16 0.19 0.14 
SUM 99.81 100.21 100.13 100.57 100.28 99.51 101.20 100.84 10Q.46 100.32 100.17 100.74 

Rb 13.4 13.9 22.5 23.5 45.6 69.1 12.4 9.6 12.0 10.5 11.9 12.6 
Sr 327 339 337 336 294 190 409 412 404 402 395 400 
Ba 144 149 238 257 396 550 150 132 152 148 
Cr 177 150 25 21 4 54 46 51 67 51 70 
Ni 62 57 11 19 10 11 12 9 25 25 28 30 
Th 0.8 1.9 1.8 4.3 8.6 1.0 0.6 0.7 
La 5.89 5.92 10.60 10.30 17.00 26.00 5.37 5.06 4.49 5.36 
Ce 15.3 15.5 27.4 29.1 43.4 61.9 12.6 12.1 12.2 7.1 16.0 
Nd 10.1 9.9 16.3 16.6 21.9 29.2 7.8 7.3 8.8 
Sm 2.81 2.85 4.33 4.32 5.73 6.65 2.2 2.22 2.25 2.48 
Eu 0.93 0.88 1.30 1.37 1.26 1.14 0.95 0.89 0.83 0.86 
lb 0.52 0.48 0.84 0.53 1.07 1.12 0.40 0.31 0.41 
Y 18.7 18.2 27.9 28.2 33.2 42.2 16.1 14.9 16.8 16.5 
Yb 1.98 1.71 2.98 2.89 3.41 4.33 1.76 1.88 1.45 1.70 
Lu 0.30 0.28 0.42 0.42 0.53 0.67 0.27 0.22 0.22 0.27 

8'Sr/"'Sr 0.70431±3 0.70429±3 
''''Nd/'44Nd 0.512840±18 0.512790±18 

250281·02 161282·02 
161282·03 

52.81 53.17 
0.96 0.98 

18.91 19.12 
9.68 9.04 
0.16 0.14 
3.91 4.09 
9.71 9.69 
3.28 3.37 
0.59 0.55 
0.18 0.16 
0.19 0.55 

100.38 100.86 

14.9 14.4 
378 380 
161 176 
54 51 
21 24 
1.1 

6.50 
17.2 14.6 
10.7 
2.91 
0.99 
0.50 
17.8 18.8 
1.99 
0.30 

0.70429±3 
0.512828:!' 19 
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Calbuco-1 Calbuco-2 Calbuco-3 Calbuc0-4 Cal buco literature 

060385-03' 060385-06' 060385-01' 070385-05' 130185-01' 111284-01' 030282-05' 070385-01' 030284-04' 030282-02' 070385-07' Déruelle, 82 Déruelle,82 Klerkx, 65 Klerkx, 65 
19J 19K Ca 46 Ca 37 

Si02 57.03 59.15 57.22 59.78 55.48 55.80 56.01 56.69 57.68 55.66 56.02 50.9 56.35 51.3 56 

1i02 0.78 0.73 0.97 0.65 0.87 0.90 0.85 0.82 0.81 0.89 0.82 1 0.89 0.7 0.9 

¡;J203 18.46 18.15 17.83 19.02 18.29 18.68 18.50 18.34 18.48 18.59 19.32 20.1 17.74 20.4 19.1 

Fe.o3 (T) 7.11 7.76 8.72 5.88 8.97 8.42 8.94 8.62 7.82 8.59 8.05 8.39 8.05 8.5 8.8 
MnO 0.14 0.18 0.17 0.12 0.17 0.15 0.16 0.17 0.14 0.14 0.14 0.13 0.15 0.1 0.1 
MgO 3.55 2.32 3.15 l.B4 4.21 3.75 3.92 4.16 3.42 4.20 3.75 4.31 3.07 4.2 4.7 
Cao 8.65 6.14 7.29 7.36 B.04 8.49 8.1B 7.67 7.52 8.0B 7.95 10.22 7.14 7.5 7.9 

Na.o 3.52 4.37 3.56 4.11 3.26 3.25 3.02 3.30 3.36 3.37 3.57 2.94 3.66 5.2 4.2 
K20 0.77 0.65 0.69 0.76 0.53 0.59 0.52 0.53 0.70 0.61 0.64 0.43 0.73 1.2 0.6 
p.o, 0.24 0.23 0.18 0.19 0.16 0.15 0.18 0.16 0.16 0.16 0.16 0.09 0.15 0.2 0.2' 
LOI 0.52 0.82 0.42 0.40 0.27 0.43 0.63 0.30 l.BB O 0.6 0.3 
SUM 100.n 100.50 100.20 100.11 100.25 100.61 100.28 101.09 100.09 100.29 100.72 100.39 97.93 99.9 102.8 

Rb 9.1 12.1 lB.8 11.5 17.7 16.3 10 15 14 
Sr 881 381 339 347 340 342 310 333 372 
Ba 190 214 215 156 lB4 156 109 175 

Cr 14 4 3 3 5 9 66 49 

Ni 19 6 8 9 10 15 8 7 
Th 3.3 1.5 1.9 0.9 1.3 1.2 0.63 1.23 
La 11.30 8.34 8.48 6.79 7.80 6.47 4.1 6.7 
Ce 28.1 21.2 21.6 19.0 20.2 18.2 11.7 17 
Nd 15.6 13.9 12.7 12.0 12.5 11.6 -
Sm 3.46 3.65 3.47 3.33 3.44 3.13 
Eu 1.10 1.22 1.09 1.06 1.04 1.03 0.B6 1.07 
lb 0.44 0.47 0.53 0.63 0.55 0.52 0.42 0.51 
Y 

Yb 1.39 2.3B 2.39 2.13 2.09 2.05 
Lu O.IB 0.38 0.36 0.37 0.31 0.30 

I7SrI""Sr 0.70455~ 0.70464±3 0.70437~ 0.7043 

143NcV144Nd 0.512744±19 0.512727±19 0.512774±19 

NOTE: Major e1ements were obtalned by wet chemistry at the Department 01 Geology 01 the Universidad de Chile. AII 01 Ihem are expressed in weight percen!. Trace elements 01 Osomo lavas were 
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determined by XRF (Rb, Sr and NI) and INM (Ba, Cr, Th and REE) at the Unlversity 01 Massachusens and Massachusens InstHute 01 Technology, respectively. AII 01 them are expressed In 1\;) 

ppm. Trace elemenl abundances 01 Calbuco lavas are Irom L. López-Escobar et al.'. Isotopic compositions 01 Osorno and Calbuco lavas are Irom R.L. Hickey-Vargas et al.' ~ 
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MAJOR ELEMENT COMPOSITION 

Independently of their relative ages, Calbuco 
rocks have Si0

2 
contents in the narrow range 55-

60% (Fig.2). However, the oldest rocks, belonging to 
units Calbuco-1 and -2, tend to be richer in Si02 than 
the youngest ones. Calbuco lavas have relatively low 
K

2
0 contents, with KP/Si0

2 
ratios in the 0.009-0.014 

range. For comparison, this ratio varies between 
0.029 and 0.045 in San José volcano andesites, 
located in the NSVZ at 33°45'S (López-Escobar et al. 
1985). According to the c\assification criteria of 
Pecerillo and Taylor (1976) and the AFM diagram 
(Fig.3), Calbuco lavas are low-K calcalkaline basaltic 
andesites and andesites. 
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Calbuco lavas are very homogeneous in major 
element composition. With increasing Si0

2 
content, 

Calbuco lavas show a general trend of decreasing 
Tí0

2
, Fep3' MgO and CaO contents, and increasing 

Nap, KP and pps abundances (Fíg.2). The MnO 
contents in Calbuco lavas are varíable and,sínce the 
AIP3 contents are relatively constant and high (17.8-
19%), the Alp/CaO ratio also íncreases signífícantly 
with íncreasíng Si0

2 
content (Fíg.2), reflectíng the 

decreasing in CaO contents. 
In comparison with the general trend of Osorno-

3 lavas (ínterpolated línearly between the basaltíc 
and dacitíc composítíons; Fíg.2), Calbuco lavas are 
enríched in AIP3' have simílar MnO, MgO and CaO 
contents, but are depleted ín Tí02, Fep3' Nap, KP 

and pps' 
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Althou;;¡h the Osorno parasitie eones lavas are 
more maficthan Calbuco lavas, some of them overlap 
with Calbuco lavas in Ti02, AIP3' Fep3' MnO, MgO, 
Nap, KP and P Ps (Fig.2). However, with increasing 
Si0

2 
content, the behaviour exhibited by some of 

these major oxides in the Osorno parasitic lavas is 
opposite to that of the Calbuco lavas. For example, 
while Ti0

2 
3nd MgO increase, with increasing Si0

2 
in 

the parasiti:: cone lavas, they decrease in the Calbuco 
lavas (Fig.2). P Ps increases with Si02 both in Calbuco 
and Osorno young parasitic cone lavas, butthe pps­
Si0

2 
trend n the Calbuco lavas is parallel to that of the 

FIG.2. Major element versus Si02 and Alp/CaO versus 
SiO" vañations diagrams 01 Osorno-3, Oso rno young 
parEsitic con e and Cal buco lavas. 
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FIG. 3. AFM compositionaldiagramol Osorno-3,Osorno 
young parasitic con e and Calbuco lavas. The 
boundary between calc-alkaline andtholeiític fields 
was taken lrom Irvine and Baragar (1971). 

07060 

FIG. 4. '43Nd/,.4Nd - 87Sn4l·Sr diagram showing !he Sr and 
Nd isotopic composition 01 Osorno and Calbuco 
lavas in compañson with that 01 middle oeean ñdge 
basalts (MORB), oceanic island basalts (OIB), 
intraoeeanic island are volcanic rocks (lA V) , norlhe rn 
and transition SVZ 01 the Andes (NSVZ and TSVZ) 
rocks, southern SVZ 01 Ihe Andes (SSVZ) rocks. 
Souree 01 data: Hickey-Vargas et al. (1986) and 
relerenees Iherein, Hildreth and Moorbath (1988) 
and references therein, and López-Escobar et al. 
(1991). 
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Osorno parasitic cone lavas. Figure 2 al so shows 
that the major element trends of the Osorno young 
parasitic cone lavas are difterent from those of the 
Osorno stratocone lavas represented bythe Osorno-
3 lavas. 

ISOTOPIC COMPOSITION 

Two samples from Calbuco-3 and one from 
Calbuco-4, have Sr- and Nd- isotope ratios (L. López­
Escobar et af.5; Fig.4). Calbuco volcano has higher 
Sr- and lower Nd-isotope ratios than MORB and 
intraoceanic island arcvolcanics. Actually, thevalues 
ofthese ratios are intermediate between those of IAV 
and volcanic rocks from the NSVZ (López­
Escobar, 1984; Stern et al., 1984; López-Escobar et 
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al., 1985; Notsu et al., 1987; Stern, 1988; Futa and 
Stern, 1988; Hildreth and Moorbath, 1988). The Sr­
and Nd-isotope ratios of Calbuco lavas are 
respectively slightly higher and lower than those of 
lavas from Osorno-3 and Osorno young parasitic 
eones lavas (Fig.4; R.L. Hickey-Vargas et al.4

). 

TRACE ELEMENT COMPOSITION 

The trace element composition of Calbuco, 
Osorno-3, and Osorno young parasitic cone lavas 
are shown in figure 5. Almost all Calbuco samples 
have similar rare earth element (REE) abundances 
(Fig.6), with La equal to 20-30 x chondrites and Yb 
equal to 9-12 x chondrites. Calbuco-1 and -2 lavas 
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FIG. 5. Trace element-Si02 l7ariations diagrams 01 Osorno 
and Calbuco rocks discussed in this papero 

are the richest in REE. Calbuco rocks do not exibit 
Eu anomalies. On the contrary, Eu as well as La, Yb, 
Sr, Ba and Th tend to increase with increasing Si0

2 

contents (Fig.5). La!Yb ratios of Calbuco andesites 
range from 3.1-3.9 (Fig.7). These ratios are 
significantly lowerthan those of the NSVZ andesites. 
For example, La!Yb ratios of San José volcano 
andesites (33°45'S) vary between 11.6 and 22.5 
(López-Escobar et al., 1985). Only one sample from 
Calbuco-1 unit (060385-03) is notably depleted in 
heavy rare earth elements (HREE) in comparison 
with the other Calbuco samples (Figs. 5, 6), but is 
enriched in light rare earth elements (LREE), Sr, Ni 
and Th, having a La/Yb ratio equal to 8.1. 
Stratigraphically, this sample is the oldest one. 

Osorno-3 and Osorno young parasitic cone 
basalts have REE patterns similar to Calbuco 
andesites (Fig.6). However, Osorno-3 basaltic 
andesites are richer in REE than Calbuco andesites. 
The latter andesites are also depleted in Rb, Ba and 
Th in comparison with the trends followed by Osorno-
3 lavas (Fig.5). 

Although most Calbuco lavas are relatively 
homogeneous in major and trace element 
composition, they are heterogeneous in their incom­
patible trace element ratios (Fig.7). This behaviour 
contrasts with that of Osorno-3 lavas, which show 
relatively constant incompatible trace element ratios. 
These ratios are also variable in the lavas of the 
Osorno young parasitic eones, but not to the extend 
shown by Calbuco lavas. 

COMPARATIVE SUMMARY 

OSO ANO ANO CALBUCO DIFFERENCES 

The analysis of the geological, petrographic and 
chemical d-fferences between Calbuco volcano and 
its inmediate neighbour, Osorno volcano can help to 
elucidate tile possible origin of their magmas. The 
following arethe mostsignificant differences between 
both cente-s and the genetic implications of those 
differences: 
• While the location of Osorno volean o is related to 

a major N400E fracture (Moreno, 1974; Moreno et 
al., 1979), no significant major structure seems to 
control the activity of Calbuco volcano. On this 
basis, it is reasonable to assume that the interaction 
of subcrustal magmas with crustal material is 
larger at Calbuco than at Osorno. 

• Unlike the basement of Calbuco, the basement of 
Osorno volcano includes Tertiary volcanic rocks, 
intruded by the Miocene plutons, and extensive 
outcrops of Early Pleistocene volcanic rocks (Mo-
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FIG. 6. Chondrite-nonnalized rare earth element patterns 
01 Osorno and Calbuco volcanic rocks discussed 
in this papero Note: the increase in REE contents 
and Eu depletion observed in Osorno-3 volcanic 
rocksparallelsthe increasesin SiO,contentofthese 
rocks. 
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reno et al., 1979; R. Thiele et af.3; López Escobar 

et al., 1988). This factimpliesthat, despitetheir prox­
imity, the Calbuco are a has experienced a larger 
degree of uplifting and unroofing than the Osorno 
area. The accelerating uplift mentioned previuosly, 
favors crustal melting (Zeitler and Chaberlain, 1991 ) 
and the possibility of crustal contamination. 

• Calbuco rocks are andesitic and contain a large 
number and wide variety of crustal xenoliths and 
microxenoliths (R.L. Hickey-Vargas et al.)4. In 

contrast, Osorno volcano is mainly basaltic and 
crustal xenoliths are almost absent (López-Escobar 
and Parada, 1991). The presence of crustal 
xenoliths and microxenoliths in Calbuco lavas is 

indicative of crustal contamination in the evolution 

of Calbuco magmas. 
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• Some Calbuco lavas include edenitic hornblende 
as a pbenocryst phase and high pressure 
tschermakitic and Mg-hornblendes as xenocrysts. 
In contrast, no hornblende has been found in 
Osorno lavas, even in the most acidic ones. This 
fact indicates either that Calbuco magmas are 
richer in water than Osorno magmas or that they 
evolved by crystallization at higher pressure. A 
relativel~ higher water content of Calbuco magmas 
would eX::llain the explosive natu re of so me Calbuco 
volcano eruptions, such as the eruption that 
triggerec the debris-avalanche in Calbuco-2 unit 
and the 1893-94 Plinian eruption. 

• Calbuco -ocks have higher 87Sr/86Sr and lower 143NdI 
144Nd ratios than Osorno lavas. This feature is 
consistent with a higher degree of contamination 
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by ancient sialic continental crust in the case of 
Calbuco magmas. 

• Although Osorno volcano does not have andesitic 
rocks , whose composition could be compared with 
that of Calbuco andesites; figures 2 and 5 show 
that the abundance fields of many major and trace 
elements of Calbuco rocks are either above or 
belowthe trends connecting the basaltic and dacitic 
compositions of Osorno-3 lavas. 

• Although Calbuco lavas are very homogeneous in 
major and trace element abundances, they are 
relatively heterogeneous in the ir incompatible 
element ratios (Fig. 7).ln contrast, the incompatible 
element ratios of the Osorno-3 lavas have similar 
values for different Si0

2 
contents. The 

heterogeneity of these ratios in Calbuco lavas 
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could be a consequence of contamination of 
Calbuco subcrustal magmas with magmas 
generated in the crust. 

ROLE OF FRACTIONATION IN THE ORIGIN OF 
OSORNO ANO CALBUCO MAGMAS 

The isotopic and chemical differences between 
Osomo and Calbuco magmas suggest that they are 
not linked by a simple crystal fractionation process 
involving the mineral present as phenocrysts. 
Suporting this hypothesis is the fact that the REE 
abundances of andesitic Calbuco lavas are similar to 
those of Osorno basalts and lower than those of 
so me Osorno basaltic andesites (Fig.6). In contrast, 
the evolution of Osomo-3 lavas does seem to be 
dominated by a crystal fractionation process. For 
example, the REE contents as well as the degree of 
Eu depletion of Osomo-3 lavas increase as Si02 
increases (Fig.6) and their incompatible element 
ratios do not vary with increasing Si02 (Fig.7). This 
does not mean that Calbuco magmas themselves did 
not experience fractional crystallization. On the 
contrary, their relatively low abundances of MgO, Cr 
and Ni (Figs. 2, 5), plus the increasing of AIPlCaO 
ratio, as Si02increases (Fig.2), reflectfractionation of 
olivine and clino-pyroxene during their evolution. 
However, although plagioclase is the most abundant 
phenocryst phase in these magmas, there is no clear 
evidence of plagioclase fractionation. In fact, Eu and 
Sr behave as incompatible elements in Calbuco 
magmas (Fig.5). Similarly, fractionation of edenitic 
amphibole is limited on the basis of the SmlYb ratios 
of Calbuco magmas (Fig.7), which are similar to 
those of Osorno-3 basaltic rocks. Therefore, the 
authors conclude that the fractionation of plagioclase 
and hornblende is not responsible for the generation 
of Calbuco andesitic magmas from more basaltic 
ones. 

ROLE OF MAGMA CONTAMINATION 

The isotopic and chemical differences between 
Calbuco and Osomo magmas in conjunction with: a­
the presence of metabasaltic rocks with oceanic 
affinities in the basement of Calbuco volcano and of 
crustal xenoliths in Calbuco lavas (R.L. Hickey-Vargas 
et al.)4; b-the presence of high pressure tschermakitic 
homblende, sometimes partially to totally broken­
down to a plagioclase + clinopyroxene + magnetite 

association; c- the evidence of significan!: uplifting at 
Calbuco area; d- the lack of a major structural control; 
e- the lack of extreme members (basalts and rhyolites) 
at Calbuco suggests thatthe andesitic composition of 
Calbuco magmas probably resu lted from 
contamination of subcrustal magmas. Pa-tial melting 
of crustal rocks may have been promoted by 
accelerating uplift as suggested by Zeitler and 
Chamberlain (1991) forthe Himalayas. A'ithough the 
nature of the crustal source is unclear, the presence 
of xenoliths and tschermakitic and Mg-,ornblende 
xenocrysts suggest an oceanic metabasite protolith 
(in amphibolite facies), similar to those belonging to 
the Paleozoic . subduction complex, extensively 
developed to the west of the studied area Icf. Muniza­
ga et al., 1988). Marine metasediments typically found 
interbedded with these metabasites ma!" also have 
been present. 

According to Beard and Lofgren (1991), 
dehydration melting of basaltic amphibo 'ites produ­
ces felsic liquids and granulite residues. -he mineral 
assemblage of the latters (plagioclas3 + ortho­
pyroxene + clinopyroxene + magnetite) is similar to 
that observed by R.L. Hickey-Vargas et al.4 in granulite 
xenoliths of Calbuco lavas. The felsic liquids, on the 
other hand, are rich in AIP3 and HP, and may be 
poor in KP depending upon the nature of!he parental 
rock. Therefore, mixing of crustal liquids generated 
by partial melting of amphibolite with subcrustal 
magmas can reasonably explain the high AI203 and 
H20 contents and low K20 abundances of Calbuco 
magmas, and also can reasonable explrun the trace 
element composition of the Calbuco andesites (L. 
López-Escobar et al.)5. 

In contrast, the isotopic composition of Calbuco 
lavas is not consistent with the contamination of 
basaltic magmas by the metabasaltic crustal rocks, 
because, like MORB, the metabasites have 
significantly higher 143Nd/144Nd than any SVZ basaltic 
magma. The higher 87Sr/86Sr and lower 143jlJd/144Nd in 

Cal buco lavas compared with Osorn:> is more 
consistent with a metasedimentary contaminant, like 
those that are found intercalated wth crustal 
amphibolites elsewhere in the SVZ. Probably a crustal 
section including both marine metabasalts and 
metasediments was involved in the contamination. 

Assuming the assimilated assembla¡;e included 
amphibolites and pelitic schists, the tschermakitic 
homblende found in some Calbuco-1lavas, could 
represent a mineral belonging to the contaminant 
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source. Tris hornblende would be unstable in the 
Calbuco magmatic environment, and decompression 
during magma ascent would favor its breakdown to a 
plagioclase + clinopyroxene + magnetite association, 
which is common in tschermakitic hornblende rims 
and crysté.1 clots. 

Osorne magmas, on the other hand, particularly 
those repr3sented by the most basic rocks of the 
young parasitic eones, differ from Calbuco magmas 

in that they do not show clear evidence of significant 
contamination bycrustal material. Probably, the N400 E 
fracture played a major role in avoiding a significant 
magma-crust interaction. At Osorno-3, the rrost acidic 
magmas exhibit geochemical characteristics of being 
derived from more basic magmas by a crystal 
fractionation dominated process. Probably rheologic 
factors (Tormey et al., 1991) prohibited the eruption 
of andesites at Osorno. 
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